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FOREWORD

The XXVIIIth Rencontre de Moriond were held in 1993 in Villars-sur-Ollon
(Switzerland) and in Les Arcs, Savoie, (France).

The first meeting took place at Moriond in the French Alps in 1966. There,
experimental as well as theoretical physicists, not only shared their scientific
preoccupations but also the household chores. The participants in the first meeting
were mainly French physicists interested in electromagnetic interactions. In
subsequent years, a session on high energy strong interactions was also added.

The main purpose of these meetings is to discuss recent developments in
contemporary physics and also to promote effective collaboration between
experimentalists and theorists in the field of elementary particle physics. By bringing
together a relatively small number of participants, the meeting helps to develop
better human relations as well as a more thorough and detailed discussion of the
contributions.

This concern of research and experimentation of new channels of communication and
dialogue which from the start animated the Moriond meetings, inspired us to
organize a simultaneous meeting of biologists on Cell Differenciation and to create
the Moriond Astrophysics meeting. Common meetings between biologists,
astrophysicists and high energy physicists are organized to study the implications of
the advances in one field into the others. I hope that these conferences and lively
discussions may give birth to new analytical methods or new mathematical
languages.

At the XXVIIIth Rencontres de Moriond in 1993, three physics sessions, one
astrophysics session and one biology session wereorganised :

* January 30-February 6 : "Perspectives in Neutrinos, Atomic Physics and

Gravitation"”

* March 13-20 "Electroweak Interactions and Unified Theories"
"The Cold Universe"

* March 20-27 "QCD and High Energy Hadronic Interactions"”

" Rencontre de Biologie - Méribel "
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IMPROVED LIMIT ON THE ELECTRON ANTI NEUTRINO
REST MASS FROM TRITIUM 3-DECAY

Ch.Weinheimer, M.Przyrembel, H.Backe, H.Barth, J.Bonn B.Degen, Th.Edling, H.Fischer,
L.Fleischmann, J.U.Groo}, R.Haid, A.Hermanni, G.Kube, P.Leiderer!, Th.Loeken, A.Molz,
R.B.Moore?, A.Osipowicz, E.W.Otten, A.Picard, M.Schrader, M.Steininger
Institut fir Physik, Universitat Mainz, Germany

Presented by J.Bonn

ABSTRACT

The endpoint region of the fS-spectrum of tritium was remeasured by an electrostatic spec-
trometer with magnetic guiding field. It enabled the search for a rest mass of the electron anti
neutrino with improved precision. The result is m? = (=39 £ 34,4 £ 155y5.)(eV/c?)?, from
which an upper limit of m, < 7.2eV/c? may be derived. The experiment yields the atomic
mass difference m(T) — m(*He) = (18591 £ 3)eV/c%.

Present addresses:

! Fakultat fiir Physik, Universitat Konstanz, Germany
2 Mc Gill University, Montreal, Canada



In former Moriond conferences we presented progress reports in design and test of a
solenoid retarding spectrometer [1, 2] dedicated to study the endpoint of the T, -decay spec-
trum. First preliminary results were presented in 1991 and 1992. This report gives the first
full data analysis yielding a new upper limit on the electron anti neutrino rest mass [3]. The
principle of the spectrometer is briefly explained in Fig.l. Due to the adiabatic transforma-
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Figure 1. 0

Principle of the solenoid retarding spectrometer. Electrons emitted from the T, source are magneti-
cally guided to the detector. The gradient force Fg = (ji X ) X B, acting on the orbital magnetic
moment ji of the electrons transforms energy E in the cyclotron motion around the magnetic field
lines into longitudinal motion parallel to the magnetic field. E) is electrostatically analyzed in the
symmetry plane of the spectrometer.

tion of energy in the cyclotron motion £, around the magnetic field lines into Ej parallel to
the magnetic field the full foreward solid angle can be accepted. The filter width under these
conditions is given by AE = B;/By - E, where By is the maximum and B, is the minimum
magnetic field.

The experiment described here was performed under the following conditions. The source
is placed at a field Bs = 0.96 By, slightly in front of the field maximum of the source solenoid
which is set to By = 2.4 T, limiting the accepted polar angles to ¥ < 78°. The magnetic field
reaches its minimum B; = 8- 1077 in the symmetry plane of the spectrometer, where Up
maximizes. Retardation of the electrons and reacceleration after the filter is provided by two
sets of electrodes arranged symmetrically around the central one. Under these conditions the
rise of the transmission from 0 to 1 within the interval £(1 — By/By) < e-U; < E is given by
[14]:

E—e- L,i
E Bl (1)

(B

where Uy = Us — Uy is the difference between the potentials of the source and the central
electrode. T'(E,U;) was checked with high accuracy by conversion electrons from 8™ K'r [14].
As important as the sharpness of the filter is the absence of any tails of T'(E,U,) extending

1—4/1—

T(E,Us) =



beyond E. During reacceleration, the electrons are also refocussed by the field of a second
solenoid, also set to 2.4 T, and finally reach a silicon detector placed in the central field Bp
= 0.8 T of a third solenoid. The active area of the detector has a diameter of 25 mm and
is segmented into five rings of equal area. The counts were pulse height analyzed and stored
event by event. Cooled down to —80°C, the detector has a resolution of 2.0 keV FWHM for
20 keV electrons. The resolution was somewhat degraded with respect to the values reported
in ref. {15] due to 15 ug/cm? aluminium evaporated onto the 30.¢4/cm? Kapton foil separating
the high vacuum at the detector from the UHV in the spectrometer.

Regarding the source, we decided on molecular T, frozen onto an aluminium substrate
cooled down to 2.8 K. Compared to any other T-compound, this choice offers the highest specific
activity. Because of the lowest possible Z, the spectrum of energy losses by inelastic scattering
within the source, as well as by prompt shake up/off processes, is, in comparison, also soft and
simple. According to extensive molecular orbit calculations [16], the final state spectrum of
the latter is slightly more complicated than that of gaseous T [17]. The present source was
constructed following the experience of a feasibility study [18]. The substrate is mounted on
the front of a 1.2 m long, horizontal LHe cryostat. The solid angle of T>— evaporation into the
spectrometer is limited to Af}/47r = 2.5 -1073 by a LHe-cooled, 10 cm long and 2 cm wide Cu
tube in front of the source which itself covers a circular area of 1 cm?. The tube also reduces
condensation of residual gas onto the source. The source is connected to the spectrometer by a
bellows allowing it to be moved from the loading to the measuring position through a valve. T,
is evaporated onto the substrate by covering the respective area with a teflon cup into which
T is led through a capillary. Glass windows allow the evaporation process to be controlled by
ellipsometry. Films of 40 monolayers, corresponding to a total source strength of 108 Bq were
prepared. Through on line mass spectrometry we detected tritium contaminations of about 30
% of hydrogen which had probably taken place in the stainless steel container.The source region
meets the UHV conditions of the spectrometer (1]. During measurements the source "decayed”
almost exponentially with a half-life time of a week. Data were taken for about ten days per
source.

Without a source the background spectrum peaked at about 23 keV, well above the tritium
spectrum [1]. Therefore, most of it could be suppressed by limiting the window of accepted
events between 12 and 19.5 keV. The residual background rate then dropped to 5 mHz for the
central segment and to 23 mHz for the outermost one. With the tritium source the background
rate rose by a factor of up to 2 for a fresh source. This additional background peaked at the
energy —e - Up. A rough estimation showed that it could be attributed to 7> molecules which
evaporate from the source and decay in vacuo within the magnetic flux tube projected onto the
detector. After removing the source the background rate returned immediately to the original
value showing no obvious sign of contamination of the spectrometer.

Tritium spectra were recorded in the energy interval 18095¢V < e - Uy < 18800eV by
scanning up and down a negative potential Us on the source® at constant analyzing potential
Uo = -18779 V. The most critical region around the endpoint was scanned in steps of 4 V with
an integration time of 2-30s per point and scan. Elsewhere larger steps and shorter integration
times were chosen. The data were screened for false events. By checking the distribution of time
differences between events we detected sudden increases in the count rate, possibly triggered
by microsparks in the spectrometer. About 14 % of the whole set of about 500 scans have been
rejected due to this failure. The scatter of the remaining data obeys a statistical distribution.
Fig.2 shows therecorded B-spectrum. The data comprise counts of the two innermost segments

3 Negative source potential is essential for retaining ions from T3 decay which are otherwise accelerated into
the spectrometer causing a few Hz background rate by ionization of residual gas.
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(-spectrum of tritium recorded during a four week run in 1991. The statistical error bars are too
small to be plotted. For energies E. > 18460eV the integral measuring time is 25140s per point. The
background level is 450 cts per point =18mHz. The full line is the best fit to the data in the interval
from 18438 eV to 18800 eV, the broken one is the extrapolation of the fit to lower energies.

of the detector. The other ones are covered only partly by the image of the source and suffer
from higher background. An expanded view of the endpoint region is given in the insert.
Already 20 eV below the endpoint, the spectrum emerges clearly from the background noise.
Another instructive view to the data is obtained from a linearized plot of the spectrum
given in fig.3. Since our spectrometer is integrating the 3-spectrum, the linearization is achieved
to a first approximation by the cube root of the count rate after substracting the background.
The data deviate from the linear slope as soon as transitions to exited states of (*HeT)* become
significant. The straight line representing transitions to the ground state of (3HeT)" intersects
the baseline about 4 eV below the endpoint. This is mainly due to the average residual energy
in the motion of the electrons around their guiding field lines which is not analyzed by the SRS.
The fit, described below, on the other hand slightly overshoots the endpoint, as the best fit
value for m? is negative. Furthermore, we have plotted into fig.3 fits to the data with m, fixed
to 0, 10 and 20 eV/c? respectively. A value of the order of 20 eV/c? is excluded apparently.
As to our knowledge, it is the first time that such fine details have ever been resolved in a
f-spectrum. In the final evaluation the data were fitted to the sum of a background function

b(Ug) = bo + by - (Eo — e Uy) (2)
and a convolution
I(Ug) = //T(E', Ua)- D(E',UJ) - L(E, E') - S(E) dE - dE' 3)

of the transmission function of the spectrometer T(E’, Uy) (eq.1 ), the detector efficiency function
D(E',Ug) =1+ ap(E' — eUy) with ap = 0.10 £+ 0.01 keV~!, the energy loss function L(E,E’)
and the spectral function of the S-decay S(E).

The background is entirely determined by the data measured beyond Ey yielding
bo = 17.7(2) mHz, by = 5 (3) pHz/V.
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Linearized f3-spectrum close to the endpoint. a: best fit with m2c* = —39+ 34(eV)? and experimental

B-endpoint Ey = 18574.8 + 0.6eV, b: linear fit of last 50 eV, c-e: fits with m,c? fixed to 0, 10, 20 eV
in the interval 18438 eV to 18600 eV.

The energy loss function of the sources L(E,E’) has been calculated from an inelastic cross
section which is approximated by

do(B,E") tene T2, _
B - T3 (AE-E.y O(AE ~ Enin) - O(Ep — AE)
Qion * F?on
+ -©(AE - Ep) 4)

T2 F (AE — Ein)?

ion

with AE = E — E', E,i, =88 eV, Eg =154 €V,

Qeze = 15 - 10719 cm?/(eV - molecule), Teze = 0.8 €V, E.pc = 12.6 €V,

Gion, = 1.5-107% cm?/(eV - molecule), Tipn = 7.1 €V, E;yp = 17.2 €V.

The first Lorentzian approximates the excitation of T3 [19], the second the ionisation [20].
The parameters a.;. and a;,, are chosen to match the total stopping power and the total
inelastic cross section [21, 22]. The zero loss fraction of electrons is 91% + 4% in the average
calculated from eq. 4. The error is dominated by uncertainties in the tritium film thickness
and homogeneity.

The spectrum is described by
S(E)y = A-F p-(E+me-c?)-Y Wivei-yJe?—m2-ct- (14 aps/3 &) (5)

with A = amplitude, F = Fermi function[23], p = electron momentum, ¢; = (Eo — Vi — E),
Wi=relative transition probability to the i’th molecular final state of excitation energy V;.
The backscatter contribution is convoluted with the spectrum in linear approximation by the
last factor in eq. 5 with aBs = 020 + 0.05 keV~!, which was derived from preliminary
test measurements. To enable fitting around m?, = 0 we use a continuation of the term ¢; -
/€2 — m2 - c* into the region m? < Oreplacing it by (e;+ p-exp(—e;/p—1)-1/e} —m?2 - ¢* with
p = 0.76-/—m2 - ct. This continuation is smooth and provides a parabolic x2-distribution
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around m? = 0. To save computing time we have replaced the sum over the final states which
comprises the product of the final state spectrum of the daughter molecule (*HeT)* [17] and the
simultaneously excited closest neighbours [16] by 10 discrete states with appropriated Gaussian
widths. This procedure has been checked to be sufficiently precise.
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Figure 4.
(a) square of neutrino rest mass m2, (b) endpoint Eq and (c) x*/dof as function of the lower limit Et
of the fit interval.

The free fit parameters are A, Eo, m2, by and b;. Fig4 shows the best fit results for
m? | Eo and x?/dof as a function of the lower limit E; of the fit interval. The significant
dependence on this boundary points to residual, systematic errors correlating to m2 and E
further below the endpoint. Although being small they may drag m2 and E, away from the true
values because the statistical weight of data points increases rapidly with decreasing energy.
As shown by the conservative systematic errors deduced for some of the m,-values shown in
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fig.4, we believe it unlikely that uncertainties in energy loss, backscatter, spectrometer function
etc. could be responsible for this unphysical trend. For E; = Eo - 137 eV this systematic
error is broken down into its components in tab.1. The systematic uncertainties about the final
states distribution were checked by using an alternative calculation [29, 30]. The results were
essentially unchanged. The trend to negative m? arises from an excess count rate far from the
endpoint. A simple way to account for this would be to increase the shake off probability. To
test this, we changed the shake off probability from 15% as given in ref. [17] over a wide range®.
At 21% all fit parameters, as well as x?/dof, remain stable against variation of the fit interval
with m2 compatible to zero within 1o statistical error®.

Table 1. Influence of variation of critical parameters on m? at
Ejope = Ep — 137€¢V. The coefficients ap for detector efficiency and ags
for backscatter were changed simultanously since they have the same influence on
I(Uy), despite of their different functional dependence. The constant backscatter
spectrum was changed by allowing a strong additional linear term keeping the total
backscattering probability constant over the interval where the backscatter distri-
bution was investigated. The fraction of energy loss by excitation was changed
by 50% while keeping the total inelastic cross section constant. This accounts for
different stopping power values given in literature.

Parameter Change | Am?c?
(%] | [(eV)?

Inelastic scattering

total probability 50 14.2

CQezc (O'cgt :const) 50 3.3
Backscatter & detector eff.

QaBS,aD 25 1.8

different shape - 3.2
Width of T(E’,Uq) 10 1.4
Alternative final state

distribution (29, 30] - 0.3
Total 15.1

The high resolution and statistics together with the low background of our experiment
allow for the first time to reduce the problems associated with including a wider range of the -
spectrum into the data evaluation. We therefore chose Ej,pe = Eg — 137eV, where the fraction
of ground state transitions is 76 %®. The data were fitted for the two sources separately and

4 Some evidence also seems to exist that shake off probabilities measured in conversion electron spectra [24]
exceed calculated ones [25].

5 An admixture of a second neutrino in the range m? < 100(eV/c)? could remove neither the unphysical
value of negative m2 nor the trends in m2 and E; with increasing data set. In contrast to additional shake off
components the inclusion of a second neutrino does not lead to the observed spectral shape due to its essentially
different functional dependence.

§ Extrapolated towards lower energies this fit yields progressively less count rate than measured. When we
plot the cube root of this excess count rate (like in Fig.2), a nice, straight Kurie line shows up which intersects
with the abscissa 75 eV below the endpoint. Thus it has the signature of a missing spectral component with
that endpoint and an amplitude of 4%. We note that the centre of gravity of the shake off electrons is 69 eV.
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combined (see tab.2). As a final result we obtain from this interval:
m2.ct = (=39 £ 3y £ 155.) (eV)?
and Ey = (18574.8 + 0.6)eV. From E, we calculate the mass difference
m(T) — m(*He) = (18591 £ 3) eV/c?

where the following corrections have been taken into account: recoil energy (1.7 eV), difference
in chemical binding energies (16.5 eV), polarization shift (-0.9 eV) [16], difference in work func-
tions between substrate and analyzing electrode (-0.1 V) [14], potential drop in the analyzing
plane (-1.2 eV) [1] . The error is dominated by the uncertainty in the high voltage measurement
[14). Our measurement of the mass difference matches well with recent results [9, 10, 26].

Table 2. Results for m2/{(eV)?/c%], Eo/[eV] and x?/dof for the two sources S1,
S2 and the combined fit .

m? + AmZ| Eg+ AE | x?/dof
S1| ~46 £ 56 | 18574.2+ 0.7 0.93
S2 | -29+43 |[18575.3+0.8 0.93
z ~39 +34 | 18574.8 £ 0.6 0.70

Following the recipe of the Particle Data Group [27] we calculate from our mZ2-result the
following upper limit for the electron anti neutrino rest mass with 95 % confidence level:

m, < 7.2 eV/c,

In tab.3 we have listed recent measurements of m2.

Table 3. Recent results of m2/[(eV)?/c?] from tritium B-decay. Values of oytat
and o,y are 1 o errors. Upper limits on m,/[eV/c?] according to (27 correspond

to 95% c.1.
Ref. mf + Ogtat + 05},5 m,
LANL [9] —147 £ 68 £ 41 <93
Ziirich [10} —-24 + 48 £ 61 <1
INS [28] —65 + 85 + 65 <13
LLNL [31] -60 + 36 + 30 <8
This paper -39+34115 <72

Among the known sources of the systematic error of the present result, uncertainties in
the energy loss fraction and the backscatter from the substrate dominate. These values will be
checked in detail by measurements with electron conversion lines from 53™ Kr covered with D,
layers of known thickness in the near future. The remaining problem of not fully understanding
the measured B-spectrum may be circumvented by restricting the analysis to a region very close
to the endpoint which may be even smaller than the one used here. The unique capability of
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working very close to the endpoint has not been fully exploited in the past. To this end we will
considerably improve the statistical accuracy and make an effort to further reduce background.

The spectrometer was financed by the state of Rheinland-Pfalz and the Bundesminster fiir
Bildung und Wissenschaft providing funds for the new Physics building of the University and
its equipment. The Deutsche Forschungsgemeinschaft has contributed to the running and per-
sonnel costs of the experiment under the contract number OT33-11. We thank V.M.Lobashev
for critical discussions while writing this paper. One of us (R.B.Moore) acknowledges a NATO
collaborative grant for support of this work.

References

[1] A.Picard, H.Backe, H.Barth, J.Bonn, B.Degen, Th.Edling, R.Haid, A.Hermanni, P.Leiderer,
Th.Loeken, A.Molz, R.B.Moore, A.Osipowicz, E.W.Otten, M.Przyrembel, M.Schrader,
M.Steininger, Ch.Weinheimer Nucl. Instrum. Methods B63(1992)345

[2] H.Backe et al., Proceedings of the 161 Moriond Workshops, 137
[3] Ch.Weinheimer et al. Phys. Lett. B 300(1993)210
[4] V.A.Lubimov, E.G.Novikov, V.Z.Nozik, E.F.Tretyakov, V.S.Kosik Phys. Lett. 94B(1980)266

[5] S.Boris, A.Golutvin, L.Laptin, V.Lubimov, V.Nagovizin, V.Nozik, E.Novikov, V.Soloshenko,
LTihomirov, E.Tretyakov, N.Myasoedov Phys. Rev. Lett. 58(1987)2019

[6} "E.F.Tretyakov Bull. USSR Acad.Sci.Phys.Ser.39,N0.3(1975)102

[7] M.Fritschi, E.Holzschuh, W.Kuendig, J.W.Petersen, R.E.Pixley, H.Stuessi Phys. Lett.
B173(1986)485

[8] J.F.Wilkerson, T.J.Bowles, J.C.Browne, M.P.Maley, R.G.H.Robertson, J.S.Cohen, R.L.Martin,
D.A.Knapp, J.A.Helffrich Phys. Rev. Lett. 58(1987)2023

[9} R.G.H.Robertson, T.J.Bowles, G.J.Stephenson, D.L.Wark, J.F.Wilkerson, D.A.Knapp Phys.
Rev. Lett. 67(1991)957

[10] E.Holzschuh, M.Fritschi, W.Kiindig Phys. Lett. B287(1992)381

[11] V.M.Lobashev, A.l.Fedoseyev, D.V.Serdyuk, A.P.Solodukhin Nucl. Instrum. Methods
A240(1985)305

[12] H.Backe, J.Bonn, Th.Edling, H.Fischer, A.Hermanni, P.Leiderer, Th.Loeken, R.B.Moore,
A.Osipowicz, E.W.Otten, A.Picard Phys. Scr. T22(1988)98

{13] S.Balashov, A.Belesev, A.Bleule et al. Proc. of the II int. symposium on Weak and Electromag-
netic Interactions in Nuclei (W.E.I.N.-89) Montreal(1989)295 Edition Frontiers, France

[14] A.Picard, H.Backe, J.Bonn, B.Degen, R.Haid, A.Hermanni, P.Leiderer, A.Osipowicz,
E.W.Otten, M.Przyrembel, M.Schrader,M.Steininger, Ch.Weinheimer Z. Phys. A342(1992)71

[15] Ch.Weinheimer, M.Schrader, J.Bonn, Th.Loeken, H.Backe Nucl. Instrum. Methods
A311(1992)273

[16] W.Kolos, B.Jeziorski, J.Rychlewski, K.Szalewicz, H.J.Monkhorst, O.Fackler Phys. Rev.
A37(1988)2297

[17] O.Fackler, B.Jeziorski, W.Kolos, H.J.Monkhorst, K.Szalewicz Phys. Rev. Lett. 55(1985)1388
[18] M.Przyrembel, H.Fischer, A.Hermanni, E.W.Otten, P.Leiderer Phys. Lett. A147(1990)517
[19] J.Geiger Z. Phys. 181(1964)413



14

[20] A.E.S.Green, T.Sawada J.Atm. Terr.Phys. 34(1972)1719

[21] L.Pages, E.Bertel, H.Joffre, L.Skalventis Atomic Data 4(1972)1
[22] J.W.Liu Phys. Rev. AT(1973)103

[23]) J.J.Simpson Phys. Rev. D23(1981)649

[24] D.L.Wark, R.Bartlett, T.J.Bowles, A.G.H.Robertson, D.S.Sivia, W.Trela, J.F.Wilkerson,
G.S.Brown, B.Crasemann, S.L.Sorensen, S.J.Schaphorst, D.A.Knapp, J.Henderson, J.Tulkki,
T.Aberg Phys. Rev. Lett. 67(1991)2291

[25] Th.A.Carlson, C.W.Nestor Phys. Rev. A8(1973)2887

[26] R.S.Van Dyck, D.L.Farnham, J.Bare, P.B.Schwinberg Proc. of the 6 Int. Conf. on Nuclei far
from Stability and 9" Int. Conf. on Atomic Masses and Fundamental Constants Bernkastel-
Kues(1992), ed. by K.L.Kratz et al., in print in the IOP conf. series

[27] Particle Data Group Phys. Lett. 204B(1988)69

[28] H.Kawakami, S.Kato, T.Ohshima, S.Shibata, K.Ukai, N.Morikawa, N.Nogawa, K.Haga,
T.Nagafuchi, M.Shigeta, Y.Fukushima, T.Taniguchi Phys. Lett. B256(1991)105

[29] L.Martin et al. Phys. Lett. 110A(1985)95
[30] D.A.Knapp doctoral thesis, LANL(1986)
[31] W.Stoeflt contribution to this workshop



15

THE TRITIUM BETA SPECTRUM AND THE NEUTRINO MASS
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(Presented by Wolfgang Stoeffl)

ABSTRACT

We have set an upper limit of 8 eV for the mass of the electron antineutrino by studying the
beta decay of gaseous molecular tritium. Our system uses five super conducting magnets to guide
the beta decay electrons from a five meter long source tube into a large toroidal field spectrometer.
The spectrometer, which has a resolution of 4 to 18 eV at 23 keV, focuses the electrons onto a
liquid-nitrogen-cooled multi-segmented Si(Li) detector. We calibrate our system using conversion
electrons from the decay of 83MKr. Our best fit value for the neutrino mass squared is —60 +/-
36(statistical) +/- 30(systematic) eV2. We obtain a value of 18586.6(25) eV for the 3H-3He mass
difference in good agreement with recent mass spectrometry results.
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Introduction

Neutrinos play an important role in today's physics research. Massive neutrinos are a prime
candidate for the missing mass in the universe. Large underground detectors measure the neutrino
flux from the sun and search for supernova neutrinos. Yet despite all efforts there exists no direct
measurement of the neutrino mass. The neutrino mass can be measured directly by studying the
beta decay of tritium as a massive electron antineutrino will alter the shape of this low-energy beta
decay spectrum. This is the only vnambiguous way to find a neutrino mass or set an upper limit
independent of the structure of the neutrino. In 1980 Lubimov!) and coworkers reported evidence
for a 30 eV neutrino mass in their studies of the beta decay of tritium implanted in valine.
Subsequent attempts by groups in Tokyo2) and Zurich3), who implanted tritium in thin films, found
no evidence for this mass. These groups were able to set upper limits of 13 and 15.4 eV,
respectively, for the mass of the electron antineutrino. The group at Los Alamos National
Laboratory# studied the beta decay of gaseous molecular tritium and found no evidence for a 30 eV
mass, but set an upper limit of 9.3 eV. The experiment in Mainz3) uses frozen tritium and a
retarding field spectrometer to set an upper limit of 7.2 eV. However all of the recent results
obtained negative values for the best fit value of myZ2. This suggests the possibility of an additional
systematic error in these measurements or some physics that is not described by the current beta
decay theory.

We use a gaseous tritium source combined with a high resolution magnetic spectrometer
and a low background counting system to reduce the systematic errors. The gaseous molecular
tritium yields the highest specific activity and a system where the final states can be reasonably well
calculated. By having a gaseous source we can minimize and measure the scattering of the electrons
in the source material. The gaseous source avoids solid state effects, even the effect of tritium
bonded to a cooled solid surface. Our experiment has very low background, ~5 counts per day per
detector ring in the energy region of interest. We can analyze 23 keV electrons with a resolution
between 3 and 20 eV depending on the transmission of the spectrometer. In addition we have a
system where we can determine the resolution function and energy loss in the source very precisely.
Our data disagree with Lubimov's claim for a 30 eV neutrino mass and we can set an upper limit of

8 eV for the mass of the electron antineutrino at the 95% c.l.

Experimental apparatus

Our gaseous tritium source consists of a 5 meter long tube with a diameter of 3 cm. The
source tube is located inside a liquid nitrogen-cooled shield in a high vacuum tube. We can cool the
source tube to 50 K. The source vacuum tube and its cryogenic shields fit inside the warm bore of
the superconducting magnet assemblies. The gas is differentially pumped at the ends of the source
tube by eight turbomolecular pumps, cleaned and is then re-injected into the middle of the tube. The
radioactive gas is prevented from entering the spectrometer tank by a 1.5-m-long pumping
restriction that is lined with charcoal and cooled to 10 K. In addition to the charcoal we have
another section containing a tritium getter pump. Electrons from decays in the gaseous source are
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guided into a large toroidal magnetic field spectrometer by five solenoidal super conducting
magnets.

We analyze the electrons from the source using a large toroidal field magnetic spectrometer
of the Tret'yakov type. The toroidal field is formed by 72 current loops. The inside part of each loop
consists of a 25 mm wide, 1 mm thick copper band with a length of 7 meters. The outer conductors
are 13 mm diameter aluminum rods. The conductors are supported by a space frame composed of
large and small rings held together by aluminum beams. At the first focus of the spectrometer there
is a slit system that can be moved by two stepping motors. The slits are two hyperbolic plates and
both the position and the gap between them can be changed. In this way we can select different
trajectories of the focused electrons. We have a system of 16 deflector plate pairs both before the
first focus and in front of the detector. A diagnostic cup with a slit can be positioned over the
detector to choose a narrow range of trajectories through the machine. We can then tune the
associated deflector plates for those trajectories giving us 16 tunable spectrometers.

The magnetic spectrometer focuses the electrons onto a 12-segment, liquid-nitrogen-cooled
Si(Li) detector. The position of the electron impact on this detector determines the energy. Because
the detector has good energy resolution, we can distinguish between good events and background
from radioactive decays and secondary cosmic-ray interactions. The magnetic spectrometer
operates at a constant field and current setting to avoid thermal stresses and misalignment in the
spectrometer hardware. We measure electron spectra by changing the electric potential of the
source. This accelerating potential is approximately 5 kilovolts for the tritium endpoint. In this way
the electrons from the tritium decays in the source tube have an energy of 23 keV throughout the
spectrometer and are therefore easily distinguished from the background electrons from tritium
contamination in the spectrometer where the maximum energy is 18.6 keV.

A residual gas analyzer, located in the last stage of the differential pumping of the source
tube, measures the tritium partial pressure. Our computer then uses the pressure data and a
motorized needle valve to regulate the gas pressure. The regulation can keep the tritium source
pressure stable to 0.5%. An essential part of the gas regulation is our ability to control the
temperature of the experimental hall. By using our computer control system we keep the room
temperature constant to with 0.1 K.

We accumulate data by stepping the high voltage to accelerate the source electrons of the
energy range of interest to match the analyzing energy of the spectrometer. For each value of the
voltage we accumulate 12 spectra on the ring detector. Each of these spectra are written to a disk
file along with the pertinent information such as the actual counting time (determined by a precision
pulser and scaler), the measured acceleration voltage, dead time parameters, and source gas
pressure and temperature corrections. This produces 12 separate spectra for a voltage sweep. In
our data analysis fit, we correct the expected countrate for the tritium pressure, different timing for
each data point etc., and not the data itself. This preserves the poisson statistics of the original data.
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A source of mono-energetic electrons is a very useful diagnostic tool in measuring and optimizing
the performance of the spectrometer system. We have constructed an electron gun to serve this
purpose. The gun consists of a quartz window positioned at the end of the source tube farthest from
the spectrometer. The vacuum side of the window has a thin, optically half transparent gold coating.
This "back wall" of the source is electrically isolated from the rest of the source tube and the
support table and we can apply an accelerating voltage to this section of < 25 kV. We illuminate the
quartz window with a mercury UV lamp from outside the source tube. The energy of the UV
photons is about 100 mV above the work function of the electrons on the gold surface. Therefore
the UV light produces very low energy electrons that are then accelerated by the applied high
voltage. This gives us a very mono-energetic flood-type beam that is tunable from 0 to 25 keV. One
has to take precaution to avoid positively charged energetic tritium or krypton ions from hitting the
gold surface. At higher gas densities, the gun-electrons can produce these ions themselves. The ion
impact releases electrons with about 5 eV initial energy, causing a high energy tail in the gun
emission. Without a positive electric barrier in front of the gun, the ion induced electron emission

can falsify the peakposition or energy loss measurements.

Measurements of the system response function

An important aspect of tritium beta decay experiments is the intrinsic resolution function of
the spectrometer and source. The finite resolution of the spectrometer will smear out the beta decay
spectrum such that the deviation in the distribution expected for a non-zero neutrino mass would
appear as a curve. Since we must unfold this system resolution function from the experimentally
observed spectrum the accuracy of our knowledge of this function is crucial in determining a
neutrino mass limit. We have performed a series of measurements to determine different aspects of
our system response function. The measurements include the energy loss contribution and the

effects of long tails in the spectrometer response.

Krypton tests

We measure our resolution by using the radioactive calibration source 83MKr, which is
produced by the electron capture decay of 83Rb, approximately 90% of these decays result in the
production of a metastable state at 41.5 keV. This isomeric state, which has a half life of 1.8 hours,
decays by a cascade of two electromagnetic transitions of 32 and 9 keV. The K-conversion
electrons of the 32 keV transition have an energy of 17.8 keV, conveniently close to the end point
of tritium. The radioactive krypton gas circulates in the source tube in the same way as molecular
tritium and therefore allows us measure our system resolution.

We have made extensive use of the electrons from the 83MKr decay to study the
performance of our source and spectrometer. Although the decay scheme of this isomer consists
only of two electromagnetic transitions it gives rise to over 200 structures in its electron spectrum.
The lines cover the energy range from 0 to 32 keV and have components that are both nuclear and
atomic in origin. The most important feature of the spectrum is the K-conversion line of the 32 keV
transition which is shown in figure 1. (The results of the measurements on the 9 keV transition are
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presented in reference 6.) The low energy structures are due to the atomic physics processes of
shake-up and shake-off. In these processes the electron shells rearrange in response to the K-
conversion process, i.e., the electrons suddenly find themselves in a very different nuclear potential.
There is not a perfect overlap between the initial neutral krypton orbitals and those with the K
vacancy and therefore there is a finite probability that some of the atoms will be left with electrons
excited to the 5p, 6p, 7p, levels. This is the shake-up process. The electrons can also be excited into
the continuum, this is shake-off. The peak structures show the excitations of the 4p, 3d and 3p
atomic shells in a similar manner. Our resolution is sufficiently high that we can resolve the main
Lorentzian peak from the first shakeup-shakeoff satellites which allows us to directly determine our
resolution without interference from atomic physics. For the Kr 32-keV K line we achieved a
resolution as good as 4 eV. In fitting the Lorentzian width for this peak we obtain a value of 2.85
eV, in good agreement with the accepted value for the lifetime of a krypton K vacancy7)<

We use the 83Kr to calibrate the energy scale of our spectrometer using only atomic physics
data. The two parameters in our measurement are the calibration constants for the voltage divider,
through which we measure the high voltage on the source table, and the shunt for the spectrometer
current, which fixes the analyzing energy. We determine the HV-divider constant by measuring the
voltage difference of the 32 keV K line and the M-N lines. The M and N binding energies for
krypton are known to within .1 eV. The binding energy of the K-shell8) is 14327.2 eV, known to an
accuracy of 0.8 eV. The L-binding energies given in the literature9>10) are clearly too high by 4 eV.
We did not use the L lines to calibrate our spectrometer.

o k|
10°k 9 H10°
F = Spectrometer resolution 6eV 3
[ z. ]
10k o + 10?
=3 o g
E f & ]
g 10® ) 28503 1 3
S - S .85( )e\{ natura <410
3 Lorentz width 3
100 < 100
10 [ PRI ST WU WY T S T S U SN S SUNS SN SO ST S T SN N SSU0T O ST T NN S S SRS S I ()
17400 17500 17600 17700 17800 17900 18000

Electron Energy [eV]
Figure 1. The spectrum of the 32-keV K-conversion line. The shake-up and shake-off satellites are
labeled with their atomic shells on the low-energy side of the main peak. The main peak is free
from atomic effects and shows the pure Lorentz shape.

To fix the energy scale of our calibration we measure the position of the strong LMM Auger lines at
1460 and 1512 eV11). This gives us the zero offset of our calibration, and together with the gain we
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have a highly accurate absolute and reproducible energy calibration. To verify the linearity of our
HV divider, we have performed this procedure for analyzing energies of 10, 15, 21 and 23 keV and
always obtain the same results for the various lines in the 83Kr electron spectrum to within 0.1 eV.
Using this system we can then deduce the energies of the gamma rays in the 83Kr cascade. We
obtain a value of 17.8213(15) keV for the 32.1485(20) keV K-conversion line, in good agreement
with the value deduced from gamma-ray spectroscopyl2). The energy of the second transition in
the cascade is 9.208(3) keV.

Electron gun measurements of the spectrometer resolution.

The scattering of electrons in the spectrometer can produce tails on both sides of the
resolution function. Electrons with more energy than the analyzing energy scatter on the slits and
conductors of the spectrometer and by losing energy make it through to the detector. This process
produces a flat tail on the low energy side of a monochromatic line source with an intensity of 10-4
of the total. The low energy tails, i.e. electrons whose initial energy was lower than the analyzing
energy, are of more importance to the tritium beta decay measurement since the intensity of
electrons increases so rapidly as one moves to lower energies away from the end point. Because of
this even a 104 effect can be significant in the analysis. We have used the high intensity of our
electron gun to measure these small effects in our spectrometer resolution function. The data from
these measurements is shown in figure 2. We find that the low energy tail extends 200 eV below the
peak with 10-5 of the total intensity.

Response from monochromatic 18.5 keV electron gun.
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Figure 2: The response function of our spectrometer as measured by the electron gun. Note the 10

orders of magnitude on the intensity scale.

Energy loss measurements

The electron energy loss from scattering with the tritium gas molecules in our source must
also be included in our system response function. Ideally we would directly measure this by mixing
tritium gas in the source tube with 83mKr and determine the energy loss from the change in line
shape of the 32 keV K-conversion line. However the low energy side of the krypton conversion
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lines have large shake-off components in the first 100 eV below the peak. These atomic physics
effects mask the bulk of the energy loss spectrum, allowing only a rather crude measure of the
energy loss tail. The centroid shift of the total 32 keV K line is a better measure of the energy loss.
We determined the relationship of this centroid shift to the total scattering by measuring the shape
of the energy loss spectrum with a monochromatic electron beam from our electron gun. The
theoretical understanding of the shape and amplitude of the energy loss spectrum for 20 keV
electrons is surprisingly poor. We studied the energy loss of 18.5 keV electrons (and other energies)
in various pressures of H2 gas with a spectrometer resolution of 3.9 eV FWHM. The energy loss
spectrum of 18.5 keV electrons in H2 is shown in figure 3. We determine the effect of energy loss
by combining the knowledge of the shape of this spectrum with the data from the krypton --
hydrogen mixture. The error in the energy loss determination contributes less than 15 eV2 in our
uncertainty in my2. To have a more consistent understanding of the energy loss mechanism, we

also measured the loss spectra for helium and argon.
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Figure 3 The energy loss spectrum of 18.5 keV electrons in molecular hydrogen.

Tritium end point data and results

We determine the mass of the electron anti-neutrino by measuring the tritium spectrum in
the energy range 17.55 to 18.80 keV in steps of 2.25 eV. In order to give the same statistical
accuracy to each point we measure longer times for energies close to the endpoint. Also for each
run we randomized the order in which these data points were taken. This makes us insensitive to
any repeating trend in the source density.

For these data we set the spectrometer to analyze an electron energy of 23 keV with a
resolution of about 18 eV FWHM. The density of the source gas at the injection point was about 2
mtorr, at this pressure about 80% of all electrons leave the source without any scattering. In 4 (still
preliminary) runs we collected about 15000 counts in the last 100 eV of the spectrum on a
background of about 4 counts/eV.
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We fit the data to the function produced by folding our system resolution including energy

loss with the expression given by
P(E) = Al1+ 01 (Epygg ~ E)IF(EZ)PEY wi(Eg —E)(Eg; ~E)* -m3 +B (1)
1
where o] describes the linear dependence of the efficiency as a function of the acceleration voltage
(Emag is the analyzing energy of the spectrometer), B is a constant background and A is a
normalization constant. The summation runs over each of the final states with endpoint energies Egj
and population wj as calculated in reference 13. The term F(E,Z) is the Fermi function which
accounts for the effects of the nuclear coulomb field on the beta decay electron. A detailed analysis
of this correction has recently been presented by Wilkinson14) he shows that for the end point
region of tritium the Fermi function is given by
F(E,Z) = 2ny(1 - e-2%¥)"1(1.002037 - 0.001427P) 1))

where y = aZ/B, o is the fine structure constant, Z the atomic number of the daughter nucleus, and
B is the electron velocity in units of the speed of light. In fitting the data we vary the values of A, B,
my? and the end point energy E(. We determine o] and a possible &2 by measuring a high statistic
long range tritium spectrum from 6 to 18.6 keV. This wide range spectrum is taken at a much
reduced tritium pressure to avoid a very high counting deadtime at lower energies. The energy loss
fraction is different and therefore these spectra can not be combined with the actual endpoint
spectrain an easy way.

The results of the least squares fit of these data are shown in table 1. Our end point energy
of 18568.5(20) eV can be related to the mass difference of the neutral 3H-3He. We add 16.5 eV for
the molecular and atomic binding energy corrections and 1.6 eV for the recoil. The rotation and
vibrational excitation of about 2 eV is part of our final state correction. We obtain 18586.6 (25) for
the 3H-3He mass difference in good agreement with the latest mass spectrometry measurements!5)
of 18590.1(37).

Table 1. The results for the end point spectrum of molecular tritium.

my?2 -60(36+30) eV2
Endpoint Eq 18568.5(20) eV
Background 4.02) eV-1 (typical)
Eff. slope ] 1.10(1)-10-3 ev-1

Our data for the end point region of the tritium decay is shown in figure 4 in the form of a
Kurie plot where the solid curve represents the best fit to the data. Our data show no evidence for a
30 eV mass for the electron antineutrino, rather it is ruled out by 15 standard deviations. Our best
value for my?2 is negative like the other recent results. However at the level of our statistics the

result is still consistent with zero within the 26 confidence range.
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Figure 4. The end point spectrum of molecular tritium for one of the 4 runs. The solid curve is the
best fit to the data.

We extract an upper limit for the electron antineutrino mass by fitting our data for fixed
values of the mass but allowing the other parameters to vary. We then study the behavior of )(2 asa
function of my2 and determine how well our data confine the neutrino mass. We study our
systematicerrors by making small changes in the resolution function, energy loss, and final states to
test how sensitive our system is to small changes in these parameters. We also try different error
estimation such as maximum likelihood or a modified xz as used by the Los Alamos group. The
small difference between the various fit methods is reflected by a 20 ev2 systematic error. Our
present result is an upper limit of 8.0 eV for the mass of the electron antineutrino at the 95%
confidence level. The contributions of the various systematic errors are listed in table 2.

Table 2. The contribution to the uncertainty in the mass limit for various parameters of our

experiment.
Parameter Error (eV)2
Statiskcs 36
Resolution 5

Energy loss shape

Energy Loss Amplitude 12
Efficiency (ot1) 6
Recoil Correction 8
Radiative Corrections 10
Final States 10

Fit Method 20
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Discussion
A negative value for my2 has no physical meaning, it is only an indication from the fit

analysis that there are too many counts near the end point. This might arise from a systematic error
in the measurement such as the presence of an unknown background or a large mistake in the final
state corrections. We can point out that a large mistake in the final state calculations is unlikely. If
one modifies the final states enough to bring the best fit of my2 to zero, the end point would shift
by 6 eV. The negative value for my2 might also indicate that there is some additional physics that
we must incorporate in our understanding of beta decay. Our negative result is within 26 of zero so
it does not, in itself, warrant the introduction of new physics for beta decay. But it is puzzling to
have the same effect in all neutrino mass experiments performed in the last 10 years. It is interesting
to note that these tritium beta decay experiments are the first studies of neutrinos at extremely low
energies. The physics of these very low energy neutrinos is inaccessible to the techniques of high
energy physics and has been largely overlooked by theoretical studies. For the moment, we are
aggressively searching for and eliminating any possible flaw in our experimental setup and the data
analysis.
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RECENT DEVELOPMENTS IN METASTABLE SUPERCONDUCTING DETECTORS
&
POSSIBILITIES FOR NEUTRINO MASS SEARCHES

TA Girard
Centro de Fisica Nuclear / Instituto de Fisica e Matematica
Universidade de Lisboa, 1699 Lisboa Portugal

ABSTRACT

We report a preliminary measurement of the beta decay of 35s using a metastable
superconducting granular detector. Analyses suggests that, contrary to conventional
wisdoms, such measurements may be performed with relatively large grain sizes and
size distributions. The consequences for the possibility of several new experiments to
search for light neutrino mass in single and double beta decay are considered. These
are predicated on observation of structure in the energy loss spectrum of the device,

rather than the particle spectra themselves, and depend critically on good knowledge
of the detector response.
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Detectors based on the radiation-induced phase transitions of superheated Type 1
superconducting microgranules have been proposed for a variety of new
researchesl). The response of such detectors to B irradiation has been investigated by
several groupszl, but have focused on only their sensitivity. Until recently, no precise
connection between the results and their origin has existed, and conventional
wisdoms of smallest grain size and most uniform size distribution have generated a
diminished interest in their pursuit.

The essential principles of their operation have been described prcviously“. For a
single grain in a superheated state of temperature and applied magnetic field (Ta,Ha),
transitions to the normal state can be induced by increase in either local field or
temperature sufficient to move it across the superconductor-normal phase boundary.
Thermal transitions can also be induced by the interaction of radiation with the grain,
if the energy deposited (AE) in the grain is such that

AE 2 Cp AT(TaHa), (1)
where AT is the temperature distance to the phase boundary, and Cpis the volume heat
capacity of the grain. The signal is provided by the accompanying magnetic flux
change occuring during the transition as a result of loss of the Meissner effect.

An ensemble of grains requires dilute suspension in a dielectric in order to
maintain metastability. Although the simple picture above becomes more complicated
owing to the distribution of the local fields resulting from the intrinsic variation in
the grains themselves, the basic physics remains unchanged. In this case however,
incident radiation interacts with the non-signal producing dielectric as well as the
superconducting material.

In Fig. 1 we present a recent

150 irradiation result, performed at 2.3 K
over a period of 3.4 s. The detector

ﬁ consisted of 104 grains, suspended in
floo— paraffin to a volume filling factor of
; 20%, and spaced along a U-shaped
£ 50 copper wire loop, of 225 micron width.
2 The suspension was covered with 1.1 puCi
o 355, evaporated onto tissue paper. The

~30 10 G 10 20 30 40 50 60 grains varied in diameter from 10-25
Energy Loss (kev)

micron, and were part of a sample made
Fig. 1: Comparison of typical results obtained by
following the "wait" period of real-time tests at . . . . .
2.3 K (+) and computer simulation (-). oil bath, size filtration and uniform

sonic dispersion of the metal in an

folding4] into the dielectric.
Fig. 1 also includes a simple, single 17 micron Sn grain diameter simulation of the
cnergy loss spectrum of 355 beta decay as would be measured in accordance with our

protocol, based on a recently-developed "hot border” model5! shown schematically in
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Fig. 2. At fixed temperature, the distribution of the maximum of local fields at the
equator of each of the grains is represented by the horizontal line xy; at a given Ha,
some fraction of the ensemble is normal; each of the remainder sees a different
maximum local field (Hj), resulting in a distribution of AT required for transitions.

TEMPERATURE NORMAL
T ENERGY
Loss

*HOT BORDER®
2Ty
B D SR £7 SEman
[ SRR DU 9 7 4 o __t_

~Ta -
11 a Sy e Nig
(
ATmax 4

A

1
Vot
Vo
1 1
1 t Y
J !
[ H
SUPERCONDUCTING ! : '
1 1 '
1 [ 1
I ] 1 1
— 1 A
Ha Hi Hy Hsn(Ta) Hgnio)
' '
— 1+ 3 Hmax
MAGNETIC FIELD

Fig. 2: Effective phase diagram of a grains suspension.

The generic energy loss spectrum in Fig. 2 is fixed at the superheating boundary. Its
lowest energy part is only able to induce transitions of those grains for which H; =

Hh(Ta); in contrast, the highest loss (AEmgax) is able to transition all grains within the
region AHmax = Hsh(Ta) - Hp, possessing a AT < ATmax = Cs'! AEmax. For sufficiently long
irradiation times or intense radiation fields, all of the grains in this zone will become
normal, thus creating an effective phase boundary, or “hot border", at Hp which is
determined by the maximum energy loss of the beta distribution.

Increase of Hy by 8H << AHpax

1000 similarly increases the local fields of all

o 00 grains still superconducting, in effect

“’9‘ shifting xy to the right across the hot
f 060 border by OH so that grains in the
500 region Hp - SH enter the active zone.
* 1000 These can however transition to the
normal state only as a result of

m1500 % 10 40 50 temperature changes induced by the

20 30
Energy Loss (keV)
corresponding higher portion of the
energy loss distribution, at a rate
Fig. 3: Ratio of simulated energy loss spectra of
35g decay, with and without a 1% admixture of
a 17 keV neutrino, as would be measured in our
protocol. R = N(no 17 keV)/N(yes 17 keV). across AHmax is thus equivalent to

dependent upon the radiation flux and
interaction crossection. Stepping O8H
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piece-wise integration over the loss distribution itself. The results in Fig. 1 obtain
from a continuous field ramping of the magnetic field following a 3 s wait period in
the irradiation at a midfield value of the superheating curve. The "negative energy”
values result from a fixing of the first measurement to the maximum energy loss of
the simulation; they are artificial in the sense that the simulation does not include
electron straggling in the grain which would lead to greater energy loss.

In Fig. 3 we show the ratio of two simulations of the energy loss spectrum, with and
without a 1% mixing of a 17 keV neutrino, as would be observed in our operation of the
detector. A 7-fold increase in the detector size and optimization of its operating
parameters would require 15 days to statistically achieve the 5x10-5 level of sensitivity
indicated.

With the 17 keV neutrino demisef], the question arises as to whether this same
detection technique is applicable to the more conventional near-endpoint light mass
neutrino searches in beta decay. As shown in Fig. 4, for incident energies below about
0.2 MeV, the electrons are absorbed in the grain, the diameter of which defines the
width of the energy loss distribution. For energies above 0.5 MeV, the energy loss
decreases to an essentially constant value near 19 keV, increasing by only 1 keV as Eg

rises to 3 MeV. Thus, for decays of Eg =2 1 MeV, near-endpoint artifacts will occur in the

high statistics part of the energy loss spectrum.
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Fig. 4: Energy loss of incident electron energies in a 25 micron Sn grain, via Bethe-Bloch with
linear trajectories only.

For electron energies between Eg and Eg-10 eV, the difference in energy loss < 1
eV. Sub-eV resolutions are not however unlikely with such detectors. For the results of
Fig. 1, the 0.29 G step size corresponds to 2.3 keV; all else unchanged, this would equal
23 eV at T = 0.8 K owing simply to the decrease in the specific heat. In principle,
another 1-2 orders of magnitude reduction is achievable by use of a magnetic

controller accurate to 10-3 G. In this event, the decay of 87Re may be of considerable
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!
interest owing to its 2.5 keV endpoint and superconductivity below 1.6 K.

This resolution requirement is equally true in searching for neutrinoless double
beta decay. In this case, a number of theoretical investigations have previously been
performed?). The basic premise in these was however that the grains should be as
small and as uniform as possible, which our current interpretation appears to
contradict; this study is now being re-examined for large grain sizes8l.

In either case, counting systematics are reducible via pulse analyses, and the
potential spatial resolution of such devices may provide an additional method of
background discrimination. The difficulty of either experiment is that it is
fundamentally a rare event search. Detector masses of 1 ton or larger are indicated,
requiring new developments in cryogenic engineering and instrumentation.
Attention to the radioactive backgrounds associated with the detector construction
material is required.

In summary, irradiation of a suspension of superheated superconducting grains
yields results in contradiction to conventional wisdoms and suggest the possibility of
achieving sub-eV resolution in the associated energy loss spectra. These results,
cursorily applied to precision searches for light mass neutrino artifacts in single and
double beta decay, provide renewed motivation for their further investigation. Such
searches are predicated on observation of structure in the energy loss spectrum of the
device, rather than the particle spectra themselves, and depend critically on good
knowledge of the detector response. The questions of experimental feasibility, such as
detector mass requirements, sensitivites and time required to reach them, and
systematics associated with both the source and detector operation, are under renewed
investigation.

I thank the members of my collaboration - G. Waysand, JI Collar, RP Henriques, D.
Limagne, M. Godinho, G. Bonfait, V. Jeudy, O. Heres and V. Pagesy - for the efforts

which made this report possible.
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THE EFFECT OF A SCALAR BOSON COUPLED TO NEUTRINOS
ON THE BEHAVIOR OF

THE TRITIUM BETA DECAY SPECTRUM NEAR THE END POINT
G. J. Stephenson, Jr.

Physics Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545 USA

ABSTRACT

Some consequences of a very light scalar boson coupled only to neutrinos are discussed. In
particular, | argue that it is possible to sketch scenarios for the evolution of the Universe in

which neutrinos cluster to a local density = 10'/ cc, that such clusters would be attracted to
matter gravitationally, and that the existence of such a neutrino density in the solar system
provides an alternative to m;f <0 in fitting tritium beta decay.
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The question of neutrino masses, whether they are non-zero and, if so, what their
values are, is a major open question in Electro-weak physics. In this conference we are
hearing about experiments which study the end point of the beta ray spectrum of ’H to

extract information about /m,,. The actual quantity extracted in the usual analysis is m’

and modern experiments,1-5) while differing in experimental techniques, all report a best
value of m?, < 0, roughly by one to two standard deviations. Assuming that the result is
not due to some shared systematic, like an error in the molecular final states, and setting
aside the possibility that the free neutrino does have a space-like propagator,e’ what could
this result mean?

The major assumption in the fitting is that the only difference from the standard,
m, =0, description is in the evaluation of the neutrino momentum, P, = (Eo —Eﬂ)2 -m?,
where Ea is the energy available to the leptons and Eﬂ is the electron energy. This

1/2
corresponds to multiplying the usual spectrum (dn/ dE ﬂ) by [l—mil(Eo—Eﬂ)Z]

This is shown in Figure 1 with the spectrum displayed on 1a and the Kurie plot on 1b with
the simplification of only one final state. Solid lines represent m, = 0, dashed lines show

the effect of a non-zero mass. The vertical bars show the effect of some mechanism that

gives added counts near, but below, the end point. Should that be the case, forcing a fit

with the standard formula will result in a best value of m.i <0. In presenting the Los

Alamos resultS), we remarked on this effect and noted that we could obtain a statistically

equivalent fit by setting mi =0 and adding a spike of counts at the endpoint. The best fit
correspondents to a branching ratio of 10~ or a partial life-time of 10" years.

A N SPEcmum _I_‘ I}_‘)— '<“Ru‘.—‘ Pwr‘
T FIdE
d &

Ep m,,

Fig. Ta Spectrum Fig. 1b Kurie Plot
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A spike of some height is expected in standard model cosmology through the
absorption of relic neutrinos, expected at a density of ~50/cc for every flavor, through the
mechanism of the usual Weak Interaction, in analogy with K-capture. This rate can be
calculated?) and, for SO/ cc, gives a partial life time of 10* years. Therefore the data would
require an increase in the density of relic neutrinos in the vicinity of the earth by some 14
orders o f magnitude, which may not be as outrageous as it sounds.

Terry Goldman and | have been investigating the consequences of a light scalar boson
which couples to neutrinos but no other light fermion.8) While scalars coupled to neutrinos
may arise in particular gauge theories, we have chosen to view this question
phenomenologically, unhindered by other couplings such theories may require. We have
concentrated on a scalar rather than a vector for several reasons. First, to avoid anomalies, in
particular the coupling to one VA and two new bosons, which cannot be cancelled in the
neutrino sector alone. Second, to provide an attractive force between all neutrino species with
no shielding. Third, to avoid serious conflict with primordial nucleosynthesis and supernova
dynamics. Kolb, Turner, & Walkerd) have shown that this case is equivalent to 1/2 extra family
of neutrino for nucleosynthesis, which is tolerable. For the previous statement to hold, there
must be two states per light neutrino, i.e. the neutrino must be Majorana, and, hence, the
chirality flip induced by the scalar does not produce sterile neutrinos within a supernova. In
spite of the fact that, for Majorana neutrinos, there is no sense to the distinction neutrino and
anti-neutrino, | shall use the former to denote the left handed state and the latter for the right
handed state to facilitate comparisons with other work.

We write 4 = ig' W, w6 = ig(W,ws+WoW.)@, where R and L refer to chiral
projections and ¢ is a scalar field with mass m,. The region of parameter space of interest
{for reasons given below) has m, of several eV and m, <<m, . Then for s—4m,<<m’, the
total scattering cross section o ~a /m:,, where @ = g2 /4 7. For S large compared to mzv,
o ~at /s, hence it is possible to arrange a@ and myso that high energy neutrinos are not

affected and low energy neutrinos undergo significant scattering. If my,<<m,, two Majorana

T

neutrinos will annihilate into two ¢'S with a rate given by @ = E —5PC. To sustain a
mv
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density of 10’ v/ cc now requires that the associated rate be less than 107'% /s,
or & <4x107% (mv(eV))z. More detailed arguments are presented in ref {8)

Two other processes which can place limits on a directly are the Bremsstrahlung of
@'s during a normal weak transition and the emission of a scalar in place of two neutrinos in
nuclear double beta decay. Both processes have been studied. Barger, Keung and
Pakvasa'l) use K — £2 decays and Bernatowicz et al'2) compare the deduced Sf-decay
rates for '2°Te. The limits, c'1<10’5, are well satisfied by the parameter set under
discussion.

The general many-body problem of relativistic fermions interacting through a attractive
scalar exchange and a repulsive vector exchange (provided here by Z° exchange, although the
contribution to this problem is not significant) has been studied as a model of nuclear physics
known as OHD10}. While the parameters for that study are vastly different from the present
case, all the necessary formulas are worked out to treat this problem of a self-bound gas of
neutrinos. In particular, the effective mass is proportional to t.z/mi, so the potential can be
scaled independently of the scattering cross-section. However, the scalar potential is scaled
by m’/e',13) where the * refers to effective quantities in the medium, which leads to a

transcendental equation for m* (see eq. 3.55, ref. 10),

. I'e ke s m
m = m--—5— d'k ————5.
mi(27r)3 { (/(2 +m.2)1/2

Examination of this equation shows that there is a minimum value of m > 0, which indicates
that the average binding can't exceed m. For p of 10°/cc, k, = 16.8 eV /c, so the
picture would appear to be in trouble for 7, ~ several eV.

There are, however, at least two distinct neutrinos and, most probably, three.
Arguments using limits on the amount of dark matter would say that the sum of the three
masses must be less than about 100 eV. The inclusion of the other two species, with at least
one mass well in excess of 20 eV, circumvents the problem and makes it possible to sustain
such a gas.

The evolutionary scenario is then something like this: between e‘e” annihilation at

about 1 MeV and recombination at about 20 eV, the neutrinos, as usual, expand with
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T, = (4/11)“37;, internally thermalized by @ exchange and maintaining contact with the

baryons only through gravity. As the Universe approaches the recombination epoch, some
neutrinos begin to get cold (i.e., m>kT). On the one hand, given the relatively (to gravity)
strong, finite range attraction, those neutrinos will tend to cluster, but, on the other hand,
they are still coupled to hot, lighter neutrinos. Shortly after recombination, all the neutrinos
are cold, the baryons are decoupled from the photons, so are very cold, and everything is
coupled by gravity.

While this system may be rich enough to produce several scales, the most collective
mode will be one in which all species condense together, hence, in general, the neutrinos will
follow the matter (or vice versa). For a large fraction of the structures in the Universe,
neutrinos should cluster where matter clusters. Whether this argument holds on sol ar system
scales is an open question, but the existence of neutrinos clustered about the sun is a
possibility. While the density increase from 50 to 10" is nowhere near as large as that for
baryons, space is still mainly devoid of neutrinos, allowing the propagation of neutrino signals
from extra-Galactic sources. Note that 10" /cc corresponds to the primordial density at a
temperature of about 10eV; so as long as @¢-exchange can sustain such a density, or a higher
density, the uniform expansion of the early Universe will drive the density down to a value
near this.

While these arguments do not prove the existence of neutrinos at a density about
10" /cc around the earth, they do provide enough plausibility to examine further the effect on
the endpoint of the *H beta spectrum. (Should they extend out to the earth's orbit? |If
neutrinos track the baryons exactly, so m, = qumB, the neutrino sphere would have a radius
of about 0.033 ¢¢. yr) The existence of a Fermi momentum k. = 16.8 eV /c,and a
corresponding EF > 16.8 ¢}/ means that the previous analysis, done by putting a spike at the
endpoint, is inadequate. Robertson, Wilkerson, Knapp and | have revisited that analysis to

include the effects of the Fermi distribution,14) and | shall report here on results using a
subset of the data reported in ref. 5, one which gives a very similar <mf,> to the full set.

Previous discussions5) of the effect of a filled Fermi sea of neutrinos and anti-

neutrinos have been based on the usual assumptions of cosmology and of the Weak Interaction,
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a consequence of which is that the neutrinos and anti-neutrinos form completely non-
interacting gases and that the particles obey the free dispersion relation. In contrast, the
current picture has the neutrinos and anti-neutrinos occupying relatively isolated wells, with the
Fermi distribution coming just to the top of the well. None of the other players in the process,
the 3He, *H and electron, feel this well, so all of their variables are set by the conditions in a

region of space where there is no neutrino background. A cartoon of this description is shown

in Figure 2.
*H 34
cx -
o S
' R
c Fioaed Weee
J/F v ¢V
Fig. 2 Cartoon Showing Beta Decay With Neutrino Clusters
The effect of the usual argument is shown, again for only one final state and m, = 0

in a Kurie plot on Figure 3a. The filled anti-neutrino sea blocks the emission of V's with
energy less than E, = (k +m’, so the beta spectrum is cut off abruptly at £,— Ej.
Neutrinos can be absorbed from the sea giving energies between 0 and £, to the beta which
gains the full Eo from the hadronic system, so there is a non-zero counting rate for
E,<E <E,+E.. A nonzero m, would not change the spectrum below £, but the

additional counts would come for £, +m, < E ;< E +E.
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Fig. 3a Kurie Plot, No Clustering Fig. 3b Kurie Plot With Clustering
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However, as | have shown above, that is not a consistent picture if p> 50, particularly
14 orders of magnitude greater. If the T decays in a region of space where there is no
neutrino background, the standard analysis will apply. If, however, the neutrino background is
present, the analysis changes, but not as described in the previous paragraph. This is shown
in Fig. 3b.

The anti-neutrino emission is not affected. The state into which the anti-neutrino is
created has positive energy, is above the top of the well and is orthogonal to all the filled
states, hence there is no Pauli suppression. Since, for the case at hand, the emission is s-
wave, the change in k multiplied by the nuclear radius does not change j,, therefore does not
change the matrix element. in short, there is no modification.

The neutrinos will be absorbed and will provide extra counts, but, in the main, below

E,

.. Consider first m, =0 and a neutrino from the bottom of the well. To make that
absorption go, £, must go into the neutrino, so the contribution is at £, —FE,. Since a
neutrino at the top of the sea requires no additional energy, it will contribute at Eﬂ= E,.
Therefore, the neutrino sea will contribute an essentially constant amount to the region

E,—E; <E,;<E,. Forfixed £, the existence of a neutrino mass, m,, will simply shift the

interval upwards by m,, i. e. extra counts in E,—E, +m <E,<E +m,.

TABLE 1
2 2 . —
mv(eV ) N bins E(ev) P (#/cc) ok
0 "spike" 0 6x10" 547.1
0 4 9 7.2x10% 547.6
0 6 15 8.0x10" 547.2%
0 8 21 8.6x10" 547.2
0 12 33 9.2x10" 5475
0 91 60 14.2x10" 547.6
5 6 15 8.2x10" 546.3
25 6 15 9.0x10" 546.3
100 6 15 11.8x10" 546.4
0 no relic absorption 5494

-138.8 no relic absorption 547.2
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To implement a fitting procedure, we wish to remain compatible with our earlier work(5),
where the data are summed into fixed energy width bins. Therefore we fit to a amplitude
distributed over a fixed number of bins, which corresponds to varying the density and the
Fermi energy separately. This is done holding m® fixed at some value. The results are shown
in Table 1. N is the number of bins affected and E is the total width of the added segment.
This should correspond to theEF appropfiate to the density of relic neutrinos.

The * indicates the case where that energy and the fit density most nearly match,

2

since p=8x10" /cc implies k. =154 eV /c. Z° is the measure of the fit, similar to 2, for

a discussion, see ref. 16. The first line is the original spike. For comparison, the last two lines
show cases where there is no relic neutrino absorption. mzvz 0 is a forced fit,

m= ~138.8(eV/)’ is the best fit with the simple function described at the beginning of the

paper. For the forced fit there are 553 degrees of freedom, for all other cases there are 552
degrees of freedom.

These results, while preliminary, show certain features which we expect to persist.
First, smearing the counts over a Fermi distribution does not destroy the general agreement
with the data. Second, one can move the mass, energy width and density around in
compensating ways, so there is not a clear preference from Z°. However, p uniquely specifies
k. = \[E;- —mf,, and not ali solutions satisfy this condition, so the result is more robust than
is at first apparent.

I have presented a possible scenario for obtaining a high density of neutrinos and
shown that such a picture can provide a fit to a subset of the Los Alamos tritium beta decay
data. There does not appear to be any show stopper. There are many details to be filled in
and the fit needs to be made to the full data set, but this appears to be a viable explanation of
the data.

In addition to my colleagues named above, | want to thank the School of Physics,
University of Melbourne, for its hospitality while this was being written, Bruce McKellar, Mark
Thompson, Bill Spence and John Costella for illuminating conversations, and Prof.'s V.
Lobashev and J. Bonn for long discussions during the workshop. This work was supported by

the U. S. Department of Energy.
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ABSTRACT

I provide a brief overview of recent developments related to massive neutrinos, from GeV to
eV scales which are relevant to cosmology, concentrating on probes for cosmologically interesting
neutrino masses, and the reasons for supposing such masses might exist including a discussion of
recent COBE data.
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1. Introduction

The organizers of this meeting did me the courtesy of announcing my talk without providing
me a title to restrict my range. In response to this courtesy I have decided to discuss a menagerie
of topics, all losely related to the cosmological implications of neutrino masses.! The
confirmation that any neutrino has a non-zero mass would be the most important result for particle
physics in several decades, because it would provide the first evidence of physics beyond the
standard model. For this reason, substantial effort has been devoted in the last few years to
terrestrial experimental explorations of this possibility. However, because the implications of a
non-zero neutrino mass would be most dramatic for astrophysics and cosmology, it is not
surprising that the most sensitive probes of such a possibility derive from research in these areas.
New results have been obtained in the last few years which are relevant to neutrinos with masses
ranging from TeV scales to sub-eV scales. The bottom line is that neutrinos with masses in most
of this range are ruled out. At the same time, there is indirect “evidence”, on several fronts, which
supports the possibility of a tau neutrino mass in the eV range. This would result in a
cosmologically significant mass density of tau neutrinos today.

2. Cosmological constraints and Astrophysical Evidence:

(a) GeV neutrinos:

Withthe recognition thatthe number density of GeV-scale neutrinos will automatically evolve
in the early universe so that they could have a closure density today, neutrinos became the
prototypical Weakly Interacting Massive Particle (WIMP) candidates for dark matter. The
arguments which lead to this conclusion are straightforward. The number density of massless or
light neutrinos is about 1/10 of that of photons in the microwave background today. This photon

background, with a mean energy per particle of about 10* eV, contributes about 10™* of closure
density density. Thus, for neutrinos to close the universe today, one must have:

ny_my 4
m—a—=10 M
ny 10~ eV

Itis this result which suggests that light neutrinos with mass around 10-100 eV might close the
universe. The relic number density of heavy neutrinos can be smaller than that due to light
neutrinos because if their interactions are in thermal equilibrium when the temperature of the
universe falls below their mass, annihilations of neutrinos and antineutrinos will lower their
number density compared to that of photons by a Boltzmann suppression factor. This process will
continue until the neutrinointeractions fall out of equilibdum. Thus, one finds:

ex| —T—m—v—) ‘ﬁfvz 10* @
freeze—out 107 eV

For heavy weakly interacting particles such as neutrinos one finds that m/Tg e, 000, = 20, so that

GeV scale neutrinos will have a remnant energy density today which can close the universe.

I have only brought up this possibility because it can be ruled out, and it has been. While GeV

1Some of these discussions also appear in conference proceedings including Neuwino Astrophysics, Takayama,
1992, La Thuile, 1993, and Workshop on Neutrino Telescopes, Venice, 1993, by this author.
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mass neutrinos may be heavy by neutrino standards, they are light compared to the Z mass, and
thus the Z can decay into such particles with rates almost identical to the decay rate into massless
neutrinos!). Since both the tau and muon neutrinos are constrained to have masses much less than
a GeV, such a massive neutrino would have to exist in addition to the three known neutrino types.
In this case, the limit on the Z width, and thus on the number of light neutrinos constains any new
massive neutrino to be heavier than O(45) GeV. At the same time, direct search experiments for
WIMP dark matter, which are sensitive to massive neutrinos, rule out masses in excess of about 10
GeV?2l, When these limits are combined with the LEP bound, massive neutrino dark matter is
ruled out (at weak scales at least).

(b) MeV neutrinos:

As far as I can tell, there is no real motivation to have MeV-scale neutrino masses, but
nevertheless, one can rule them out using astrophysical and cosmological arguments. MeV
neutrinos will, if they have not yet decayed, begin to dominate the mass density of the universe
when the temperature is of the order of an MeV, around the time of big-bang nucleosynthesis
(BBN). For this reason, their existence can alter the predicted light-element abundances and thus
spoil the apparent agreement between theory and observation. There are three mechanisms by
which this can occur:

(i) matter dominated expansion: If indeed a massive neutrino dominates the energy density at the
time of BBN, the expansion rate will be faster than it would be in a standard radiation dominated
expansion. This causes the neutron-proton ratio to freeze out at a higher value, resulting in greater

eventual *He production. The primordial mass fraction of this element is limited to be less than
about 24%, giving stringent limits on the expansion of the universe at the time of BBN (for a
recent discussion of the claims and uncertainties see [3]) It has recently been claimed that this
increased production is unacceptable unless the neutrino mass is greater than O(25) MeV41.

(it) spin flip production: Cline and Fullers] recently argued that if neutrinos have Dirac masses,

then spin flips, which occur with a probability of order (mvzlEz), will accompany weak
interactions and can result in a thermal abundance ance of right handed neutrino states. This will
effectively result in more states in the radiation gas at the time of BBN, resulting in a faster
expansion rate, with the same effect as described above. It is claimed that for neutrino Dirac
masses in the range of greater than O(200) keV this is a problem for BBN,

(iii) Finally, there exists an older limit on MeV-scale neutrinos from BBN [i.e. 6]. As long as
these neutrinos are heavier than about 1 MeV, if they mix with lighter neutrinos, as they almost
certainly must if they are to decay sufficiently fast to avoid a cosmological over-abundance today,

then their dominant decay mechanism would be likely to be the standard weak decay: v, ->v, ete.
In this case, the subsequent interactions of the decay electrons and positrons would produce
energetic photons which could photofission deuterium unless the neutrino lifetime were shorter
than about 1000 seconds (during which the energetic photons would instead pair produce off of the
radiation background). This puts a lower limit on the neutrino mixing angles. At the same time
direct kinemasic searches for heavy neutrino admixtures in various particle decays put upper limits
on such mixing angles. One finds in this way that almost all of the region up to the currently
allowed upper limit of 35 MeV for the tau neutrino is excluded. Of course, both this limit, and the
one given in (i) can be obviated if the neutrino decays quickly due to some new channel not
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accessible in the standard model. However, very exotic new physics is required for this to be
viable.
(c) KeV neutrinos:

There are many astrophysical bounds on such particles which have been discussed recently,
due to the claimed 17 keV neutrino state (i.e. see [10]). However, the best evidence against such
admixtures is now the experiments themselves, described at this meeting by Andrew Hyme, which
rule out such a possibility conclusively for a wide range of mixing angles and masses.

(d) eV neutrinos:

These discussions bring us finally to the one case for which there is (circumstantial)
astrophysical or cosmological evidence in favor of a neutrino mass rather than against it. This
evidence comes most recently from two sources:

(i) Solar Neutrino Numerology: After all the dust has settled, the existing four different solar
neutrino detection experiments (Homestake, Kamiokande, SAGE and GALLEX) favor a neutrino
based solution, with my # 0, iff the Homestake Cl experiment is correct. In this case, a
comparison of Homestake with Kamiokande suggests that Be neutrinos are being suppressed more
than B neutrinos. (ie. see [7,8]. Astrophysical solutions to the solar neutrino problem tend to do
the opposite.
If the neutrino-based solusion is the MSW solution, the favored mass range for the mass eigenstate
which is mixed with the electron neutrino is 1072103 eV. If one assumes that this mass
eigenstate is predominantly the muon neutrino, then one can speculate about the mass of the tau
neutrino. Assuming the neutrino mass eigenstates follow the behavior of the quark and char-~d
lepton masses, the tau neutrino should be heavier than the muon neutrino. A reasonable a pr.ori
guess for its mass comes from the famous “see-saw” mechanism, which assumes the light neutrino
masses arise from mass matrix involving a majorana neutrino mass contribution at some scale My,
and Dirac mass contributions proportional to the Dirac masses of the known particles. In this case
the neutrino mass eigenstates are given roughly by:
m2

= ©)

Assuming that the masses in the denominator are the quark, rather than the lepton masses, and

setting My = 102 -107 eV, then one obtains an estimate m,,..,~ 10-100 eV, in precisely the

V(T
range of cosmological interest for contributing significantly to t(hz: mass density of the universe
today.

Of course, as can be seen, this line of reasoninvolves many assumptions, any of which could
be wrong. First, the solar neutrino data might change. Next, the MSW solution may not be the

correct one. Vacuum oscillasions, for example, could solve the solar neutrino problem for a muon

neutrino mass in the range of 10'5 eV, for example [9,10]. Finally, the see-saw estimate, while
plausible, need not be correct.

(ii) COBE-phoria: The observation by the COsmic Background Explorer (COBE) satellite of
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fluctuations in the Cosmic Microwave Background (CMB) has caused a great deal of excitement in
the cosmology community. Not only do the observed fluctuations presumably represent
primordial anisotropies in the distribution of mass and radiation which resulted from microphysical
processes in the very early universe, but the scales probed by COBE are so large that they may be
combined with observations of large-scale structure to provide a large lever-arm which constrains
both the primordial power spectrum of fluctuations and the nature of dark matter. This comes
about by comparing numerical simulations for the distribution of matter on large scales resulting
from the collapse of primordial density fluctuations with a given power spectrum to observations.

COBE seems to confirm in this regard a claimed problem for the standard Cold Dark Matter
(CDM) model of structure formation (involving a flat universe and a flat spectrum of adiabatic
primordial density perturbations. CDM apparently results in too little power on large scales and
too much power on small scales if it is normalized to fit the galaxy-galaxy two-point function on
intermediate scales.

One possible resolution of this problem, which has received some attention after COBE,
involves what has become known as “mixed” dark matter. In this case, the dark matteris made of
=30% “Hot” dark matter such as would result from the existence of a O(10) eV neutrino, and 70%
Cold dark matter. This results in more power on large-scales and damps the power on small scales
somewhat.

As interesting as this is for neutrino cosmologists, it is important to stress that this motivation
for a 10 eV neutrino is very soft. First, “mixed” dark matter agrees better with direct
extrapolations of the existing data precisely because it allows another free parameter. It is not clear
therefore, that this model is “statistically” any better. Next, it is not clear that the claimed
disagreement with CDM cosmology is real. First, the comparison of numerical predictions of the
distribution of structure on small scales with observations involves numerical simulations which
are still quite crude, in the sense that the calculations involve only dark matter particles, and one
must associate visible galaxies with the resulting distribution in some arbitrary way. Next, it is not
clear that the primordial power spectrum predicted by inflation is “flat”. Inflationary models which
produce gravitational wave perturbations which could contribute to the COBE result, for example
[11], can involve significant deviations from a flat spectrum [12]. Finally, the predictions of
inflationary models involve an ensemble of universes. Since we make measurements in a single
universe, there is an intrinsic uncertainty when comparing predictions to observations.

Because of the importance of these factors for interpreting the COBE data in terms of “mixed”
dark matter, I want to spend some time reviewing what it is that COBE measures to determine
what information one can glean from the new results. The DMR experiment aboard COBE
provides a differential measurement of the CMBR temperature, and not an absolute one. In
searching for CMBR anisotropies, several larger effects must be firstremoved. There is a well-
known, and well measured, dipole anisotropy in the CMBR signal, at the level of a few parts in a
thousand. This is presumably primarily due to the local motion of the satellite with respect to the
frame defined by the surface of last scattering of the CMBR. Subtracting the measured dipole from
the signal, any analysis of the COBE signal must next concern itself with the chief source of
background: our galaxy. A great deal of effort has gone into both modelling the galactic signal,
and verifying that it does not contaminate the observed residuals. While the galactic signal is least

significant in the 90 GHz band, measurements of the rms temperature deviations at 10° separations
in all three bands do not go to zero as one moves awav from the plane of our galaxy, but instead
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approach a constant value of approximately 30 uK by a galactic latitude of about 250 Tt is this
residual signal which is claimed to represent true primordial fluctuations in the CMBR.

Averaging over the sky at latitudes greater than 30° from the galactic plane, COBE reports an
rms temperature deviation:

AT, (0530%) =30 K. @
Now of course, there is much more information in the CMBR anisotropy than is obtainable from
the rms deviation alone. Using a formalism with which particle physicists should be comfortable,
itis conventional to define a temperature correlation function, C(e) = <T;T,>, defined crudely as
the average over the sky of the product of temperatures in regions separated by an angle 8. The
full temperature correlation function contains all the information gleaned by the experiment. For
the purposes of comparing to theoretical predictions, however, it is convenient to expand the
measured temperature fluctuations across the sky in a multipole expansion:

8T (8,p) = En @ ¥ 1(0,0) 5)

If we define the rotationally invariant quantity:

2
af=2la, | ©)
Then one can define the various multipole moments of the temperature anisotropy. COBE has
measured both the full correlation function of the temperature fluctuations, containing information

on all multipoles, and has also reported a value for the quadrupole anisotropy QO = (a %/47t)1/ 2.
Q = 1314 K. 0]
The observed CMBR originated at the epoch when the background matter distribution first became

neutral, and decoupled from radiation, at a time of = 3 x 10° years into the Big Bang explosion.
As we look out to high redshifts, and hence to early times, this time defines a “surface”, known as
the surface of last scattering, beyond which matter was opaque to radiation. After that time, the
neutral matter has been transparent, and so the radiation observed by COBE has presumably been
travelling unimpeded to the DMR antenna since that time. Thus, the CMBR provides a redshifted
picture of the distribution of radiation at that time, on a surface located roughly 10 billion light
years away from us in all directions. The horizon size at that time would correspond today to an

angle across the sky of about 1°.

Photons travelling from the last scattering surface to a receiver aboard COBE redshift by a
factor of 1080 on average. However, if there are regions of density excess in the dominant energy
density at that time, photons leaving such regions at the surface of last scattering will have to
“climb up” out of these potential wells, inducing an extra gravitational redshift. Thus, “cool” spots
in the CMBR can represent density excesses which, if gravity governs the formation of structure,
will eventually collapse to form galaxies, or clusters of galaxies. “Hot” spots can represent regions
of under-density, which will eventually form “voids”.

Now, the COBE observations, because of their smoothing scale, are only sensitive to

fluctuations in temperature on scales of greater than about 10°. However, this is much larger than
the scale corresponding the the horizon at the last scattering surface. No causal process since the
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beginning of the presently observable Big Bang expansion could have moved energy density
around on such scales in order to create potential wells! Thus, if the CMBR has not been further
reprocessed since a redshift of z=1000, the anisotropies observed by COBE are primordial, that
is, they must represent initial conditions associated with the Big Bang. As a result the COBE
observations provide a handle on understanding whatever physics processes at very high energy —
i.e. appropriate to particle physics — generated primordial density fluctuations in the early universe.

In addition, a comparison of the COBE signal with distribution of luminous matter in the
universe, most of which formed much more recently, provides a long lever arm to help explore
how structure has evolved since recombination. After the question of what the geometry of the
observable universe is, perhaps the central issue in modern cosmology concerns the origin of the
observed structures in the universe: galaxies, clusters, and superclusters. The simplest possibility
is that such structures formed out of the gravitasional collapse of initially small density excesses in
the universe. The previous upper limits on the anisowopy of the CMBR had already provided one
of the strong arguments in favor of non-baryonic dark matter.

Since gravity is universally attractive, if initially one starts with small fluctuations 3p/p << 1,
gravity will cause these to increase. Once they exceed unity, they will separate out from the
background expansion and collapse to form bound systems. Before the decoupling of matter and
radiation at z=1000, baryonic matter density perturbations on scales inside the horizon at that time
could not collapse and grow, due to the pressure of the radiation gas to which they were coupled.
After decoupling, such fluctuations could grow with time. In order for fluctuations on the scale of
present day galaxies to have grown sufficiently to become O(1) by today, they would have had to

have been at least 0(10'3) at the sime of last scattering, and would produce comparable temperature
anisotropies on the sky.
Since the first scale of fluctuations which can grow after coming inside the horizon in a baryon

dominated universe is that associated with the horizon scale at decoupling — about 19 on the sky
today — one would expect primordial fluctuations on this scale to have been at least this large, if
they were to lead to subsequent galaxy formation on smaller scales. This argument suggests that if
baryons dominated the matter density at the time of decoupling, that their fluctuations should

induce an anisotropy at the level of 0(10'3) on scales of about 10 in the CMBR. Similarly, this
suggests that if the spectrum of primordial fluctuations does not vary much as a function of
wavelength, that fluctuations in the CMBR on largerscales, those probed at COBE, should not be
much smaller.

The fact that the observed fluctuations in the CMBR are not anywhere near this large is one of
the many pieces of indirect evidence that we have that baryonic matter does not dominate the
energy density of the universe, at least if galaxy formation is to occur by gravitational collapse.
However, before the COBE observation the big question was whether fluctuations existed at any
level which might be compatible with galaxy formation via gravitational collapse. The present
observation now allows us a hope of testing explicit mechanisms, both for the generation of
fluctuations, and for their subsequent growth. At present, the only known physical mechanism in
the early universewhich produces a spectrum of primordial density fluctuations which is calculable
completely from first principles is inflation. This is one of the reasons inflationary scenarios are so
exciting. They can be tested unambiguously, at least in principle.

Several features of inflationary predictions have recently been stressed which affect the
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conclusion that Cold Dark Matter models may have to be supplemented by HotDark matter.

(a) The Power Spectrum of Primordial Fluctuations Need not be Exactly Flat.: It used to be said
in fact that a flat spectrum was a prediction of inflation. In fact, on the strength of this, most
simulations for structure formation have been based on a flat primordial spectrum. Remnant
energy density fluctuations today have theirorigin, in inflationary models, in quantum fluctuations
in the scalar field responsible for inflation. The scalar field fluctuations get translated into energy
density fluctuations because they cause different regions of the universe to exit the inflationary
phase at different times. The stored energy density in the scalar field configuration in those regions
that depart from the de Sitter expansion earliest gets redshifted compared to those regions in which
the scalar field value has not departed from its false vacuum value. The difference in energy
density in regions with different scalar field fluctuations is therefore related to the magnitude of the
fluctuations, divided by the time it takes the background scalar field to change by an amount
comparible to the size of the fluctuations. Now, if, during the time over which fluctuations on
scales relevant to the scales being probed by COBE or studies of galaxy distributions today are
pushed outside the horizon, the slope of the potential for the scalar field changes, then the
magnitude of energy density fluctuations will change and the resultant spectrum of fluctuasions will
not be flat. This is clearly model dependent, depending on the details of the potential for the scalar
field driving inflation.

(b) Inflation Generates Gravitation Wave Modes: These may contribute to the COBE result but
may not be directly related to large scale structure formation, and can thus cloud any inferences
based on COBE. All massless quantum fields have fluctuations during inflation, but the energy
density stored directly in the these fluctuations is usually negligible compared to those which result
from the mechanism I have described above. There is one exception, however. Fluctuationsin the
graviton field end up as direct coherent fluctuations in the metric after inflation, otherwise known
as gravitational waves. These produce direct fluctuations in the amount by which radiation
travelling to us from the surface of last scattering redshifts, and thus produce temperature
fluctuations in the CMBR. Since, miraculously, it turns out that each helicity component of the
graviton field acts like a minimally coupled scalar field, at least as far as its equations of motion are
concered in the background expansion, the magnitude of the gravitational wave fluctuations is
simply determined by the scalar two point function, which depends purely on the overall scale of
the potential driving inflation.

(c) The Predicted Anisotropies are Stochastic Variables With Known (but Unobservable)
Distributions: Because the classical fluctuations in the fields responsible for observed CMBR
anisotropies in inflation result from quantum mechanical fluctuations in the underlying quantum
fields, the fluctuations in each mode of the field, while they have a well determined mean value,
are themselves Gaussian random variables. But what is the ensemble in which their distribution is
Gaussian? It is an ensemble of Universes undergoing inflation! Namely, each time inflation
occurs, it produces a set of magnitudes for each independent mode of the relevant fields drawn
from a Gaussian distribution.

This has a very important consequence which has taken on new importance now that COBE
has measured a non-zero CMBR anisotropy. There is an irremovable uncertainty, a “‘cosmic”
variance in comparing observation with theory. I stress that this uncertainty is completely
independent of possible measurement uncertainties. Even if the CMBR anisotropy were measured
exactly, there would remain some residual uncertainty in comparing certain theoretical predictions
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to observations! This is because we are making measurements in a single Universe! Until
someone finds a way to bypass this difficulty, cosmic variance will remain.

These three features of inflationary predictions all play a central role when COBE, and other
CMBR observations, are used to constrain our models of the early universe, and of subsequent
structure formation, as I alluded to at the beginning of this section. They can dramatically affect
the comparison of COBE-scale fluctuations and those observedin the distribution of visible matter
in the universe, and must temper one’s enthusiasm for a “mixed” dark matter solution of the
“COBE problem”. Nevertheless, in spite of these caveats a tau neutrino mass in the range of 10-
100 eV is certainly more plausible as a result of the existing solar neutrino and COBE data than it
would be without it. It thus remains to determine how one might detect such a mass in the
laboratory.

3. Detecting 2 tau neutrino mass with the next Galactic Supemova:

In spite of the obvious interest in exploring such a mass range, terrestrial experiments are quite
limited. Experiments are planned at LEP and Fermilab which could detect v, - v, oscillations for tau
neutrinos in the eV range. However, the only hope for a direct kinematic measurement would be
the observation of tau-neutrinos from stellar collapse. As a result, it is useful to explore techniques
which might aid in such a detection in advance of the next supernova, and several groups have
been persuing such a course!3-141. The travel time from a supemova at =10 kpc is such that
neutrino masses greater than =10 eV will result in dispersive time delays on the order of seconds.
Unfortunately, tau-neutrinos do not make up the dominant supernova neutrino signal. Ina water
detector of the size of Super-Kamiokande, for example, the signal will probably involve <50

events, out of =10* total events.

Nevertheless, because of the importance and uniqueness of such a possible measurement, it is
worthwhile examining in advance of a galactic supernova how experimenters might optimize their
sensitivity. In order to examine in detail this issue, as well as the more general question of what
might be learned from the neutrino signal from a galactic supernova, wel!3l have developed and
tested a comprehensive Monte Carlo program to simulate a supernova neutrino signal, including
backgrounds, in underground water detectors. We have suggested several ideas for isolating and
analyzing the tau (and muon) neutrino signals in a way which is independent of the details of
supernova models, and relies only on relatively ubiquitous assumptions about the late-ime thermal
signal. A more detailed description of the results, and also of the program appear elsewhere 13.15)

i) The Neutrino Signal: Neutrino events which are detected in a water detector consist of a

measured time, energy and angle for each observed ¢ ore”. Our Monte Carlo program consists of
three stages: (1) a neutrino flux is generated at the supernova and propagated to the detector;
(2)this flux is convolved with interaction cross sections to determine the scattered events in the
detector, involving physical energies and directions; (3) the scattered events are combined with
information about the detector (and neutrino masses), including the background event rate and
spectrum, to generate detected events with their detected time, energy and direction. Each of the
latter stages is generated from the preceding stage by use of a probability distribution. Finally, the
time stored with the detection is the time that the neutrino is released from the supernova. We
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allowed an additional time-of-flight delay for each massive neutrino event if neutrinos have a
mass. The advantage of this procedure is that we can generate a set of events, and then afterwards
operate on this set to explore the effect of a mass without having to re-run our Monte Carlo. Thus
we obtain, for each supernova explosion, a set of detected events, with each consisting of a time,
energy and direction. Sample signals for several different explosions, showing the time signal,
and energy spectrum are shown below.
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Figure 1: Some sample time signals and energy spectra for two supernova bursts

i) Analysis Strategy:

Using our Monte Carlo we can examine in detail many features of a supernova neutrino
signal. Here, we are most concerned with probing the time delays due to a non-zero tau neutrino
mass. Since the characteristic energy for nt is 18-24 MeV, if the tau neutrino mass of is greater
than around 500 eV these neutrinos will be delayed beyond the limit of our consideration. For
masses between 50 eV and 400 eV, the effect of the mass will be to push events from the first
second or so of the signal to 5-50 seconds. The challenge is to see if these effects can be
statistically distinguished.

On first thought, such a possibility may seem remote, especially for masses in the 10-50 eV
range. Approximately 5000-15000 events are expected, versus 30-100 nt events. Moreover, part
of the purpose of the supernova observation will be to pin down the parameters of the supernova
explosion. Without pre-ordained knowledge of these parameters, how can we hope to distinguish
neutrino mass effects when fitting model predictions to the explosion? We believe one can
surmount these difficulties, and extract the tau neutrino signal by exploiting two kinematic
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characteristics of the neutrino signals, one of which goes against previous intuision:

(a) First, an angular cut on the data removes most of the electron antineutrino signal. Neutrino-
electron scattering at MeV energies is peaked strongly in the forward direction. For exampleif a
scattered electron is produced with only 10 MeV from a neutrino with incidentenergy E= 20 MeV
the scattering angle will be cos 8=0.95. By contrast, the positrons produced by scattering on
protons are nearly isotropic, with in fact some mild peaking in the rearward direction. Thus, we
should search in the forward cone for the tau neutrino signal. In principle, while one can gain in
"signal to noise" by reducing the size of this forward cone (until one runs out of events), in
practice the smallest reasonable choice in opening angle corresponds to the angular resolution of
the detector itself. For incident v,'s with mean energy =25 MeV, the mean scattered electron

energy is =12 MeV. The angular resolution for electrons of this energy is!6] =180 Thus, we

define the forward cone as corresponding to cose>cos(1 80)z0.95A

(b) Conventional wisdom suggests that the v, and v, events will have higher mean energy than
electron antineutrino events because the former are emitted from the supernova with higher mean
temperature. However, exactly the opposite is true. Because the energy distribution in neutrino-
electron scattering is flat, the average energy of the scattered electrons will be half that of the
incident neutrinos, whereas in antineutrino-proton scattering the outgoing positron takes up almost

all the energy of the neutrino. In addition the antineutrino -proton cross section goes as Ez, while
the v - e cross section goes as E. This serves to further enhance the high energy tail of the positron
spectrum. As a result of these two factors, we can hope to further suppress the background by
making an energy cut. Without this cut, we shall see that it is impossible to demonstrate statistically
the existence or absence of the entire v, signal.

While the ability to isolate the overwhelming electron antineutrino signal is very important for
extracting the tau neutrino signal, it also provides the essential ingredient which allows a supernova
model-independent limit on the tau neutrino mass. By breaking up the signal in to "forward" and
"rearward” signals (i.e. cos8<>0.95), we can analyze the internal consistency of the signal itself.
In particular, we may use the 5000-15000 events in the rearward cone to provide a fit to the
parameters of any sufficiently complex model at the 1% level! We can then compare this fit with a
fit to the data in the forward cone. For several key parameters, in particular those governing the
late time behavior, which we assume is flavor independent (based on thermal emission), the fits
should be identical in the absence of a neutrino mass. The extent to which they disagree then
allows us to probe for such a mass. The beauty of this procedure is that it is largely independent of
what the actual supernova model is. As long as the model which fits the rearward data is
sufficiently complex (incorporating the basic supernova physics) to provide a sufficiently good fit
to the rearward data, it should provide a good fit to at least the late time behavior of the forward
data in the absence of neutrino masses. One must, of course, take into account that the smaller
forward data set limits the statistical accuracy of any fit. Nevertheless, since all late time events
will essentially fall in this forward cone, containing far fewer events than the total, even 5-6 such
events can be statistically quite significant. In any actual experiment, the experimenters would fit
several different models to the rearward data. What we show here is that even a simple fitting
algorithm allows one to determine statistically a non-zero tau neutrino mass. The only assumption
in this procedure is that the late sime supernova signal is independent of neutrino type. Since thisis
based on thermal cooling, such an assumption seems to be one of the safest one can make.
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iii) Analysis and Results:

Using the strategy outlined above, we fit the detector events generated by our Monte Carlo
program for the 36 supernova models to a simple 5 parameter model using a maximum likelihood
technique (see [13] for details). Shown in figure (a) is the fit to the forward cone for a model
explosion, and also the prediction based on the fit to the rearward cone. As can be seen, both
predictions are in good agreement, and the both agree withthe data. Infig. (b) the same procedure
is applied, but now the tau neutrino is given a mass of 100 eV. It can be seen that the rearward fit
matches neither the forward data, nor the fit to the forward data. It merely remains to quantify this,
in order to determine what kind of neutrino masses can be distinguished.
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Figurc 2: Comparison of fit to forward vs backward cone (a) (0 eV), (b) 100 eV tau neutrino mass

(a) Likelihood matching: This technique is a simple extension of the comparison of forward and
rearward fits describe above, which allows a quantitative analytic comparison of fits (see ref. [13]
for dctails)..The results were mixed. For masses =40-400 eV we could find strong disagreement
between the forward and backward results for some mass values, but instead of the monotonic
rise, and then fall we expected, there were valleys where the disagreement is much smaller. This is
due to two effects. First of all, if there are late time tau neutrino events which occur in the
rearward cone, the rearward fit can be shifted in thc direction of the forward fit. Second, if there
are enough late-time events in the forward direction, all fits will be bad. This will flatten the
likelihood region, allowing a broader range of "acceptable” values. We reduced the first effect by
reducing the size of the "rearward" cone, so that it is not contaminated by forward tau neutrino
events. The removal of the forward tau neutrino "contamination” more than outweighs the effect
of reducing the statistics in the rearward cone.

The second effect, that of all zero mass models providing a poor fit to the forward direction
could be reduced by using goodness of fit technique. Better still, we could add a mass parameter
to the fitting function, and either perform a best fit for this parameter, or compare the improvement
of fits with this extra parameter using an F-test, which quantifies the affect of adding another
variable. All of thesc improvementsare currently under investigation. Nevertheless, this technique
already demonstrates a sensitivity for masses in the range =40-400 eV.

(b) Late time events: The best fit to the rearward data was used to generate a predicted number of
events in the forward direction. We then used Poisson statistics to compare the expected number
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with the actual number after some time tcut and before 50 seconds. This approach is very model-
independent, because it depends only upon the large statistics fit to the late time behavior of the
rearward signal.

These results were encouraging, although they are more luminosity dependent. For a medium
luminosity burst (at 10 kpc) with short accretion time (0.1 sec), a non-zero mass is indicated at the
99% confidence level for masses between 50-350 eV, and even for masses down to =25 eV and up
to =425 eV, the signal is noticeable at the 90% confidence. If the luminosity of the burst is
reduced to the lowest expected, however, sensitivity at the 99% confidence level is restricted to the
range 75-150 eV. Similarly, if the constant luminosity phase is longer (1.0 sec), the accessible
range is somewhat reduced, to =60-325 eV.

Theseresults were obtained without any energy cuts, and without any correlation of energy of
events with time, nor do they take into account the spectral differences between the background
events and supernova events. When these statistical analyses are combined, we expect the
robustness and range of the lower and upper limits will increase. As we include more modelling of
the rearward signal in the late time analysis we can make the lower cutoff earlier, thus improving
sensitivity to still smaller masses. We made preliminary steps to examine this, by incorporating
the same energy and rearward cuts here as were used earlier, and lowering the cutoff time. We can
see in this way a sensitivity to masses as iow as 25 eV. Incorporating a time interval past 50
seconds could in principle increase the upper end of the sensitive range. It is possible that using
the spectral difference between supernova and background events might allow some distinction
between signal and noise to be made. Finally, because the time delay is proportional to mass
squared, even if the cooling decay constant were twice as large as those chosen here, the lower
bounds on mass sensitivity would only be expected to increase by a factor of =1.4.

(c) The Early time Signal: Our work also sheds light on an issue which has received some
attention in the recently. It has been suggested that because the dispersion due to neutrinos of
>0(eV) is O(sec), that the early time signal--namely that of the supernova "turn-on"-either the
early neutronization burst last O(10 msc) or the O(.05) sec turn on for the thermal burst, followed
by possible exotic time structure, as Adam Burrows discussed at this meeting—might allow the
strongest sensitivities to small neutrino masses[i.e. see 14]. We display below the early time
forward cone events for a representcd, average luminosity model. Note that inherent in the signal
is a neutronization burst followed by a smoothly varying thermal cooling signal.
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Figure 3: Early time signal in the forward cone: (a) 0 eV, (b) 50 eV tau neutrino mass.
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In spite of the potensal sensitivity of the neutronization burst to small electron neutrino masses, we
find that there is no signal for the neutronization burst. This somewhat surprising result is clear,
upon reflection. The total number of expected events from the neutronization burst, even for a
detector of the size of Super-Kamiokande, is O(1)!. Thus this signal cannot stand out, even
against the thermal turn-on signal. More generally, the neutronization burst has a luminosity of
O(5 x1053 ergs/sec), only slightly greater than thatin the thermal burst. However, since the ne-e
cross section is at least 10 times smaller than the -p cross section, even if there were more than 1
event for the neutronization burst, it would be difficult to extract this from the thermal turn on in a
light water detector.

Moreover, in spite of the fact that the thermal cooling signal is smooth, with no instrinsic time
structure, it is clear that the Poisson noise makes it impossible to distinguish this from the presence
of a modulated signal. It might be possible to look for time modulation in the much larger electron
antineutrino signal, given the large number of events in that signal, but any hope of seeing such
behavior in the tau neutrino signal seems remote.

Thus, there is no discernible effect of a tau neutrino mass on the early time signal. As our
analysis demonstrates, the place to look for a tau neutrino mass in a light water detector is not at
early times, but at late times, where delayed events may stand out by their presence or absence.

iv) Extensions:

We have demonstrated that an underground light water detector patterned after Kamiokande

could, in principle be sensitive of a neutrino mass as small as = 25 eV. We have checked that
improvements in the detector, including improved energy resolution, backgrounds, etc. are not
likely to increase the sensitivity to neutrino mass significantly.
In order to futher explore this issue, we are now examining the utility of theSudbury Neutrino
Observatory (SNO) heavy water detector!”l for this purpose. While this detector is much smaller
than Kamiokande it may allow neutral current fission of deuterium to be observed. In this case,
non-electron neutrinos would have cross sections which are approximately as large as the
antineutrino -proton cross section. Thus, they would contribute a farlarger fraction of the signal,
and this might improve sensitivity to the tau neutrino.

As far as the analysis we have thus far performed, its strength lies largely in the existence of
the signal from the =10,000 -p events in the large detector. In SNO, one would expect a total of
perhaps 500-1000 events from a galactic supernova. Thus, by itself, it is not clear that the SNO
detector could take advantage of the strategy we propose to provide limits on the tau neutrino mass.
However, in co-ordination with the fitting analysis which could be performed at a Super-
Kamiokande detector, the possible neutral current signal at SNO appears at first glance to provide a
very useful potential extra handle. Neverthelcss, it is not clear, without a detailed analysis of the
type we have performed for Kamiokande, and which is now underway for SNO, whether the SNO
signal could improve the systematics and statistics. Several comments are in order:

(a) NaCl as a neutron detector for neutral current events will be useless for a supernova signal.
The neutron signature is Cerenkov light, which is indistinguishable from the electron signal on an
event by event basis, and must be subtracted from a similar signal when NaCl is not in the detector
in order to extract neutral current information. However, the supernova ncutral signal happens only

once in the detector. Thus. in order to get neutral currentinformation on a supernova signal. 3He
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detectors must be used.
(b) While the neutral current events, which produce a single neutron are in principle distinguishable
from charge current events on deuterium which produce two neutrons, when taken one at a time

using 3He detectors, the average time for neusron capture in the detector is estimated to be =5-10
msec. Thus, if events are being recorded at a rate exceeding =100/sec, it is not clear that the
neutron capture signal can be unambiguously associated with a specific electron (positron) signal.
Moreover, the efficiency of detecting both neutrons will affect how well one can disentangle these
signals. Moreover, the neutral current dissociation signal carries no energy information. These
problems may not be severe for the late time analysis. Here the event rate is small enough so that
neutral current events can probably be distinguished. However, it would be an important limitation
on possible uses of the neutral current fraction at early times to probe the tau neutrino signal, as
Burrows et al have suggested!4l.

Thus, the next galactic supernova may provide a signalin large underground light and heavy
water Cerenkov detectors, which could allow detection of a cosmologically significant tau neutrino
mass. More importantly, perhaps, in this area, it is the details which count! Without a detailed
analysis of the actual signatures, important features of the signal can go unnoticed, or features of
the signal which are unobservable may not be recognized as so. Because of the renewed
astrophysical and cosmological interest in light neutrinos which I have alluded to here, it is
important to examine these questions seriously befoce the next supernova.
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IS THERE A SOLAR NEUTRINO PROBLEM?
REVIEW OF THEORY AND EXPERIMENTS

Douglas R. O. Morrison
CERN, Geneva, Switzerland

ABSTRACT

The development of the Solar Evolutionary Model since 1957 is described. It is shown
that it is a simple model with effectively only two parameters thus limiting its range of
application. Although it is robust and remarkable agreement can be obtained with
helioseismology, it needs continual and significant updating as the input values and theories
change. The 7Li abundance is a factor of a hundred lower than predicted - this can be
understood by considering the pattern of the abundances of all stars and a conclusion is that
meriditional circulation and turbulent diffusion need to be introduced. Together with other
uncertainties such as screening effects, it is clear that the errors on the theoretical values cannot
be small. A Reference Solar Model is selected and the neutrino flux values from the four
experiments, are compared with it. A Fifth Experimental Result is that while pioneering
neutrino experiments are admirable, it is found that their numerical results frequently require
significant modification. It is concluded that at this time, evidence of a Solar Neutrino Problem
is not compelling.
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1. INTRODUCTION

In 1957 Schwarzchild [1] proposed the basic scheme for a calculation of the evolution of
the Sun from its birth to the present day. In 1961 Bahcall [2] used this model to calculate the
flux of neutrinos expected. Davis [3] from 1964 onwards worked towards measuring this
neutrino flux using a suggestion by Pontecorvo [4] that solar neutrinos could convert
Chlorine37 to Argon37 whose decay electrons could be measured. These pioneering efforts of
Bahcall and Davis, well described in Ref. 5, finally led to the Homestake mine experiment
where it was found that the flux of neutrinos measured was significantly less, by a factor of
more than three, than the theoretical calculations. This has become known as the Solar Neutrino
Problem. In recent years the models of solar and stellar evolution have greatly developed with
several groups doing independent calculations giving results sometimes significantly different
from those of Bahcall. Several major experiments have started to give results which are closer
to the model estimates. The situation now is that while some state [6] that there is a significant
Solar Neutrino Problem, it is also possible to say that the evidence is "not compelling” [7].
Here recent developments in theory and experiment are reviewed.

2. THEORY

2.1 Basic Problems and Advantages of Evolutionary Models

The basic idea of Schwarzchild [1] was to start from the moment that a star had formed
out of the clouds of gases, some 4.5 billion years ago, and follow its evolution to the present
when the luminosity, mass and radius could be made to match with the presently measured
values, Ly, Mg and R, resp. This was done by taking a large number of shells of different radii
and a finite number of time intervals and for each (radius, time) cell, apply the four equations
giving balance and continuity across the boundaries (see Ref. 8 for most up-to-date review).

The Sun was considered as consisting of three regions as shown in Fig. 1a; a Core where
the nuclear reactions providing the energy, mainly took place; in the middle a Radiation or
Intermediate zone where the heat is transferred mainly by radiation; and a Convection zone
where the heat is mainly transferred by convection; the boundaries are found to be at about 0.3
and 0.7 R. In 1958 Boehm-Vitense [9] introduced the Mixing Length Theory, MLT, in which
the whole complex convection and turbulence is described a single parameter, alpha, which was
assumed to be the distance, for all radii in the Convective Zone, over which a convective
element can be recognized.

Thus the input data to the model calculation has only five elements, the present age,
luminosity, mass and radius of the Sun plus its initial composition which is assumed to be
known 4.5 Gyr ago. The composition is taken to have three parts, hydrogen, helium and
"metals” whose initial fractions are called, X, Y, and Z resp. By "metals” is meant all elements
heavier than H and He. The two parameters which are derived from this fit are alpha and the
initial helium fraction, Y (it is not possible to obtain reasonable measurements of the primordial
helium abundance, except very approximately, by other measurements).
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Figures 1: a) Slice of the Sun showing three zones as a function of the fractional radius, R/Rq.
b) From heilioseismology [53], difference in sound velocity squared, C2 between observed
(i.e. by inversion calculation) and a Saclay model [18].

At first sight it would seem very optimistic to obtain neutrino fluxes with small errors
from such a simple input to a complex system, which to determine the opacity, requires a very
detailed knowledge of all the elements and their isotopes 4.5 Gyr ago in a dense cloud
collapsing to form a star. However it is better than one expects. The primordial abundances are
first obtain by measuring the elements today on or near the Sun'’s surface and assuming they are
the same as 4.5 Gyr ago. This is checked by comparing with certain meteorites which could
have the this age and Anders and Grevasse [10] have obtained remarkable agreement (see Fig.3
of Ref. 7b) except in a few cases. These exceptions are principally 7Li which is a factor of 200
too low, 9Be which is a factor of two too low, and iron which has a high value from
spectroscopic measurements and a low value from meteorites.

One of the advantages of the model is its remarkable stability because of strong feedback
mechanisms. Thus the central temperature cannot easily be varied as this would change the
luminosity which is very precisely determined. This applies to the main channels which depend
on the initial reaction, pp giving deuterium. It does not apply to very minor branch reactions
such as the production of 8B, which is however important here, as it gives almost all the higher
energy neutrinos.

Although this evolutionary model is robust, it has many problems of two main kinds.
Firstly there are the simplifying assumptions - a) spherical symmetry (though it is known that
the rotation rates at the Sun's equator and near the poles are different), b) no magnetic field
(though fields of about a million gauss are indicated near the base of the convection zone),
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c) one parameter, alpha, is enough to describe all the motion and heat transfer mechanisms in
the convection zone, d) there is no movement in the core and intermediate zones. Secondly,
there is an enormous amount of diversified input data - the abundances, reaction rates (some
measured, many extrapolated while the basic pp reaction giving deuterium has to be calculated
as the rate is so low), rate of transfer of radiation (opacity) depends on a very detailed
knowledge of ionization and energy levels of all the isotopes, etc. - values of these inputs vary
with time as more information is learnt and better theories are developed. There are other
problems such as the effects of screening and the choice of the equation of state as a function of
the radius. Many of these problems come from the fact that the interior of the Sun is a plasma at
such high temperature and pressure that control measurements cannot be made on earth though
recent laser work at LLNL {11] has reached just beyond 1% of the Sun's central temperature of
15 million degrees - encouraging agreement has been found [12] with recent opacity
calculations by Rogers and Iglesias [13].

It is clear that errors on theoretical calculations cannot be small, but since the aim of
studying a solar neutrino problem, is to compare calculated values with experimental ones, the
estimate of errors is primordial. These will now be discussed.

2.2 Fluctuating I'nput Data

In 1988 there were two major calculations of solar models, one by Bahcall and Ulrich
[14] and the other by the Saclay group of Turck-Chieze et al. [15] who gave quite different
rates for the Chlorine experiment of Davis et al. being 7.9 SNU and 5.8 SNU. resp., also with
very different errors of 11% and 22% resp. That this difference is important can be seen by
comparing with the Kamiokande II result [16] which was expressed as

(Data)/(Theory) = 0.45 £ 0.08 (1)

where the Theory was taken as Bahcall and Ulrich's value and where the theory error has
assumed to be zero. Including the theory error gives;

Data - Theory = (1.00 = 0.11) - (0.46 + 0.08)
=0.54%0.15 2)

Taking the Saclay calculations gives

Data - Theory = (1.00 = 0.22) - (0.71 £ 0.11)
=0.29£0.24 ©)]

Thus a significant three and a half standard deviation effect has been converted into one of
less than one and a half standard deviations which is not significant. It was mainly the
surprisingly small error of 11% of Bahcall et al. [14] which was responsible for making the
result seem significant. Thus we have to consider errors of the order of 10% to be very
important in deciding whether or not the Kamiokande result is significantly different from
evolutionary model calculations.

In 1991/92, there were four major calculations of solar evolutionary models. - the Nice
group of Morel et al. [17], the Saclay group of Turck-Chieze and Lopez [18], the Princeton-
Yale collaboration, Bahcall and Pinsonneault [19] and the Yale group of Guenther et al. [20]
who mainly concentrated on helioseismological comparison. The values given for the Chlorine
experiment for the first three are 6.5 + 20% (model ST3), 6.4 + 22% and 8.0 + 12% resp. It
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may be seen that there is still significant variations in rates and in errors which come mainly
from the choice of input and the choice of errors to be included.

Between 1988 and 1992, there were five major changes to the input data.

It was first pointed out by Courtaud et al. [21] that the abundance of iron as determined
from the Sun's surface was significantly higher than the value from meteorites. The surface
measurement was based only on HI (i.e. neutral hydrogen) which is only 5% of the total
hydrogen. Iron is important as it is the only abundant heavy element which is not completely
ionized near the centre of the Sun and since the bound-bound and bound-free rates are dominant
in radiation transfer processes, this would change the temperature and hence the neutrino flux
significantly. Recent measurements of HII (ionized hydrogen) favour the low value and now
other groups follow Turck-Chieze et al. [15] in using the low meteorite value which lowers the
neutrino flux by about 10 to 20%.

The flux of high energy 8B neutrinos is directly proportional to the cross section of the
7Be(p,Y)®B reaction. This reaction has only been measured at high energies above 400 keV and
it is necessary to extrapolate down to the Sun's temperature, mainly well below 20 keV. The
cross sections are expressed in terms of the astrophysical S-factor which essentially removes
the important barrier penetration factor to give an almost flat function. There are two problems -
the method of extrapolating and the choice of experiments. In 1988, Turck-Chieze et al. [15]
pointed out that previously the extrapolation was done only assuming an s-state but this did not
fit the higher energy data. They fitted using s- plus d-states which fitted data better, and found a
neutrino flux for chlorine some 12% lower (see Fig., 2a ). All groups now use a s- plus d-state
extrapolation. Secondly there is the choice of experiments. Most were done at very early times
and only two were performed in the criticalregion below the resonance - these are Kavanagh et
al. [22] and Filippone et al. [23] which give extrapolations to zero energy, S(0), values which
are significantly different of 27.4 and 20.2 keV-b resp. as shown in Fig. 2b. Long experience
of compiling data [24] has shown that newer experiments build on the experience of earlier
ones and use better equipment so that it is better to discard the earlier result in case of
disagreement - now the Kavanagh experiment dates from 1969 while the Filippone one was 14
years later. Also the Filippone experiment has been well described in a refereed paper while the
Kavanagh is only described in 12 lines in an APS abstract - again experience [24] has shown
that such results should be rejected as do the Particle Data group. The result is that only the
20.2 keV-b value should be taken whereas the 1992 authors favour the Johnson et al. {25]
value of 22.5 keV-b - this change will lower the B neutrino flux rate of Ref. 18 and 19 by
about 10%.
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Figure 2: For the reaction 7Be(p,Y)8B: a) astrophysical S-factor (which is essentially the cross
section with the barrier penetration factor removed), Sq7, with experimental values. The solid
line is the s-wave fit and the dashed line is with s- and d- waves fitted: b) S;7 measurements
below 450 keV; the Kavanagh et al. [22] and Filippone et al. [23] data are fitted separately by
Johnson et al. [25] using s- and d- waves with two slightly different assumptions: c) cross
section for the reaction.
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The S(0) value has varied appreciably with time as shown in Table 2 of ref. 7a, varying
from +34% to -16% of the preferred value. This shows that the error of 12% claimed by
Bahcall etal. for the sum of ALL errors, is a gross under-estimate.

New experiments to measure the reaction ’Be(p,Y)B are crucial. It is a difficult
experiment since as shown in Fig. 2c, the cross section (not the S-value) decreases steeply with
energy. Such experiments are being prepared, for example by T. Motobayashi and M. Gai et al.
[26], who plan to study it at Riken - they will use a ’Be beam instead of a proton beam to avoid
the Coulonb explosion. Other experiments are in preliminary stages at MSU and GSI.

The neutrino flux is proportional to the age assumed for the Sun. Most recent calculations
(see Ref. 8) have lowered the age to 4.5 Gyr from values of 4.6 to 4.7 years, correspondingly
reducing the 8B flux.

Disagreement with between observations and theory for pulsating stars caused a
suggestion [27] in 1982, that the opacity used was incorrect. In 1992 Inglesias and Roberts
[13] finally obtained improved values which resulted in an increase of the theoretical neutrino
8B flux of about 10%.

A fifth major change since 1988 is that the effects of diffusion. are beginning to be
considered. Diffusion of elements of different masses by gravitational settling was first
discussed by Eddington [28] in 1926 and shown to be important for white dwarfs by
Schatzman [29] in 1948. Earlier calculations [30] from 1977 on, were re-examined by Proffitt
and Michaud [31] who considered helium, CNO and heavier elements. The helium alone
reduces the central temperature of the Sun by 0.4% which, following the T!8 dependence of
Bahcall [6], would correspond to an increase in the 8B neutrino flux of about 5%. The heavier
elements would have a smaller effect. The diffusion velocities are a few times 10-10 cm/s.
Bahcall and Pinsonneault [19] estimated that for helium alone, the 8B neutrino flux would
increase by about 11%.

Thus these are five effects that have each changed the 8B neutrino flux estimate by 10%
or more since 1988. It is clear that a minimum reasonable error is more than 20%. Taking into
account the many other errors, probably 30% is a fair estimate. Although these four effects are
essentially independent, as it happened, they worked in different directions so that the final B
flux estimates are not very different from the 1988 ones.

2.3 Lithium, Meridional Circulation and Turbulent Diffusion

The fact that the SSM estimate of Lithium7 abundance is 100 times greater than observed,
is clearly an important indication that the model is limited. At firstit was thought that it could be
easily explained. Lithium is destroyed by proton capture at 2.5 million degrees and the
Convective Zone boundary, R.,, has a temperature of just over 2 million degrees, so it was
hypothesize that this boundary was unstable and overshooting or vortices, would carry some
convection material down to a higher temperature thus destroying most of the 7Li. However
many other stars have had their 7Li abundances measured and this theory cannot explain the
results for these other stars. The 7Li abundance is shown in Fig. 3a as a function of the
effective surface temperature of the star for the Hyades of 0.5 Gyr age. It may be seen that there
is a spectacular dip called the Boesgaard dip [32], of a factor of at least a hundred. Lithium
abundances for other groups of stars from different globular clusters of various ages, are
indicated in Fig. 3b It may be seen that for the young stars of Pleiades of 0.1 Gyr age, the
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distribution is smooth, but as the stars get older, the Boesgaard dip appears and the 7Li
abundance decreases for the lower temperatures (NGC 752 has anage of 1.7 Gyrand M67 of
5 Gyrwhichis close tothe age of the Sun).
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Figure 3: Lithium7 abundances in stars as a function of the effective surface temperature [37];
a) for stars in the Hyades of 0.8 Gigayears age: b) stars in globular clusters of different ages
plus the Sun.

The 7Li results cannot be explained simply by overshooting. Several explanations have
been proposed - the one that best fits the observations for main sequence stars and for giants
and subgiants, is that of Charbonnel and Vauclair [33] which assumes two-loop meridional
circulation. Earlier Charbonneau and Michaud [34] had used the classical Eddington-Sweet
single-cell meriditional circulation and could reproduce the Boesgaard dip. Vauclair [35] and
Charbonnel et al. [36] extended this to two-loops as shown in Fig. 4. Here the outer loop
would correspond to the Convection zone. At the surface of the Sun, the rotational velocity at
the equator is different from that near the poles, and the outerloop would explain this (but the
SSM would not). The full explanation of 7Li depletion is convincing but complicated and is
given in the above references or more fully, in Charbonnel [37]. The loops will carry matter
and hence cause mixing which will lower the central temperature. The meriditional circulation
will also cause turbulence - this turbulence will significantly reduce the matter transport, but
will in its turn cause some mixing. These effects need to be include in a new model of stellar
evolution which would tend to give lowerneutrino fluxes.
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Pole

Equator
Figure 4: Map of meriditional circulation patterns in the Sun [37].

It is natural to identify the boundary between the loops as that of the Convective Zone at
R¢;. If one looks at the what happens when two rivers with differently coloured water, merge,
it may be seen that there is surprisingly little mixing - i.e. the boundary forms an almost
impenetrable layer. Also it may be noticed that the inner boundary of the inner loop could be the
boundary of a possible core, R.. These two subjects will be discussed below with
helioseismology.

2.4 Helioseismology

The Sun's surface has been observed to vibrate with periods of about 5 minutes. These
oscillations are explained as p-waves for pressure (or acoustic) waves which occur in the
resonant cavity formed between the Sun's surface and an inner radius Several million such
waves are expected to exist and several thousand have been observed with exceptional
accuracy. In addition g-waves (g for gravity) are expected to exist but have not been observed
though new projects using satellites, such as GOLF, are expected to give first results.

The observations of p-waves have been analyzed and compared with models in two
ways. Firstly by comparing the frequencies where generally good agreement has been obtained
by Guenther et al. [20] and by Turck-Chieze et al. [8]. Secondly inversion calculations have
been done to deduce the velocity of sound, c, as a function of the radius, R. Results from
Turck-Chieze and Lopez [18] are shown in Fig. 1b where it can be noticed that there is a
discontinuity at R =0.713 + 0.003 Rg which is interpreted as the boundary of the Convective
Zone, Rez. A sharp rise is seen at very small radii, marked as R - it will be discussed later as to
whether this could be evidence for a core. With certain assumptions, the temperature can be
deduce as a function of the radius and generally good agreement is obtained.

Thus helioseismology can be considered as a very important confirmation of the Solar
Evolutionary Model but in future it will provide input data to new generations of models. The
central region of the Sun is only investigated by oscillations with low 1 (the waves are classified
as harmonics with three numbers, I, m, and n) and therefore results in the central region must
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still be treated with caution, but if gravity waves can be studied, then the central region will be
fully investigated.

2.5 Does the Sun have a Core?

When the Sun was first formed from a gaseous cloud, it was spinning very quickly and
lost angular momentum by its solar wind - it was a T Tauri star. The model calculations found it
had a core which gradually decreased with time and it was generally considered to have
vanished after a short time, about 100 million years. The solar wind is now very small, 10-14
Mg per year. showing that angular momentum loss is now unimportant. Looking at the
meriditional circulation pattern deduced for the necessity tofitthe 7Lidepletion results from all
star, shown in Fig. 4, it is possible to consider that there is a small residual core. The
helioseismological results shown in Fig. 1b indicate a marked variation of the sound speed at
small radii, less than 0.1 R, This result could be interpreted as a convective core or as
unexpected mixing effects. However other helioseismological results, in particular, the
frequencies, are inconsistent with calculations [38] assuming that there is a core. So it probably
best to neglect the possibility of a core until more experimental results, especially from gravity
waves, are available.

2.6 Choice of Reference Model

When comparing experimental results with theory, it is necessary to look at the various
model calculations and choose one as a reference. In the past it has been a convention to chose
the latest Bahcall et al. calculation for a variety of reasons and this was perhaps valid especially
in view of his pioneering work and regular updates. However with a selection of 1992 models,
one can choose more critically. The outstanding difference between Bahcall et al. [19} and the
other models is the exceedingly small errors of the former. It can be seen from table 10 of
Ref. 17, that the errors taken come almost entirely from experimental values so that the serious
question of theoretical errors from many factors such as screening, choice of weak or
intermediate coupling, choice of equation of state, etc, are neglected or underestimated. The
work of the Nice group [ 17] is excellent but they offer such a choice of models that it could be
confusing. The calculation of Turck-Chieze and Lopez [18] has still some problems - diffusion
is not included but neither is meriditional circulation with turbulent diffusion - these act in
opposite directions and in first approximation balance [35]; also the value chosen for the
"Be(p,Y)8B rate is about 10% too high, but it has the most complete comparison with
helioseismology. In conclusion would recommend that the model of Turck-Chieze et al. be
taken as the reference model but with the 8B neutrino flux lowered by 10%.

The 1992 values that they give [18] are (122.5 £ 7) SNU for gallium, (6.4 % 1.4) SNU
for Chlorine and (4.4 £ 1.1) 106 cm-2s°! for the water detector.

If one were to give the values preferred above i.e. to lower the latter two values by 10%
and give 30% errors, then this gives for Chlorine, (5.8 £ 1.7) SNU and for the water detector,
(4.0 £1.2) 106 cm-2s-1,

2.7 Errors

Whether there is a solar neutrino problem or not depends crucially on the estimates of the
errors on the theory and on the experiments.
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The question of the interpretation of the errors given on the theory values is controversial.
Turck-Chieze and Lopez [18] write "We consider any theoretical error as a minimal error
(absence of error on the assumptions of the calculation) and only indicative of the present status
and of the occurring improvements. A statistical distribution is not justified for all sources of
error, so it seems to us dangerous to use the "so-called" 1 or 3 sigma error." ....... "As all
errors are not statistical errors, we believe that it is unjustified to multiply by 3 the error we
suggest, in order to get a "3 sigma" error. as it has sometimes been done.” On the other hand
Bahcall wrote [39] "You can of course divide the errors I quote by three if you prefer dealing
with effective 1 sigma errors”. The basic problem of the errors on theoretical values is that
some errors are well defined and some not. The models have hundreds of pieces of
experimental input data which have fairly well-defined errors, but have have also theoretical
uncertainties depending on the choice of the equation of state, of screening effects, etc. which
are very difficult to quantify. It would be helpful if the theoretical errors were given in two
parts, one from experimental input and the other some guesstimate of the pure theoretical
uncertainties. At present the best recommendation is to take the errors of Turck-Chieze and
Lopez {18] and remember that they say that these are minimal errors. As a consequence this
means that if the value of

( theory value- expt. value}

is say, N standard deviations then this should be interpreted as meaning less than or equal to N
standard deviations.

3. FOUR SOLAR NEUTRINO EXPERIMENTS

3.1 [Introduction

There are four experiments that are measuring solar neutrino fluxes. One, Kamiokande
measures neutrino elastic scattering while the other three use a "radiochemical” technique where
the neutrinos convert atoms of the target into a short-lived isotope which is extracted from the
target mass and its decay measured. This is not easy as the target contains some 1030 atoms and
the number of radio-active atoms extracted is only a few. These few decays are observed
against a background which is estimated by continuing the counting for several months. As the
problem of background is so severe, the four experiments are performed deep underground to
reduce cosmic ray effects and in very clean conditions to reduce radioactivity from natural
sources such as radon and from uranium, thorium etc in the materials.

3.2 Kamiokande

The elastic scattering of solar neutrinos on electrons in water is measured by detecting the
Cherenkov light from the electron. The peak of events pointing in the direction of the Sun
allows a clean distinction of the signal from the large background. Overall the Kamiokande
experiment is large, well-funded and well-organized and the raw results are considered
trustworthy.

For the Kamiokande II experiment [16] (1040 days of data taking), they find (2.67 +
0.28).10% cm2s-1. Comparing with the Reference .Solar Model value [18] of (4.4 + 1.1). 106
cm-2s-1, this gives;

Theory - Expt. = (100  25)% - (61 £ 6)% = (39 * 26)%
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that is a one and half standard deviation effect, which is not significant. If the preferred value
had been taken the effect would have been less, (33 = 31)%. It may be noted this is rather
different from the result given in table 8 of Ref. 18 where the ratio Exp/Theory is taken and it is
not too clear what the percentage is so that it is unclear as to the statistical significance. It is
strongly recommended that the ratio Expt/Theory be not used but the result be expressed as

Theory - Expt
where 100% is defined as the theory value, so that the errors used are clearly presented.

The Kamiokande IIT experiment (395 days) gives a higher value; combining it with
Kamiokande II gives [40] for 1435 days above a threshold of 7.5 MeV,

Data/SSM = 0.49 £0.04 £ 0.06

where SSM was taken as the Bahcall and Ulrich 1988 value of 7.9 SNU. To estimate the
statistical significance of this, it should be noted that the error of the SSM value was not
included. If one uses the above recommended Reference Solar Model of Ref. 18, this gives

Theory - Expt. = (100 £ 25)% - (64 £ 6)% = (36 £ 26)%
which is slightly less than a one and a half standard deviation effect.

The Kamiokande group plan to carry out some further calibration runs at the KEK
accelerator.

3.3 The GALLEX Experiment

The GALLEX experiment is strong and well-organized. It started later than the SAGE
experiment but was able to measure cleanly electrons down to about 1 keV so that unlike
SAGE, they could also study the 10.3% of electrons of 1.2 keV from L-shell capture and also
the 46% of electrons of about 1 keV from the K-shell which decay together with X-rays of
about 9 keV. The result is that although they have less gallium, about 30 tons, than Sage, they
have a higher counting rate. They generously acknowledge that they have benefited from the
help given by the SAGE Collaboration.

From 15 runs each of about a month, they find [41] a neutrino rate of
83+ 19 £ 8 SNU
which is some 1.8 standard deviations less than the reference Solar model value.
34 The SAGE Experiment

The Soviet-American Gallium Experiment, SAGE pioneered the use of gallium as a target
where 71Ga decays to 7!Ge which has a half-life of 11.4 days and were the first to discover all
the problems such as the 68Ga being converted to 68Ge by cosmic rays when the gallium was
on the earth's surface - this created a major background problem and took considerable work
underground for SAGE (and later for Gallex), to eliminate this dominating background. This
was a difficult pioneering experiment. Finally in 1990, SAGE considered five of their runs to
be satisfactory and presented their results at the Singapore conference [42] in 1990 and in a
paper [43] in 1990. The results caused great excitement as it seemed that there were almost no
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solar neutrinos - they gave a best fit value of 20 SNU and 90% confidence upper limit of 79
SNU which indicated major disagreement with all the Solar Models which predicted values in
the range of 115 to 132 SNU. Normally the graph of the integrated count rate is published,
however if one looks at the detailed differential spectrum (shown in Fig. 1 of Ref. 7a and Fig.
8 of Ref. 7b ), it can be seen that the statistics are best described as ultra-low and of the five
runs, three appear to give a negative neutrino flux. Now there is a controversy, as is frequent
with ultra-low statistical analysis, as the SAGE group consider that negative numbers are non-
physical and should be put to zero. Hence for them the five runs give two positive rates and
three runs with rates of 0.0 SNU. Another interpretation would say that for some reason no
counts were recorded and it is only by putting the three negative values to zero, that an overall
positive value of 20 SNU is obtained - this can be seen by studying the differential plot of the
counts.

In 1991, more runs were performed [44] and a value for these of (85 +22/-32+20) SNU
given. SAGE considered that these 1991 runs were not inconsistent with the 1990 runs so that
it was justified to combine the two sets to give [45] a rate of (58 +17/-24 + 14) SNU.

There was a difference in the analysis criteria in this new work. In 1970 the Chlorine
experiment appreciated that a decay in their counter occurred at a point so that all the ions took
about the same time to reach the wire so that the pulse had a sharp rise-time whereas if a cosmic
ray passed through their counter, the ions produced were spread out along the trajectory and
hence arrive at the wire at different times giving a slow rise-time for the pulse. Hence in 1970
the Chlorine experiment introduced a fast rise-time selection and considered it so important that
they rejected their first three years of data for 1967 - 1970. Initially the SAGE experiment used
the same criteria, but have now decided that they can include data without the rise-time
selection.. Hence their 1990 data now includes a sixth run, May 1990, with 27 SNU and their
1991 data has five runs with fast rise-time selection and a sixth run, June 1991, with no
selection. It is explained {46] that the June 1991 had low background and the May 1990 run
quite high background. The effect of including these two runs is not statistically significant,
increasing the 1990 data by about 1 SNU and lowering the 1991 value from 89 SNU [47] to 85
SNU.

There are two approaches to the interpretation of the SAGE data. It could be said that all
12 runs are consistent and the best fit is (58 +17/-24 + 14) SNU. It could also be assumed that
the 1990 run was a pioneering one and that the 1991 was a second generation one, hence one
should take the best SAGE result as (85 +22/-32 + 20) SNU or 89 SNU(no error calculated). It
should be remarked that since the total number of counts above background is 25 for 12 runs, it
is not surprising that all subsets are statistically consistent. Future running where they hope to
measure also electrons down to one keV, will help.

3.5 Chlorine Experiment

After earlier trials, the Chlorine experiment was started by Ray Davis and co-workers in
1967. The 37Cl is converted by neutrinos to 37Ar. They have observed both the 11.4 day half-
life of 37Ar and the electrons of 2.8 keV as expected - this was the first evidence of neutrinos
from the Sun and was a major confirmation of Solar Evolutionary Models - both major results.

The actual rate of solar neutrinos has been a subject of great interest as it has consistently
been much lower than the theoretical estimates and it was this that gave rise to "the Solar
neutrino problem". An early estimate in 1982 [48] gave less than one SNU, but the result has
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increased with time being 2.05 = 0.3 SNU [6] for 1970-84 and 2.53 +0.32 [49] for 1986-92.
The latest value is 40% of the reference Solar model. The significance of this result is;

Theory - Expt. = (100 £22)% - (40 £ 13)% = (60 £ 26)
which is a 2.3 standard deviation effect.

It has often been concluded that the Chlorine experiment is definitive significant evidence
for a Solar Neutrino problem. However it can be seen that with a more careful choice of
reference Solar Model which has reasonable though minimal, errors, the discrepancy is not as
much as three standard deviations. Also it should be appreciated that there are a number of
difficulties [see Ref. 7] with this pioneering experiment of which two are serious.

Firstly it was claimed for some years that there was an oscillation with a period of about
10 years which was in anti-coincidence with the solar sunspot number, and this was described
[50] as a five-standard deviation effect. As the sunspots are a near-surface phenomenon and the
neutrinos are produced deep inside the Sun and any signal would take some million years to
propagate to the surface, this claim caused great surprise. However the Kamiokande experiment
has shown [16, 40] strong evidence that there is no such effect and more recently the Chlorine
experiment has reduced their estimate of the effect to two standard deviations. It is now
generally considered that there is no sunspot correlation.

Secondly, the Chlorine value is in contradiction with the Kamiokande rate. While the
Chlorine threshold at 0.83 MeV is much lower than the Kamiokande threshold of 7.5 Meyv, in
fact the neutrinos involved in both, are mainly those from 8B with similar energies. This is
because the 37Cl(v,e)37Ar reaction proceeds through excited states of 37Ar and the main one,
62%, is at S MeV (see Ref. 51 for complete level diagram). Now it has been shown that it is
possible to make the two results consistent but this requires some extraordinary assumptions
and it is wiser to wait until more data are available.

Thus it is perhaps premature to conclude that the Chlorine experiment is definitely in
contradiction with Solar Models in view of these problems.

3.6 The Fifth Experimental Result

It is well known by practioners that experiments with neutrinos are difficult since they
have zero charge, zero or almost zero mass, and have very small reaction cross sections. A
surprisingly high number of neutrino experiments have turned out to be qualitatively wrong and
even more have seen their numbers corrected by more than three of their standard deviations. In
particular, pioneering neutrino experiments have a very high problem rate. This statement that
pioneering neutrino experiments, while admirable, have a high problem rate, should be
considered as an experimental result established with adequate statistics.

4. EXPERIMENTAL CONCLUSIONS

It has been shown above that none of the four experiments reported so far, are
definitively in significant disagreement with the reference Solar Evolutionary Model. It may
also be noted that first generation experiments are further from model values than second
generation experiments (Kamiokande, GALLEX, SAGE 1991). If one takes into consideration
the Fifth Experimental Result that pioneering neutrino experiments have been found to have
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frequent need for re-considering their numerical values, then the evidence for any disagreement
is weakened.

 Both the SAGE and GALLEX experiments have decided to calibrate their rates by using a
neutrino source of about a million curies. It is hoped to perform these two experiments in late
1994 and major conclusions may have to await these important calibrations.

On the other hand it is noteworthy that all four experiments find values which are less
than the model values. This could be an indication that the first generation Solar Evolutionary
Model are too simple and need modification to include new features. Also it may indicate that
the temperature near the centre of the SUN is too low - such a hypothesis is weakly supported
by the helioseismological result shown in Fig. 1b where the inferred sound velocity is different
from expectations at radii less than 0.1 Rp.

5. CONCLUSIONS

It is concluded that relatively simple stellar evolutionary models have been remarkably
successful in explaining many features of the Sun and other stars. However over the last 40
years considerable progress has been made and second generation models with more
parameters are required to explain more complicated features that are now being measured such
as light element abundances in stars, magnetic fields etc. Another progress is the realization that
errors on the solar neutrino fluxes are larger than previously thought - this has greatly reduced
the significance of any discrepancy between theory and experimental rates. At present no single
experiment is seriously in discrepancy with model predictions, though the fact that they are
lower than the model values may suggest that the central temperature is too high as is mildly
indicated by helioseismological analysis. Several of the present experiments are increasing their
data significantly and there are many new major experiments being prepared such as
SuperKamiokande, SNU, Icarus and Borex, which will greatly increase the data-taking rate.
Further it may be possible to measure the neutrino energy so accurately that different Solar
reactions can be individually measured as proposed by Ypsilantis et al. [52].

Thus while there is no clear evidence for a Solar Neutrino Problem today, the Sun is our
nearest star and it is essential that we study it as well as possible because of the information that
it yields can be used generally in Astrophysics.
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GALLEX :
RESULTS, STATUS AND FUTURE

Th. STOLARCZYK
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Abstract : The GALLEX collaboration has now taken solar ncutrino data for 22
months. The first set of data, GALLEX I, corresponding to the detcction of solar
neutrinos from May 1991 to April 1992, has been fully analyzed and lead to a
production rate of 82+ 17 (stat.) £ 8 (syst.) SNU which represents about 65% of the
value predicted by standard solar models (around 124-132SNU). Data taking is going
on, while the collaboration is now preparing the crucial probe of the experiment with
a 2 MCi 5ICr neutrino source.
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1. Purpose of the experiment

GALLEX detects solar neutrino using the f-inverse reactionv.+7'Ga—7!Ge +e-,

where the neutrino interaction is signed by the decay of the 7'Ge atoms (1=16.49d)
in a small proportional counter. The very low threshold of the reaction (233keV) is
such that GALLEX has the opportunity to study two main aspects of the solar physics.
First the hypothesis of hydrogen fusion: if this hypothesis is correct the fusion of
hydrogen into helium in the deep solar interior should begin by the
p+p—2H+e+ v, reaction, a very slow reaction governing the hydrogen burning,

constraining most of the solar luminosity and leading to the so-called v, neutrinos,
the lowest energy and most abundant neutrinos produced in the sun (91% of the total
neutrino flux). The energy endpoint of the v, neutrinos is 420keV thus explaining
the necessity of a very low threshold reaction for the detection.
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Fig.1 : The solar neutrino spectrum. The fluxes are expressed in
cm2.s-1.MeV-! except for the monoenergetic lines (cim-2.s-!). The
detection thresholds of GALLEX, the chlorine experiment and
Kamiokande are shown at the top of the plot. @ne can see_the
importance of the v, flux compared to the other sources (from 2))

But GALLEX is also sensitive to more energetic neutrinos produced in secondary
solar reactions: Standard Solar Models 4.5 (SSM) predict that the GALLEX signal
comes for 54% from v, for 26% from vm. (produced in 7Be+e-— 7Li+ vpe
reactions, leading to 2 lines at 383keV and 861 ke V), for 11% from vg (produced in
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the 8B — 8Be +e*+vp reactions, energy up to 14MeV), the remaining 9%
consisting in fluxes produced in minor processes, dropped for our discussion. The
solar neutrino spectrum is shown on figure 1.

The second topic of importance for GALLEX is the confrontation of its results with
the chlorine and Kamiokande results, which have lead to the so-called "solar neutrino
problem". The chlorine experiment has now claimed a depletion of the vs and vae
neutrinos for 25 years. The measured flux lies between 28% and 35% of the
predictions of the solar models 6. This fact has been confirmed by Kamiokande since
1987 (despite the fact that Kamiokande is sensitive only to vg): only =50% of the
predicted flux is detected 7).

2. Description of the experiment

The target is in the form of a 54 m?3
gallium-chloride solution containing
30.3 tons of natural gallium (see figure
2). According to SSM, solar neutrinos
should produce roughly 1.2 7!Ge atom
per day among the 1029 71Ga atoms of
the solution (natural gallium is
composed of 39.9% of 7'Ga and 60.1%
of 69Ga). The production rate is so low
that all the experimental process has to
be maintained in conditions of extremely
low background.

An exposure to the Sun lasts 3 or 4 weeks
after which around 15 or 20 atoms are
present in the solution. To measure the
71Ge extraction efficiency, =l mg of

Fig.2 : Simplified scheme of the GALLEX adioacti o .
tank (70 m3) and extraction facility (view of pure non-radioactive germanium 1sotope

the main tank with the thimble which will is added at the beginning of each

receive the chromium source).
exposure.

The germanium inside the solution is in the form of GeCls which has the particularity
to be very volatile in an acidified medium. 2000m3 of pure nitrogen are circulated
inside the tank to carry out the germanium. Then we proceed to a gas-water exchange
in a scrubber, the GeCl4 being very soluble in a neutral medium. At the end of the
extraction the few solar neutrino produced atoms plus the carrier are concentrated in
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some ten liters of water. This solution is concentrated again as a 1 liter solution which
is brought on a synthesis line where the GeCly is converted into a gas, the germane
(GeHy), using tritium-free chemicals. After a chromatographic process removing all
impurities like natural air components or radon, the GeHy is pushed inside a small
proportionnal counter. The final counting gas is obtained by adding old xenon, which
lead to a 30%GeHs-70%Xe gas mixture at 1 atm.

The counters are all similar (6.4mm diameter, 32mm length, 1 cm3 total volume)
and are made of hyperpure Suprasil quartz 8). They have an iron or a silicon cathode
(in that last case, made from single silicon-crystals) and a 13 um diameter tungsten
anode. The proportion of gas inside the actual counting volume is roughly 87%. Once
the proportional counter has been filled, it is imbedded in its lead box, fitted into the
preamplifier box and transported into a large shield tank in a Faraday cage. There
71Ge decays will be observed: they consist in two peaks at 1.17keV and 10.37keV
corresponding respectively to the L- and K-electronic capture of 7!Ge toward 7!Ga.
The shield tank is fitted with 8.6 tons of lead. Two sliding-end doors, also filled with
lead, are attached to a flexible air lock design with glove boxes to enable counter
change without venting the low-radon atmosphere inside. We can simultaneously
operate eight "active" counter lines positioned in the well of a Nal-pair spectrometer
at the front end of the shield tank (for gamma anti-coincidences) and sixteen "passive"
lines positioned in a low radioactivity copper block at the opposite end.

A Tektronix (R7912) fast transient digitizer serves for complete pulse.shape analysis
for background reduction. The data are handled by CAMAC oriented electronics,
electrically decoupled from a MicroVax and its periphery via optical fibre link.
Inserting the newly filled counter into the counting shield requires run-stop for all
lines. The foil-sealed door is opened and the counter box is inserted through an air
lock without venting. After connection to the respective line cables, it is calibrated
with a Gd-Ce X-ray source (see below) on a little bench inside the tank shield and then
inserted into its counting position. The operating voltage is roughly 1600 V.

During routine periods, tank interventions occur approximately every 3 weeks, the
normal run sequence, and each time many counters are at work since we normally
count forup to 6 or even 8 months. We have then made it a routine to calibrate half of
the counters at each enforced interruption, thus normally every six weeks a counter is
recalibrated.

For energy calibration, we use X-ray fluorescence induced on xenon in the counting
gas by quartz-penetrating 35 keV Ce-X-rays which are excited from cerium by
europium X-rays from the EC-capture decay of a !53Gd source (half life 242 d) 9).
This has the great advantage that the whole active volume is illuminated and that three
lines are available at the very relevant energies of 1.03, 5.09 and 9.75keV, to be
compared with the Ge-decay lines at 1.17 keV (L peak) and 10.37 keV (K peak).
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Experiments made with counters filled with 7!1GeHy4 have permitted to derive the
spectrum characteristics of any counters used for the detection of 7!Ge produced by
solar neutrinos. The average counting efficiencies of the counters, defined as the part
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Fig.3 : Behaviour of the energy spectrum of
selected events with time (Number of events
per 5 days of counting per exposure X 102 for
the first 3 plots, arbitrary unit for the last plot).

of events being at + FWHM around the
peaks (what we called the “"energy
windows"), are respectively 30.6% and
35.2% for L and K peak. Hence the
overall counting efficiency is 65.8%.
Test runs in Gran Sasso have shown
that on the passive side the counter
background is only 0.04 count per day
in the L window and 0.02 count per day
in the K window (these values are
slightly larger on the active side).Once
energy selection has been made, the fast
transient digitizer signal which records
the pulse shape in the counter allows to
discriminate background events from
good candidates. Indeed background
events, like electrons from Compton
scattering or alpha particles, lead to an
extended track inside the counting gas
and therefore to a slow signal. On the
contrary 71Ge decays leads to Auger
electrons which have a very small path
(<1mm at 10keV) corresponding to a
fast signal. Good candidates are defined
using the value of the rise-time between
10% and 70% of the signal amplitude,
and are located in windows defined by
comparison with calibrations and the
71GeH,4 filled counter experiments.

These cut efficiencies for 71Ge decays are respectively 97.7% and 95% for L and K
windows. This set of good candidates has then to be cleaned from events in
coincidence with a signal in the Nal crystal (for active side) and from events which
may be due to the radon decay chain (see details in 10)). On figure 3 are plotted the
energy spectra of selected events for various time cuts (first, second and between
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second and fourth 71Ge life-time). One sees very clearly an accumulation of counts in
K and L regions which vanishes with time.

Finally the number of 71Ge produced in the solution is obtained from a maximum
likelihood method. The likelihood function is composed of:

1) two time-constant backgrounds (one for K and one for L),

2) an exponentially decreasing term o<ayje-t/tn corresponding to the 7'Ge decay,

3) an exponentially decreasing term <Kgge-t/t6s corresponding to the decay of the
few residual 68Ge atoms (Teg=415d) extracted from the solution, which were
produced at the ground level at the early stages of the experiment!®. The amplitude of
this contribution has been measured to be Keg= 3.6 68Ge atoms released per day from
the solution at the time of the first exposure used for the analysis and is decreased with
the time at which exposures are performed.

Figure 4 shows the time distribution of selected events on which is superimposed the
171 life-time fitted by the maximum likelihood analysis.
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Fig. 4 : Time distribution of selected events (dots) and fitted distribution

from the maximum likelihood analysis (32 = 20.1 for 18 degrees of freedom,
namely 30% of confidence level).

4. Results and implications

The result of the maximum likelihood analysis has to be corrected for background cut
inefficiencies and side reaction contributions. Separated measurements with counters
filled with radon show that the radon time cuts used for event selection cover 90% of
the cases. Independent analysis show that this inefficiency lead to a correction of
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2+ 1 SNU". 69Ge isotopes can be produced in the solution by side reactions (see
below). The contribution coming from 69Ge which could have been considered as
good 7!Ge decays is 1+ 1SNU. Then, one has to remove the 7'Ge production rate due
to side reactions. In that case 71Ge atoms are mainly produced via 71Ga(p,n)71Ge
reaction (threshold:1.02MeV). Protons are either produced in the hadronic showers
due to high energy cosmic muon nuclear interactions (muon flux=1m-2.h-1) in the
solution, or by fast neutron scattering on the atoms of the solution. The first
contribution has been evaluated after measurement of the 7!Ge production rate in a
CERN muon beam and is equal to 3.7+ 1.1 SNU . The contribution of fast neutrons
inside the tunnel, whose flux is continuously monitored by a calcium nitrate detector,
has been calculated to be only 0.15+0.10SNU 11,

Finally one has to substract from the signal the contribution of U, Th, Ra in the
solution which is also very low, less than 0.2SNU.

Therefore the maximum likelihood result has to be reduced by 7SNU.
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Fig. 4 : Results for the 15 individual runs and the combined

analysis (7 SNU correction taken into account) for data taken
between May 14, 1991 and April 29", 1992.

After 15 solar neutrino exposures (324 days) between May 14t 1991 and April 29th,
1992 and the equivalent of 7 years of quasi-uninterrupted counting (= 15x7 months,
counting stopped on November 21d, 1992) the measured solar neutrino production
rate is 0.8 71Ge atom produced per day inside the solution, namely
82+ 17(stat.)+8 (syst.) SNU (68% C.L.), which corresponds to =75 71Ge atoms

* 1 SNU corresponds to 10-36 neutrino capture per second per targetatom
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detected. Systematical errors take into account 5.5SNU for the 68Ge correction
uncertainty, 1.8 SNU for the side reactions and 4.3 SNU for various efficiencies. On
figure 4 are shown the results for the individual runs.

The predicted production rates are 132 SNU, 125 SNU and 128 SNU for respectively
Bahcall et al.3), Turck-Chi¢ze et al.4) and Berthomieu et al.5). Namely GALLEX
detects only 65% of the predicted signal (26). The first order conclusion is that
GALLEX has for the first time detected the full vpp flux, thus confirming the
hypothesis of the hydrogen fusion in the sun core, and a depletion of roughly one
third of the high energy part of the solar neutrino spectrum (vVg+ Vvge) as claimed by
the two previous experiments (chlorine and Kamiokande).

The SAGE result for its last period (1991) is in good agreement with GALLEX
(85 +22 33+ 20 SNU) and its combined result (58+17 4+ 14 SNU), taking into
account the first period of counting in 1990 12) (20+15 ,9£ 32 SNU), is compatible
within 1c. The statistical significance of the data spreading and the comparison with
Sage result is discussed elsewhere in these proceedings 13).

The three experimental results could be matched either by a =5% solar center
temperature reduction or by assuming matter enhanced neutrino oscillations (MSW
effect). The first assumption seems difficult to be tuned with respect to the solar
model present status. The second assumption would lead, in the case of pure ve—vy,
oscillations, to two possible regions for neutrino mass difference and mixing angle :
Am2=10-5eV2 and sin226=4.10-3 or sin226=0.8 14).

S. Status of the experiment

The exact GALLEX result has important implications on our understanding of the
fusion processes in the Sun and on neutrino properties. Therefore it is essential to
reduce the statistical uncertainty.

The neutrino exposure period GALLEX 11 started on August 19th, 1992, after
transfer of the target solution from the emergency tank to the main tank. This tank has
an improved sparging capability and is equipped with a thimble which will permit the
chromium source experiment. Since this date, 8 solar neutrino runs have been
performed and are now counting. As the first preliminary data come in, they support
our results from GALLEX I and most importantly indicate no surprises following the
transfer of the solution to a completely different and improved tank arrangement. In
particular, after the transfer, 8 technical runs were performed to test our
understanding of a tailing 68Ge release discussed in 10). In these runs the target
solution was heated and then cooled in order to measure the release rates of any 68Ge.
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The release rates basically conform to our model predictions and thus support our
approach to the correction utilized in GALLEX L.

6. Future : the source experiment

The source experiment will be a crucial probe of the validity of the extraction
efficiency and more generally of the whole GALLEX process. It will be done using a
1.9 MCi S!Cr artificial neutrino source (1=40.4d, 5!ICr+ e-— 51V +v,) producing

neutrinos similar to vge produced in the Sun (Ev(90%)=746keV and
Ev(10%)=426keV). This source will be installed in the thimble of the main tank. It
will be obtained after neutron irradiation in the Grenoble Siloe reactor !5 of 40kg of
ultra-pure chromium, enriched at 38% in 5Cr (n+30Cr — 51Cr+).

11 kg of chromium have already been received. The first irradiation will be done
around May 1994 : after two months of exposure, 190 7!Ge atoms will have been
produced, to be compared to the =75 7IGe atoms detected so far. A second irradiation
is planned for middle of 1995. End of 1995, after 3 full years of counting, GALLEX
will have detected about 300 7'Ge decays which will lead to a statistical uncertainty of
less than 10% on the solar neutrino flux.
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ABSTRACT

A radiochemical 71Ga-71Ge experiment to determine the primary flux of neutrinos from
the Sun began measurements of the solar neutrino flux at the Baksan Neutrino
Observatory in 1990. The number of 71Ge atoms extracted from 30 tons of gallium in 1990
and from 57 tons of gallium in 1991 was measured in twelve runs during the period of
January 1990 to December 1991. The combined 1990 and 1991 data sets give a value of 58
+17/-24 (stat) £ 14 (syst) SNU. This is to be compared with 132 SNU predicted by the
Standard Solar Model.
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INTRODUCTION

A fundamental problem during the last two decades has been the large deficit of the
solar neutrino flux observed in the radiochemical chlorine experimentl) compared with
the Standard Solar Model (SSM) theoretical predictionsZ)IS). Recent results of the
Kamiokande II water Cherenkov experiment4) have confirmed this deficit. These results
may be explained by deficiencies in the solar model in predicting the 8B neutrino flux or
may indicate the possible existence of new properties of the neutrino.5) The role new
neutrino properties may play in the suppression of the solar neutrino flux5) can be
determined by a radiochemical gallium experiment. An experiment using 71Ga provides
the only feasible means at present to measure low energy solar neutrinos produced in the
proton-proton (p-p) reaction6). Exotic hypotheses aside, the rate of the p-p reaction is
directly related to the solar luminosity and is insensitive to alterations in the solar models.
An observation in a gallium experiment of a strong suppression of the low energy solar

neutrino flux requires the invocation of new neutrino properties.

THE BAKSAN GALLIUM EXPERIMENT
Extraction Procedure

The experimental layout as well as the chemical and counting procedures have been
described previously and are only briefly outlined here.?)

Each measurement of the solar neutrino flux begins by adding approximately 700 ug of
natural Ge carrier equally divided among the reactors holding the gallium. After a typical
exposure interval of 1 month, the Ge carrier and any 71Ge atoms that have been produced
by neutrino capture are chemically extracted from the Ga using the following procedure.
A weak HCl solution is mixed with the Ga metal in the presence of H2O2 which results in
the extraction of Ge into the aqueous phase. The extracted solutions from the reactors are
combined and reduced in volume by vacuum evaporation. Additional HCI is then added
and an Ar purge is initiated which sweeps the Ge as GeCly from the acid solution into 1.2
liters of H2O. The Ge is then extracted into CCly and back extracted into 0.1 liters of low-
tritium HpO. The counting gas GeHy (germane) is then synthesized and purified by gas
chromatography. The extraction efficiency is measured at two stages of the extraction

procedure by atomic absorption analysis. The final determination of the quantity of



89

germanium is made by measuring the volume of synthesized GeH4. The overall

extraction efficiency is typically 80  6%.

Counting Procedure

The GeHy is then mixed with a measured amount of Xe and inserted into a low-
background proportional counter. The proportional counter (with a volume of about 0.75
cm3) is placed in the well of a Nal detector inside a large passive shield and counted for 2-
4 months. 71Ge decays by electron capture to the ground state of 71Ga with an 11.4 day
half life. The low-energy K- and L-shell Auger electrons and X-rays produced during
electron shell relaxation in the 71Ga daughter atom are detected by the proportional
counter. Pulse shape discrimination based on rise time measurements is used to separate
the 71Ge decays from background. The energy, amplitude of the differentiated pulse, and
any associated Nal signal are recorded for each eventin the counter.

The counter is typically calibrated at one month intervals using an external S5Fe source.
The K-peak acceptance window is then determined by extrapolation from the 55Fe peak.
The extrapolation procedure was verified by filling a counter with 71GeHy together with

the standard counter gas.

EXTRACTION HISTORY

The experiment began operation in May, 1988 when purification of 30 tons of Ga
commenced. The large quantities of long-lived 68Ge (half life = 271 days) produced by
cosmic rays while the Ga was on the surface were removed. New extraction procedures
were implemented beginning with the January 1990 extraction which resulted in the
elimination of radon contamination in the extractions.

Monthly extractions were carried out from January through July of 1990 with
sufficiently low backgrounds to begin measurements of the solar neutrino flux. The May
run had no rise time information which was lost due to electronic problems. Although the
resulting high background gave essentially no sensitivity to the solar neutrino flux, the
May run is shown here for completeness. The extraction sample for the June run was lost
due to a vacuum accident.

Useful solar neutrino data were not obtained after the July 1990 run due to a Cr

engineering test run. Following completion of the test run, a total of about 30 tons of new
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Ga were purified, the gallium used in the previous solar neutrino runs was removed and
the chemical reactors were extensively cleaned, and then the chemical extraction system
was carefully cleaned. Separate extractions of the new and old Ga were carried out in June
and July 1991. Rise time information was lost for the June run due to unstable electronics,
but the background was still sufficiently low that a measurement of the solar neutrino flux
could be made. Beginning in August 1991, combined extractions of the old and new Ga

were begun. The run from October 1991 was lost due to a counter failure.

MEASUREMENT OF THE SOLAR NEUTRINO FLUX

Statistical Analysis

Results from measurements carried out in 1990 and 1991 are reported here. Earlier data
taken during 1989 are not presented here due to the presence of radon and residual 68Ge.

The data analysis selects events that have no Nal activity in coincidence within the 71Ge
K-peak acceptance window. The K-peak acceptance window in energy is a2 FWHM wide
energy cut centered on the K-peak and the inverse rise time cuts are 95% acceptance. A
maximum likelihood analysiss) is then carried out on these events by fitting the time
distribution to an 11.4-day half-life exponential decay plus a constant rate background.

Table 1 shows the results of the maximum likelihood analysis.

Table 1. Statistical analysis of runs.

Extraction Date  Ga Mass Best Fit Nw? 68% CL Probability
(Tons) (SNU) (SNU)
Jan 24, 90 28.7 0 0.367 60 9%
Feb 28, 90 28.6 39 0.310 83 13%
Mar 29, 90 28.5 90 0.035 175 96%
Apr 20,90 284 0 0.060 94 81%
May 22,90 283 79 0.073 204 73%
Jul 24, 90 21.0 0 0.250 149 19%
Jun 28, 91 274 8 0.142 100 41%
Jul23,91 274 27 0.079 131 70%
Aug 25,91 49.3 300 0.050 421 96%
Sep 23,91 56.6 48 0.064 91 79%
Nov 22,91 56.3 75 0.088 131 65%
Dec 20, 91 56.2 93 0.037 147 95%

Combined 1990 and 1991 58 0.094 80 61%
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The data from each of the twelve extractions are shown in Figure 1, which shows the
integral plot of events versus time within the 71Ge K-peak acceptance window. In this
figure, the value of the curve is incremented by one count every time an event occurs and
thus shows the time distribution of 71Ge-like events. The best fit line to each data set is
shown by the dashed line. The Smirnov-Cramer-Von Mises parameter N2 provides a
measure of the goodness of fit9), which is independent of the binning of the data. For this
parameter, it is expected that 50% of the fits should have values greater than 0.119, and
50% less than 0.119. (In some sense, one can consider a N2 value of 0.119 as being
analogous to a X2 value of 1.0.) The probability that a measurement would exceed the
value of N2 determined for each of the runs is also given in Table 1.

Systematic Effects

The systematic uncertainties in the chemical extraction and counting efficiencies were
typically 6% and 10%, respectively, corresponding to a 7 SNU uncertainty.

The systematic uncertainty in extrapolating the inverse rise-time cuts is estimated using
a cut that includes all events not in coincidence with the Nal counter which are within the
energy cut of the K-peak acceptance window with no cut made on inverse rise time. This

results in an uncertainty of 9 SNU (68% CL) for the combined 1990 and 1991 data.
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Figure 1. Data from the 1990 runs (final) and 1991 runs (preliminary).
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In the 1990 data set in which there was an apparent increase in the background at late
counting times (see figure 1) for some runs. The uncertainty in background determination
under the 71Ge decay curve due to possible time variations of the counter background
was checked in a number of ways10). All tests are consistent with the hypothesis that the
apparent increase in background at late times is purely a statistical fluctuation. However,
such a fluctuation could suppress the signal by causing an overestimation of the
background at early times. In order to minimize any assumptions, an uncertainty for any
possible time variation of the background for the 1990 data was assigned to be 30 SNU
(68% CL). A possible time variation of the background was checked for in the 1991 data
and the combined 1990 and 1991 data and none was found. As there is no evidence for
any time variation in the 1991 or the combined 1990 and 1991 data, it is assumed that the
background is constant in time and no systematic uncertainty is assigned for a possible
time variation in the background to the combined 1990 and 1991 data sets.

The final possible systematic effect is due to possible background reactions which could
produce 71Ge and the possible presence of radon, which can mimic a 71Ge signal. The
total background production rate in 30 tons of liquid gallium metal of all germanium
activities has been calculated to be less than 2.5% of the SSM production rate7), resulting
in an uncertainty of 3 SNU (68% CL). The data has been examined to search for a possible
presence of radon. Checks included looking at overflow events, looking outside of the K-
peak acceptance window, looking for delayed coincidences of events, and fitting the data
to allow for both 71Ge and radon. A systematic uncertainty for the presence of radon of 8

SNU (68% CL) was assigned.

RESULTS

The results10) of the analysis of the five runs with rise time selection in the 1990 data
indicated a flux of solar neutrinos of only 20 SNU (statistically one sigma above zero).
However, the large systematic uncertainties of a possible time variation of the background
led to an upper limit of the 71Ga capture rate of 79 SNU (90% CL). With the additional
data from 1991, it appears that the the increased count rates at late times observed in some
of the runs were simply statistical fluctuations. Monte Carlo simulations of the data
indicate that both the 1990 and 1991 data are statistically distributed as expected with a
central value of 58 SNU.
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For the combined 1990 and 1991 data, the rate was determined to be:
71Ga Capture Rate = 58 + 17/-24 (stat) + 14 (syst) SNU.
This assumes that the extraction efficiency for 71Ge atoms produced by solar neutrinos is
the same as that measured using natural Ge carrier. This corresponds to 24 counts

assigned to 71Ge decay, compared to the SSM prediction of 55 counts.
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Figure 2. Best fit values and 1-6 uncertainties for each of the runs during 1990 and 1991,

together with the best fit value and 1-o uncertainty for the combined 1990 and 1991 data.

EXTRACTION EFFICIENCIES
While all available information leads one to expect that the extraction efficiency for
71Ge atoms produced by solar neutrinos should be the same as for the carrier, it is
important to test this assumption. A test to search for possible losses in the extraction of
71Ge atoms was carried out by doping the Ge carrier with a known number (6555 *+ 359) of
71Ge atoms. The doped carrier was added to one of the reactors holding 7 tons of gallium,
three successive extractions were carried out, and the number of 71Ge atoms in each

extraction was determined by counting. The overall chemical extraction efficiency was
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determined to be 101 * 5%, while that for the 71Ge was 99 + 6/-8%, indicating that the
extraction efficiency of the natural Ge carrier and 71Ge track closely.

The measurement with the 71Ge doped carrier does not test for possible losses which
might occur during the formation process. In inverse beta decay, the resultant 71Ge atom
may be in an excited state and in some fraction, the 71Ge atom is ionized. It is possible,
albeit very unlikely, that these excitations may drive some chemical reaction which may
result in the 71Ge atom being tied up in a chemical form which we cannot efficiently
extract. That atoms which have been produced in excited states can be extracted from
metallic gallium has been demonstrated at some level during the cleanup of the gallium,
as we efficiently extracted in excess of 99.9% of the cosmogenic 68Ge.

We are currently carrying out a set of measurements in which we look at beta decay
of Ga isotopes in the gallium. In the sudden impulse approximation, atomic excitations of
an atom during beta decay should be the same as those in inverse beta decay. In this
experiment, we have taken a few grams of gallium from the reactors and then chemically
removed all of the residual Ge carrier. The gallium was then irradiated to form several pg
each of 70Ga and 72Ga by (n,y) reactions. The 70Ge and 72Ge subsequently decay to stable
70Ge and 72Ge with half-lives of 21.1 minutes and 14.1 hours, respectively. The gallium
metal is kept liquid (in order to simulate conditions in the solar neutrino runs) and
allowed to sit for a few weeks so that all of the 79Ga and 72Ga has decayed. The stable
#0Ge and 72Ge are then extracted from the irradiated gallium using the same procedure as
in the full scale solar neutrino runs. Both the absolute amounts of 70Ge and 72Ge and
their ratio are determined by mass spectroscopy. Preliminary results show the efficiencies
for 70Ge and 72Ge to be 98% and 92%, respectively, with uncertainties of + 10%. Thus, it
appears that 70Ge and 72Ge are formed in the amounts expected.

Finally, an experiment using a neutrino source is planned in order to test the overall
extraction efficiency in situ. A suitable neutrino calibration source can be made using
51Cr, which decays with a 27.7 day half-life by electron capture, emitting monoenergetic
neutrinos of 751 keV (90.2% BR) and 426 keV (9.8% BR). An engineering test run with a
lower-intensity 51Cr source was carried out during the fall of 1990. A full-scale calibration

run is scheduled for 1994 using a 1-MCi 51Cr source.
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CURRENT STATUS AND FUTURE PLANS

With the combined 1990 and 1991 data sets, SAGE is observing a signal consistent with
71Ge produced by solar neutrinos. The first results from SAGE, and the data from 1991
appear consistent taking into account the systematic uncertainties. The combined data
sets show a good overall fit to a value of 58 SNU. However, these results are still based on
limited statistics and assume that the extraction efficiency for 71Ge atoms produced by
solar neutrinos is the same as that measured using natural Ge carrier. It is clearly
necessary to accumulate more data with higher signal to noise and better efficiencies, as
well as to test the extraction efficiency with a S1Cr artificial neutrino source.

Intensive work has been carried out to reduce noise pulsing and backgrounds in the L
peak. Preliminary data indicates that beginning with the September 1992 run, we are able
to count the L peak, which will almost double our counting efficiency.

Preparations are also underway to fully calibrate the system using an artificial Sicr
source. We expect tobe able to carry out this experiment in 1994.

Finally, we are continuing to study possible systematic effects from the data, including

additional studies of possible background sources and Monte Carlo simulations.

CONCLUSIONS
Different SSMs predict that the total expected capturerate in 71Ga to be in the range2)s
3) of 125 to 132, with the dominant contribution (71 SNU) coming from the p-p neutrinos.
The minimum expected rate in a Ga experiment, assuming only that the Sun is presently
generating nuclear energy at the rate at which it is radiating energy, is 79 SNUS).
Observation of significantly less than 79 SNU in a gallium experiment is difficult to
explain without invoking new neutrino properties.

The first measurements from a gallium solar neutrino experiment have observed
fewer 71Ge atoms than predicted by the SSM. From the 1990 and 1991 data, we observe
only 44% of the predicted flux. Assuming the extraction efficiency for 71Ge atoms
produced by solar neutrinos is the same as for natural Ge carrier, the first measurements

indicate that the flux may be less than that expected from p-p neutrinos alone.
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Radiochemical Solar Neutrino Experiments

JAMES RICH AND MICHEL SPIRO
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INTRODUCTION

This review will cover the three presently running radiochemical solar neutrino
experiments, namely the Chlorine, SAGE and GALLEX experiments. It is mostly
focussed on a discussion of statistical consistency checks of the data available to us.
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THE CHLORINE EXPERIMENT

Since 1967 Davis [1] and co-workers have performed a pioneering experiment

by extracting 37Ar atoms created by the reaction v, + 37Cl1 — 37Ar + e, (threshold
814 keV) from a tank of 615 t of tetrachlorethylene C,Cl4. The steps in the
experimental procedure (see figure 1) are:
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FIGURE 1. Schematic view of the Chlorine experiment [1].

1. At the beginning of a run approximately 0.2 cm3 of either 36Ar or 38Ar is added to
serve as a carrier.

2. The tank is exposed for the desired length of time (about 80 days).

3. After exposure, the argon (carrier and produced 37Ar) is removed by circulating a
large quantity of He through the tank. The argon is then separatedfrom the helium in a
charcoal trap cooled to the temperature of liquid nitrogen where argon is absorbed.

4. The Argon is transferred from the heated charcoal trap to a line where it is purified
and its volume is measured (recovery efficiency measurement). It is then loaded into a
small (0.3 - 0.5 cm3) proportional counter along with tritium-free methane which
serves as a counting gas.

5. The sample is counted for approximately 8 months and often longer.

6. The carrier yield is verified by mass spectroscopy of the argon.

The 37Ar decays by electron capture: 37Ar + e~ — 37Cl + ve+ X rays . The
resulting hole in the K shell can give X rays and Auger electrons with a total energy of
2.5 keV. The counter is designed to measure these electrons. They show up in a rise-
time versus energy window (fig.2) since we expect these events to be fast (point like
ionization) and with a well defined energy. The half life of the decay is 35 days. On
the other hand the background due to radioactivity in the counter and shielding has
flatter rise-time and energy distributions and occurs randomly in time.
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FIGURE 2. Plot of rise-time versus energy for the first counting period of run 83.

For the period 1970-1992 the data were analyzed to give about 600 counts of
37Ar. This gives an uncorrected 37 Ar counting rate of about 6 events per run. The
evidence for 37 Ar is striking. The energy distribution (fig.3a and fig.3b) obtained by
combining all the runs (first 70 days of counting) show a clear peak which is absent
when selecting the events which occur after 105 days). The time distribution (fig. 3c)

of the events occuring in the peak region is clearly compatible with the 37Ar lifetime
plus a time independent background.
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FIGURE 3. Energy spectra and time distribution showing evidence for 37Ar
production in the Chlorine experiment.a) Energy spectrum in the first two half lives
after the end of extraction.b)Same after three half lives. ¢) Time distribution for the
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The data are analyzed by a maximum likelihood method assuming a time

independent background and a 37Ar decaying component. The results are shown for
each run in figure 4 which all together give the combined value: 2.3 + 0.3 SNU.

3]
T

T
S

N
[N >
Number of SNU
Number of sunspots

Number of *’Ar atoms / day

o o
- w
T 5
—_—
——
N
—_—
e
R
-
E——
.y

Lxx‘v A DY S S N S N SO VA SO S \ 200

L . !
70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 BS 86 87 B8 89 90 9|

Year

FIGURE 4. Results of the Chlorine experiment for all runs.

We have analyzed through Monte-Carlo simulations whether or not these data
depart from statistical behaviour, by assuming a constant production rate of 0.5 37Ar
arom per day. We take the background distribution, the efficiencies and the dead times
roughly as they were observed in the actual experiment. In fig. 5 we plot the histogram
of the production rate for individual runs as expected from this Monte-Carlo and
compare it with the data (97 runs). The peaks at zero are due to negative values which
occur due to statistic fluctuations and which are then forced to zero. To quantify the

agreement, we compare the width of the two distributions (0=.28 atoms for Monte-

Carlo, 6=.32 for data). By running Monte-Carlo experiments of 97 runs, we estimate
a 5% probability of finding a width of the distribution broader than that observed in the

actual experiment. Our analysis shows then that at a 26 level, there is no hint for a
non poissonian behaviour of the data. We emphasize that our Monte-Carlo is very
simple and ignores variations in experimental procedures or efficiencies that would
widen the distribution.

It has often been claimed that the Chlorine data show a time dependence. Any
significant time dependence of the production rate would have induced a significant
increase of the width of the distribution through the convolution of the spread due to
the time dependence and the spread due to to Poisson statistics. Quantitatively, the

width of the experimental.distribution is less than 6=0.36 37Ar production rate per

day. We can then exclude any time dependence with a spread greater than 0.2 37Ar
production rate perday or equivalently 1 SNU.
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It has been suggested in [2] that the time distribution for events in 6 runs where
a low production rate was observed is not consistent with that expected for 37Ar decay
and a time independent background. The suspect distribution is shown in figure 6
along with that for 9 runs where a high production rate was observed. We have used
the Smirnov-Cramer-Von Mises Nw2 parameter together with the Monte-Carlo
simulations to determine whether or not the two distributions are consistent with
expectations. We find 6% confidence level for the high runs and 17% for the low
runs which indicates again that there is nothing pathological with the time distributions
of those runs.
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The result of the Chlorine experiment (2.25 £+ 0.3 SNUs) , when compared to
the predictions of the Sun Standard Models, which range from 6 to 8 SNUs [6], is the
strongest evidence of the solar neutrino problem. It cannot be discarded easily since
this experiment is probably the simplest of all solar neutrino experiments performed so
far and since the statistical tests applied to this experiment do not show any evidence
for something pathological. Moreover, according to our analysis, no individual runs
can be discarded in view of statistical arguments, and the results of the chlorine
experiment are compatible with a stable behaviour as a function of time at the 2.0
sigma level.

More recently, the Chlorine collaboration presented a new analysis of the data
based on an energy weighting procedure. The final result does not change, but the
results run per run do change. We cannot discuss here whether the new distribution
agrees with Poisson statistics. This would have to be done by the Collaboration itself.

FIRST RESULTS OF THE GALLIUM EXPERIMENTS

Two experiments are now underway, SAGE in USSR which published the
first results in December 1991 [3] and GALLEX in Italy, which published their first
results in June 1992 [S]. The recipes are similar to that of the Chlorine experiment:
introduce 1mg of inactive germanium in the 30t of Gallium, expose the Gallium to

solar neutrinos in a low background environment, extract by a chemical method the
solar v-produced 71Ge atoms together with the inactive Germanium, transform into a

counting gas (GeHy), fill a proportional counter and count the decays of 71Ge (11.4 d
half life). The main difference is that the SAGE experiment uses metallic liquid
Gallium target while the GALLEX experiment uses acidic aqueous Gallium Chloride
solution. This induces important differences in the chemistry.

SAGE

The Soviet-American Gallium Experiment is being performed by the Moscow-
Los Alamos-Pennsylvania Collaboration. It is located in the Baksan Valley in the
Caucasus mountains (Russia) under about 4700 meter water-equivalent of rock. The
Gallium (now 60 tons) is in the form of of gallium metal contained in several tanks (7
tons each) equipped with stirrers and heaters that maintain the temperature above the
melting point (29.8 C) (fig.7).

Q
4

TIATINL ~ ooy L AT



103

SAGE started to take data in January 1990 and presented results for the first
five exposures during year 1990. The data used the first 30 tons of gallium target. The
expected rate for 30 t target and 132 SNU is 1.2 71Ge atom created per day and the
exposures last about 4 weeks. Taking into account all the efficiencies, one expect to
observe only 3 desintegrations due to 71Ge K electron capture (1Ge + K e — 71Ga +

v + X-rays + Auger electrons). Four of the runs had preferred values of 0 SNU.

Altogether they published [3] an average result of 20 SNU, an upper limit of 55
SNU (68% C.L.) and 79 SNU (90% C.L.). More recently they announced the results
they obtained in later runs when they increased the total mass of gallium from 30 to 60
tons [4]. This is shown on fig.8. A signal seems now to emerge. The preliminary
value for a combined analysis of all runs is 58 + 20 (stat) + 14 (syst) SNU [4].
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FIGURE 8. Results for all runs of the SAGE experiment.

Again, we have performed Monte Carlo simulations and compared the expected
distribution of the number of SNU for individual runs to the measured one (fig. 9).
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The agreement is good. We have even performed Monte-Carlo experiments of
5 runs, like in the first publication of SAGE, and found that there is a 10% probability
to find an average result lower or equal to 20 SNUs. This is due to the poor statistical

level reached so far by this experiment. This can be seen on fig.10 which shows the
combined time distribution for all the runs. The excess at small times is the evidence
for the signal which seems to emerge now. The number of excess events is around 25.
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ALLEX

Gallex is located in the Gran Sasso Underground Laboratory in Italy and is
being performed by the Heidelberg-Karlsruhe-Munich-Gran Sasso-Milano-Roma-
Nice-Saclay-Rehovoth-Brookhaven collaboration. Fig. 11 shows a schematic view of
the detector. The 30.3 tons of Gallium are in the form of a solution of GaClj3 acidified
in HCl. The Ge atoms form the volatile compound GeClg. At the end of 3 weeks
exposures, these molecules are swept out by bubbling a large flow of gas (N3)
through the solution. A concentration step is then followed by a transformation of the
GeCls into GeHy. A small amount of given stable isotope of germanium is added as a
carrier in the tank before each run. Its purpose is twofold: to check the extraction
efficiency and to be used as the counting gas which fills a small (1 cm3) proportional
counter.

The small proportional counters are made with ultrapure material and have been
built specially for this experiment. The experiment is sensitive to both K-shell and L-
shell electron captures in the decay of 71Ge atoms. Seven counts (for 132 SNU) are
then expected after each run, in the K and L regions. The data used in the analysis
consist of 14 runs taken from May 1991 to May 1992. They are now published [5].
There is compelling evidence for a signal: the peaks in energy at 1.2 keV and 10 keV
for L and K electron capture are seen, the 11.4 half life of 7!Ge is well identified over
a flat background (Fig.12) both for the combined energy spectrum and time

distribution of all runs. Fig. 13 shows the results for all runs together with the
combined result of 83 X 19 (stat) + 8 (syst) SNU.

FIGURE 11. Schematic view of the GALLEX detector.
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Here also, the Monte-Carlo expectations on the distribution of the number of
SNU for individual runs and for the data agree (fig. 14).
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FIGURE 14. Comparison of the SNU distribution expected from Monte-
Carlo and the measured one (14 runs) for GALLEX

We have also performed extensive Nw?2 analyses to verify that the time
distributions of individual runs are consistent with that expected for 71Ge decay and
background. The Nw? distribution for all runs is compared with Monte-Carlo

distribution (Fig. 15).
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By performing Monte-Carlo of the full experiment (14 runs, we compare the
actual observed average Nw?2 to the expected average distribution. We find a 30%
probability to find an average larger than the actual measured value. Finally we have
recently completed GALLEX phase I, namely by adding SR15 and completing the
counting time of SR1 to SR14. The result is stable: 82 + 17 £ 8 SNUs.

CONCLUSIONS

The chlorine radiochemical experiment is conceptually simple and shows no
strong indication of any statistical anomalies. It still forms the basis of the solar
neutrino problem. Each of the two gallium experiments shows internal statistical
consistency. SAGE's recent preliminary results are consistent with the published
GALLEX results. If this convergence is confirmed by a more definitive analysis, we
would suggest that the combined result of the two gallium experiments, SAGE and
GALLEX, (74 £ 15 SNU combining statistical and systematic errors) be used for
comparisons with theoretical expectations.
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FROM KAMIOKANDE AND SUPER KAMIOKANDE

The Kamiokande Collaboration

Presented by;
Kenji Kaneyuki
Department of Physics, Tokyo Institute of Technology
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ABSTRACT

The current status of Kamiokande solar neutrino observation is presented. The preliminary
result based on 1040 + 395 live days of Kamiokande-II and Kamiokande-III gives the relative
8 B solar neutrino flux to the prediction of Standard Solar Model; gg',:‘, = 0.49+£0.04+0.06. And
there is no statistically significant time variation of solar neutrino flux observed in Kamiokande
on the full solar neutrino observation period. And the current status of Super Kamiokande is

also presented.
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1 Introduction

The solar neutrino observation was started by Davis using the 3’C detector in 1969 [1]. And the
large deficit in the observed neutrino capture rate to a theoretical one gives so-called “the solar
neutrino problem”. Now, there are four solar neutrino experiments in operation, Homestake,
Kamiokande [2], SAGE (3] and Gallex [4], and the deficit in the observed neutrino flux to a
calculated one by the standard solar model (SSM) [5] is reported by each experiment. Therefore
the solar neutrino problem has remained unsolved and it has been one of the most interesting
problems in elementary particle physics and astrophysics. A lot of solutions have been presented
to explain this large discrepancy; modification of solar model, neutrino oscillations, magnetic
mornent of ncutrinos and so on. However, more appreciation of the solar model as well as more
experimental data are needed to solve this problem .

In KKamiokande, solar neutrinos are detected through the elastic scattering of a neutrino
an the electron, therefore the threshold energy of solar neutrinos is higher than other radio
chemical experiments. The energy threshold of the 37Cl experiment is 0.814 MeV and ? Be and
8B ncutrinos can be observed, and the Ga experiments can detect pp neutrino with an energy
threshold of 0.233 MeV. However, Kamiokande have a big advantage to the solar neutrino
obscrvation. In the detector, neutrinos from the sun interact with electrons, and the recoil
clectrons cmitting Cerenkov photons are detected on real time, and the direction and energy
of the recoil electrons are determined event by event. The angular distribution of the recoil
clectrons with respect to the direction to the sun gives a clear peak of the signal against flat

background, therefore the signal can be clearly distinguished from the background.

2 Kamiokande experiment

KAMIOKA nucleon decay experiment is a large ring-imaging water Cerenkov detector and
started its operation in 1983 in search of nucleon decays. For the solar neutrino observation,
the detector was upgraded in 1985 to lower the trigger threshold. A new electronics system
was installed to measure timing information. An anti-counter surrounding the inner detector
was constructed for vetoing of the external background, and the detector was also air-tighted
for the reduction of background coming from ??2Rn. Thanks to these improvements, the solar

neutrino observation could be started in January 1987 with an analysis threshold of 9.3 MeV.
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The analysis threshold was then lowered to 7.5 MeV by the gain doubling of photomultiplier
tubes after we accumulated the 450 live days of solar neutrino data. Kamiokande-II shut down
for the replacement of dead photomultiplier tubes in April 1990 until when a total of 1040
live-day solar neutrino data was taken. And we restarted our solar neutrino observation with
new electronics and a reflective mirror attached to each photomultiplier in December 1990. In
this paper, the preliminary result is presented from the 395 live-day data in Kamiokande-I1I.

The Kamiokande-III detector is a 2140 ton water Cerenkov detector located 2700 m.w.e un-
derground. The 948 20-inch photomultiplier tubes are set on the inner surface of the cylindrical
inner detector, and inner tank is surrounded by the 47 solid-angle anti counter with 123 20-inch
photomultiplier tubes for vetoing external cosmic rays and gamma rays from the rock. The
fiducial volume of the solar neutrino analysis is defined to be 680 tons. The trigger thieshold is
set ~ 5MeV for an electron with 50% efficiency. The energy of a low energy event i:s estimated
by the number of photomultiplier tubes which detect Cerenkov photons. The energy calibration
is made by 9MeV 7-rays from the Ni(n,y)N:" reaction. And the error in the absolute scale is
estimated within 3%.

The improvements of the detector are replacement of electronics with a betier timing res-
olution, higher light collection area due to a reflective mirror attached to each photomultiplier
tubes, and better timing resolution of photomultiplier tubes which replace the dead photomul-
tiplier tubes. The energy resolution in Kamiokande-III is 19% and position resolinion is 1m
at 10MeV for an electron compared with 20% and 1.1m respectively in Kamiokande 11. The
angular resolution is 28% for a 10 MeV electron because the angular resolution is limited by

the Coulomb multiple scatterings in water.

3 Data analysis

Even with the large volume of detector, the event rate of solar neutrinos is as low as 0.8
events/day with 7.5MeV threshold. Therefore, the signal has to be selected from a overwhelm-
ing background such as external  rays, 3 rays from !4 B, spallation products generated by en-
ergetic cosmic ray muons. The analysis chain of the solar neutrino observation in Kamiokande
is as follows. First, low energy events are selected, and reconstructed using the timing and

charge information, and the position, direction and energy of the events are determined. Then
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the events in the fiducial volume are selected to remove external y rays. Subsequently, the
spallation prod}lcts are eliminated using the timing and the spatial correlation of the low en-
ergy event with the preceding muons which generate the spallation products. Finally, the
remaining external 4 rays in the fiducial volume are removed using the directional information,
because external « rays come into fiducial volume normal to the detector surface. After these
selections, a final sample of 1693 events is obtained during 395 days of detector live time in
the Kamiokande-III. The trigger rate in Kamiokande-III is about 1Hz, among which, 0.37Hz
comes the cosmic ray muons. The low energy event rate in the all detector volume with an
energy threshold of 7.5 MeV is 380 events/day, 23 events/day after the fiducial volume cut,
6.8 events/day after the spallation cut and the event rate in the final sample is 4.3 events/day.
Figure 1 shows the event rate at each reduction step as a function of recoil electron energy.
Figure 2 shows the event rate of the latest few month’s data in the fiducial volume as a
function of recoil electron energy in the Kamiokande-III compared with that of the first half year
data in Kamiokande-III. The study of removal of low energy background has lowered the event
rate, the event rate at the threshold of 7.5 MeV during the first half year of Kamiokande-III

operation is equivalent to that at 7.0 MeV threshold in the latest few month’s operation.

4 Result

Figure 3 shows an angular distribution of the final sample with an energy threshold of 7.5 MeV
during 395 live days. A clear peak at cosf,,» = 1 and an isotropic background are seen, where
0,.. is the angle between the direction of an event and that from the sun. From this angular
distribution and energy distribution of the recoil electrons, a relative 8B solar neutrino flux is

obtained as follows;

data

SoM = 0.55 £ 0.07 £+ 0.06

where SSM is the central value calculated by Bahcall and Ulrich 1988, ie., 6,(8B) = 5.8 x
10%crm~?sec™!, and the quoted errors are statistical and systematic, respectively. The solid line
in this figure shows the prediction by Standard Solar Model, and the dashed line shows the
best fit. This result is consistent with the Kamiokande-II result of 0.46 + 0.05 + 0.06 within

the statistical errors. The combined result of the Kamiokande-II 1040 live day data and the
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Kamiokande-IIL 395 live day data gives;

data
SSM

= 0.49 £0.04 £ 0.06

The 3'Cl experiment claimed an anti-correlation of sun spot number with the observed solar
neutrino flux [6]. Figure 4 (a) shows the observed neutrino flux relative to SSM as a function
of time, where each data point contains approximately 200 live-days data, while Figure 4 (b)
shows the sun spot number as a function of time. From these figures, there is no statistically

significant tirne variation of solar neutrino flux observed in Kamiokande during this period

which includes both solar minimum and maximum periods.

5 Super Kamiokande

Super Kamiokande is a 50,000 tons water Cerenkov detector with 11200 20-inch photomultiplier
tubes. In Super Kamiokande, significantly higher statistics with a better detector performance
can be obtained than in the current Kamiokande. Now, the excavation of the detector site and
production of 20 inch photomultiplier tubes are going on. The data taking will be started in
April 1996.

Table 1 shows the summary of the detector performance of Super Kamiokande compared
with Kamiokande-II. The improvement of the photomultiplier tubes and higher photosensitive
coverage is essential to the improvement of detector. New 20 inch photomultiplier tubes to
be developed for Super Kamiokande have a better timing resolution and a better charge re-
sponse than the current 20 inch photomultiplier tubes, and the photosensitive coverage in Super
Kamiokande s twice larger than in Kamiokande-II. They will lead to better energy and position
resolutions, 16%/v/E and 50cm at 10 MeV for an electron compared with 20% and 110cm in
Kamiokande-II respectivelly. And these better energy and position resolution are essential to
remove the low energy background. In the case of observation of solar neutrinos, 100 times
higher statistics, namely, 23 events per day can be obtained at an energy threshold of 5 MeV
in Super Kamiokande than in the current Kamiokande. And the energy spectrum of the recoil
electrons will provide a decisive test of neutrino oscillations. Figure 5 shows expected energy
spectra of the non-adiabatic and the quasi-vacuum cases allowed by Homestake, Kamiokande
and Gallex experiments during 3 year’s operation of the Super Kamiokande dctector. This

figure shows a clear difference between the non-adiabatic case and the quasi-vacinm case in
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the shape of energy distribution. Of course, a lot of physics will be also anticipated from Super
Kamiokande, i.e., nucleon decays, atmospheric neutrinos, super novae neutrino, relic neutrinos

and so on.

6 Conclusion

In conclusion, the solar neutrino observation in Kamiokande-III has successfully continued.

The preliminary result from 395 live-day data in Kamiokande-III gives a relative neutrino flux:

;g"‘} = 0.55 £ 0.07 £ 0.06 and it is consistent with the published Kamiokande-II result. The

combined result gives ;g;‘} = 0.49 £+ 0.04 £ 0.06. And no statistically significant time variation

has been observed based on the full solar neutrino observation period. And Super Kamiokande,

a next generation experiment now under construction, will start data taking in April 1996.
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Non adiabatic
Am? = 10-522
5in220 = 10~215

Quasi vacuum
Am? = 10750
5in?20 = 107022

Figure 5: The energy spectra relative to the standard solar model calculation for typical neu-
trino oscillation parameters in the non-adiabatic (Am? = 107522 5in?26 = 10~%1%) and the
quasi-vacuum (Am? = 107>, 5in220 = 107%?2) regions allowed by Homestake, Kamiokande

and Gallex.

Table 1:
Kamiokande-II.

KAM-II | Super KAM
detector 16mh 41mh
x19me x39m¢
total mass 3000t 50000t
fiducial mass 2140t 32000t || super novae
1040t 22000t [ p decay
680t 22000t § solar neutrino
anti counter 1.5m 2m
number of PMT 948 11200
photosensitive 20% 40%
coverage
TTS of PMT 4nsec 2.5nsec | 1 p.e.
Energy 3.6%/VE| 2.6%/VE|e(GeV)
resolution 20%/VE| 16%/VE |e(MeV)
position 110cm 50cm | 10MeV e
resolution 15cm 10cm | p — eta®
trigger threshold | ~ 5MeV | 4 ~5MeV
analysis threshold |  7.5MeV SMeV | solar neutrino
e/ separation 98% 99%

Summary of the detector performance of Super Kamiokande compared with
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SNO, A MULTIFUNCTION SPECTROMETER FOR SOLAR NEUTRINOS

B. C. Robertson
Physics Department, Queen’s University
Kingston, Ontario, Canada K7L 3N6

ABSTRACT

The present plans for detector layout and the expected performance characteristics of the
Sudbury Neutrino Observatory are described. Details of the controlling factors for the data
quality of the p and 7 neutrino signal are discussed, as well as expected sensitivity of the
observed ®B spectrum to different neutrino oscillation scenarios.
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The Sudbury Neutrino Observatory (SNO) detector is a 1000 tonne D;O Cerenkov
detector, designed to be sensitive to all neutrino types as well as being able to provide detailed
spectral information about solar neutrinos. The detector is located 6800’ underground in
INCO's Creighton mine near Sudbury, Ontario. The great depth of overlying rock assures
that there will not be a significant cosmic ray background. The detector itself consists of
1000 tonnes of D20 contained in a 6 m radius, 5 cm thick transparent acrylic spherical shell
suspended in the centre of the detector cavity by 20 low-activity ropes. Surrounding the D,O
at an innerradius of 8.5 m are ~ 9450 20 cm dia. Hamamatsu photomultiplier tubes (PMTs).
These are mounted in panels on a stainless steel geodesic support structure which in turn is
held in place by cables suspended from the deck. The cavity is filled with low-activity H,O
which serves both as a neutrino target and a shield for the D;0. The general layout of the

detector is illustrated in Figure 1.
ety

support
cables

acrylic
vessel

H;0 shielding

BT
PMT
support structure

Figure 1: Detector Configuration

The light-collecting area of the PMTs is increased by 87% to 59% of 47 through the
use of light-concentrating reflectors placed on the PMT front face. The reflectors also restrict
the effective view to a 7 m radius sphere concentric with the D,0. A recent addition to the
detector design is a cosmic ray veto consisting of about 100 outward-looking PMTs without
reflectors. The energy threshold for analysis is approximately 5 MeV so that the detector will
only be sensitive to ®B neutrinos from the sun. However, as will be discussed later, ongoing
improvements indicate that a somewhat lower threshold should be achieved.

The basic property that gives the SNO detector its unique capabilities is the D,0
target, which allows neutrinos to be detected via three different reactions with quite different
characteristics. The first reaction (Charged Current),

ve+d—ptptet
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produces energetic electrons approximately 1.4 MeV lower in energy than the incident neu-
trino. This reaction allows a very good spectral characterization of the incident neutrino flux
and so is a sensitive indicator of possible ®B spectral distortions.

The second reaction (Neutral Current),
ve+d—p+ntv,,

is equally sensitive to all neutrino types and so provides a good measure of the total solar
neutrino flux above the 2.2 MeV threshold for this reaction. The neutrons will be identified by
one of two different mechanisms: detection of high-energy vy-rays from neutron capture in the
chlorine from 2.5 tonnes of NaCl dissolved in the D,0, or direct detection of neutrons using
112 3He neutron counters distributed throughout the D;O (no salt added). Both techniques
will be used, but not simultaneously.

The third reaction (Elastic Scattering),

Vet+e—=vz+e,

is mainly sensitive to electron neutrinos but also weakly sensitive to 1 and 7 neutrinos. This
reaction only has about one-tenth the strength of the charged current and neutral current
reactions. It has poor energy response but very good direction sensitivity. This fact has been
used to good effect in the Kamiokande detector.

A Monte Carlo calculation of the expected detector performance is shown in Figure 2 for
a running period of one year with salt. Only events that have been reconstructed to be inside
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Figure 22 Monte Carlo calculation of signal and background spectra, D,O plus salt.
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the 6 m radius containing the D;O are included. The curve labelled CC (charged current)
gives a good characterization of the 8B spectrum, and is shown for an assumed intensity of
one-third of the “standard solar model” (SSM) value of 5.7 x10% v -cm™? - s™! at the earth’s
surface. The curve labelled NC is due to neutral current interaction neutrons that generate
chlorine neutron capture v rays. The intensity shown is for a full SSM neutrino flux. For
clarity the expected elastic scattering yield is not shown.

In addition to the neutrino signals there are several backgrounds that arise from contam-
inants in various parts of the detector. The background labelled internal is due to cascades
of B and v radiation emitted at the bottom of both the uranium and thorium decay chains
in the heavy water, the acrylic vessel and light water. Thorium in the acrylic vessel is the
dominant component of the internal background, which itself is the dominant background
from about 3 to 6 MeV. At lower energies the background is due to the same uranium and
thorium activities in the photomultiplier components (the background labelled PMT). At en-
ergies greater than about 6 MeV the main background (labelled Cavity) is due to high-energy
4 rays from activity in the surrounding rock that reach the D20.

Underlying the neutral current signal is a neutral current background - neutrons cre-
ated by photodissociation of deuterons by the same v-ray flux responsible for the “internal”
background. Here again, thorium is the main activity responsible for background neutron
generation. The various components responsible for the neutral current background are given
in Table 1, together with their assumed thorium contamination level and their contribution
to the neutral current background. The background contributions are listed in terms of chlo-
rine captures so that they can be compared directly with the neutral current signal chlorine
capture rate, which is 3650 per year for the full standard solar model. The main contributors
to the background are the D,0O and the acrylic vessel. The acrylic vessel contribution is lower

Table 1: Neutron Captures, D;O + NaCl

Component | Mass | Th Level | Th Mass | Cl Captures

(t) (g/g) (1g) (1)

D.0O 1000 | 1.1x10-'4 11 950
NaCl 2.5 1 x10-12 2.5 210
Acrylic 30 2 x10-12 60 1100
Support Ropes | 0.12 | 4 x10-1° 50 170
H,0 1670 | 2 x10-'4 33 25
PMTs 9.5 8 x10~% | 760,000 25

than its thorium load would indicate because the associated neutrons have a relatively high
probability of escaping into the light water rather than being captured in chlorine. In fact all
the thorium sources external to the D,O generate neutrons only at the edge of the detector
which therefore have a relatively high escape probability. Furthermore chlorine captures due
to the acrylic and the other external sources can be identified by their distinct radial distri-
bution, so that their effective contribution to the neutral current background can be reduced
to a residue from an explicit fit to about 20% of the initial value. This is approximately
equivalent to reducing the radial fiducial cut for these backgrounds from 6.0 to 5.5 meters.

The expected signal to background ratio for the neutral current data can be discussed
using the above considerations. It can be seen from Figure 2 that the daily neutral current
signal for a threshold of 5 MeV would be about 7.0 counts per day. For the same energy
threshold the corresponding neutron background would be about 4.0 counts per day. Ac-
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counting for the external neutron background using its radial distribution would reduce the
background to about 2.6 counts per day. It is also expected that as a result of significant
improvements in radiopurity that have been achieved, the acrylic vessel is likely to be about a
factor of ten cleaner than the value listed in Table 1. Similarly initial evaluations of the water
purification system performance have resulted in the design aim for the light and heavy water
being improved by a factor of ten. Incorporating these changes would reduce the neutron
background to about 0.7 per day, and allow considerable confidence in the neutral current
measurement of the total e + p + 7 neutrino flux using the SNO detector.

The spectral sensitivity of the SNO detector provided by the charged current signal
can also yield valuable information. The existing results from the chlorine and gallium ra-
diochemical experiments together with those of the Kamiokande water Cerenkov detector
have been widely interpreted in terms of the MSW effect. In particular, the analyses !
indicate that the combined results are consistent with a non-adiabatic MSW solution in
the region of ém? ~ 6 x 10=%eV?, sin?26 ~ 7 x 103 and with a large-mixing solution of
§m? ~ 8 x 10~%¢V?,sin? 26 ~ 0.6. A Monte Carlo calcualtion of the charged current spec-
trum accurnulated in one year for these two cases is shown in Figure 3. For easier comparison
the data have been binned in 1 MeV intervals, and the 1 o statistical uncertainties are in-
dicated. No contribution to the error from other yields has been included. The spectrum
shows a statistically significant relative suppression of the non-adiabatic yield for energies
below about 6 MeV compared to the large mixing case.
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Figure 3: Monte Carlo calculation of the charged current spectrum of MSW solutions.

The strong divergence in shapes below 6 MeV indicates the importance of achieving as
low a threshold energy as possible. The nominal threshold value of 5 MeV is the approximate
energy where the CC signal level meets the internal background (Figure 2). The improvements
in both the acrylic and water purity levels discussed earlier would lower the threshold up
to about 200 keV. Also, initial estimates of the effect of the protective coating on the PMT
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reflectors indicate that the gain for the acrylic and H,O component of the internal background
should be reduced relative to that for the CC and NC signals. This also would result in an
effective reduction of the threshold of up to 200 keV. These changes will clearly improve
SNO'’s ability to constrain possible MSW solutions.

The combined chlorine, gallium and Kamiokande results have also been shown to be
consistent with a range of so-called “just so” neutrino oscillations 2 (also described as long
wavelength oscillations or LWO). In this case the vacuum oscillation length is comparable
to the sun-earth separation, causing strong suppressions in different energy regions. The
parameter space consistent with the data spans a segmented band in §m? — sin® 26 space
ranging approximately from 0.5 to 1 x10-!° eV? in ém? and from 0.5 to 1.0 in sin?26.
In order to indicate the shape sensitivity of the charged current spectral shape to changes
within this band of solutions, a Monte Carlo calculation of the spectrum accumulated in
one year for paramters near each of the ends of the allowed band is shown in Figure 4.
Again the 1 o statistical uncertainties have been shown. The spectra shown are for §m? =
1.1 x 107%V2,5in?26 = 1.0, at the top of the allowed band (labelled “large 6m?”), and
ém? = 6.4 x 10-'"eV2,5in? 20 = 0.83, near the bottom of the allowed band (labelled “small
brn?”).
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Figure 4: Monte Carlo calculation of charged current spectrum for LWO solutions.

The spectra show a very marked shape change over the allowed parameter range that
is clearly distinguishable statistically. In addition a detailed comparison indicates that the
long wavelength oscillation shapes shown can be statistically distinguished from the MSW
solutions shown in Figure 3.

The analysis of possible 8B spectral distortions discussed above can be used as an
independent confirmation of results obtained from the evaluation of neutral current and total
charged current yields. Combined, the two analyses should provide a very stringent restriction
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on possible solutions to the solar neutrino problem. Clearly the combined ability to measure
the total e + ¢ + 7 neutrino flux plus the shape sensitivity inherent in the charged current

spectrum makes the SNO detector a uniquely powerful instrument.

References

1. P. Anselmann et al., Physics Letters B285(1992)390,

X. Shi, D. N. Schramm and J. N. Bahcall, Physical Review Letters 69(1992)717,
J. M. Gelb, W. Kwong and S. P. Rosen, Physical Review Letters 69(1992)1864,

S. A. Bludman, N. Hata, D. C. Kennedy and P. G. Langacker, to be published.

2. V. Barger, R. J. N. Phillips and K. Whisnant, Physical Review Letters 69(1992)3135,
P. Kratsev and S. Petkov, Physics Letters 285B(1992)85.






127
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ABSTRACT

The Sudbury Neutrino Observatory (SNO) will have the capability of detecting all active
species of neutrinos with energies greater than 22 MeV by the neutral-current disinte-
gration of deuterium. The comparison of this rate with the rate of inverse beta decay
of the deuteron will yield a nearly model-independent answer to the question of whether
electron neutrinos from the sun oscillate into mu or tau neutrinos. The signal of a neutral-
current interaction is the liberation of a free neutron in the heavy-water detector, and we
discuss a technique employing *He proportional counters for registering these neutrons,
particularly from the standpoint of the ultra-low backgrounds needed.
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1 INTRODUCTION

The Sudbury Neutrino Observatory (SNO) is a laboratory to study the properties of
neutrinos and to resolve the “solar neutrino problem” [1, 2]. The heart of the detector
is 1000 tonnes of 99.92% isotopically pure heavy water (D,O) in a specially excavated
chamber 2100 m below ground in the INCO Creighton nickel mine near Sudbury, Ontario.

Deuterium has unique nuclear properties that make it ideal for the study of neutrino
interactions. There are four principal modes by which neutrinos can interact with heavy

water:

d+v, —» p+p+e —1.44MeV (CC:9750 yr ")
d+v. — p+n+v,—222MeV (NC:5000 yr™')
d+%. — n+n+et—403MeV (CA:0yrY)
e 4v, — e 4, (ES: 1100 yr™")

The first of these reactions proceeds by the charged-current (CC) interaction of electron
neutrinos specifically. The second is the neutral-current (NC) disintegration of deuterium
and can be initiated with equal probability by any of the left-handed neutrinos (v, v,
or v,) and their antiparticles. The third is the charged-current interaction of electron
antineutrinos (CA). The fourth is the elastic scattering of neutrinos (ES). While all flavors
can scatter, the cross section for electron neutrinos is about 6 times that for other flavors
as a result of the additional charged-current channel. In the standard models of the
sun (SSM; [3]) and of particle physics, only electron neutrinos are produced by the sun.
However, if neutrino oscillations occur, then the neutrinos may reach the Earth as other
flavors.

SNO therefore has the capability to reveal the presence of neutrino oscillations largely
independent of solar properties. If the NC rate exceeds the CC rate (suitably normalized
for cross sections), then neutrinos must be oscillating. If the CC energy spectrum differs
from the known 8B spectrum, then neutrinos must be oscillating {a the MSW mechanism
[4] or the Voloshin-Vysotsky-Okun’ mechanism [5]. Unlike the kinematically convolved
ES spectrum, the CC electron spectrum measured in SNO directl& reflects the incoming
ve spectrum (with quite good energy resolution) simply shifted down by 1.44 MeV.

SNO is a high-rate experiment. The interaction rates listed with the reactions above
are for a 8B v, flux of 6 x 106 cm™2 s~! and a detection threshold of 5 MeV electron
kinetic energy (the NC threshold is the binding energy of the deuteron).

The Cerenkov light from charged-current and elastic-scattering events is detected in
SNO by an array of 9,500 photomultipliers surrounding the acrylic sphere that holds the
D:0.

Neutral-current interactions release a free neutron, and a number of strategies for
detecting the neutron can be devised. One is to dissolve in the heavy water a fraction
of a percent of chloride ion. When a neutron captures on 75% abundant 3Cl, it emits
an 8.6-MeV ~, which showers. The resulting Cerenkov radiation can be detected by the
PMT array in the same way CC events are detected.
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Another method, the one discussed here, is to detect the neutron in 3He proportional
counters dispersed in the heavy water so that the NC and CC events become completely
distinct and no longer represent “backgrounds” to each other. Because of the central
importance of SNO’s neutral-current capability to the potential discovery of new physics,
there are strong incentives to develop independent techniques.

2 3He DETECTORS FOR SNO

The use of *He proportional counters for neutron detection is a well-established technique
that relies on the exothermic reaction,

3He+n — t 4+ p + 0.764 MeV,

for which the thermal-neutron cross section is enormous, 5330 b. As heavy water is an
excellent moderator, it is possible to distribute counters sparsely and still realize high
capture efficiencies.

The planned arrangement for SNO is approximately 900 m of 5-cm diameter tubular
detectors organized end-to-end in strings anchored to the bottom of the acrylic vessel on
a square 1-m lattice. On average, 15% of the light from Cerenkov events is obstructed
by the detector array, which somewhat degrades the energy resolution and increases the
threshold.

2.1 THE SIGNAL

In the usual mode of operation of proportional counters, the total charge collected at the
anode wire is converted to a voltage in a charge-sensitive (integrating) preamplifier, and
gives a measure of the energy deposited in the gas. More information than just the total
charge is actually available, however. The primary ionization from a track drifts in and is
multiplied over a period of time that depends on track length, track orientation, and the
drift velocity. Thus the ionization density projected onto a plane perpendicular to the wire
can be deduced from the current profile of the pulse. This information reveals a great deal
about the event that created the track. An example is shown in Fig. 1. The ionization
density peaks near the end of an a-particle track (the “Bragg peak”). That part of the
track arrives first at the wire, creating a sharp initial maximum in the current followed
by a period of decreasing current terminating after 4 gs when the most distant ionization
reaches the wire. The signal shown is the digitized output of a current preamplifier. (The
total energy can be derived from the integral.) By contrast, the 3He(n,p)T event displays
the double peak produced by the back-to-back proton and triton tracks. Each event has a
distinctive ionization “fingerprint.” In the simplest analysis, the maximum drift duration
of a 3He(n,p)T event is 2.9 times that of an alpha of the same energy, and it is possible
merely by sorting with respect to current-pulse duration and total charge to obtain a
subset of neutron events, more than 50%, that are completely free of @ competition.
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Figure 1: (a): Current pulse from 3He(n,p)T event in a 30-cm proportional counter. (b):
Pulse from 5.4-MeV a.

2.2 Efficiency

Monte Carlo neutron-transport calculations indicate that the counter array, filled with
3 atm of 3He and 0.75 atm of CF,, has a raw capture efficiency of 45% for neutrons
generated in the 99.92% enriched heavy water.

2.3 Energy Resolution

Short counters with the ®He — CF, gas fill have yielded 2.5% FWHM. However, gas gains
must be restricted to values less than about 10 to avoid space-charge effects with alphas,
and electronic noise becomes a significant factor. Under actual running conditions (long
cables, long counters, capacitor termination), a resolution of 10% is expected.

2.4 Wall Effect

For pure 3He in a semi-infinite detector, in 31% of captures, either the triton or the proton
strikes the wall before the end of its range. The wall effect drops with the addition of an-
other gas, because the ratio of neutron-capture range to charged-particle range increases.
The choice of CF, as an additive is motivated by its high stopping power, low Z, and good
counting properties. In the 80:20 ratio selected, the wall effect is 18%. Wall-effect events
can be used since the spectrum is known, but the signal-to-background ratio is worse in
that part of the spectrum.



131

2.5 Position Coordinate

Position information is required in order to reconstruct the radial distribution of events
from NC interactions and from the acrylic-vessel background, as well as to establish
connections between Cerenkov events and related neutrons (e.g., in the detection of 7,
interactions).

To reduce the amount of material in the heavy water, to minimize interference with
Cerenkov light, and to minimize the number of cables running through the neck of the
vessel, a single-ended readout is highly desirable. A group at Nagoya University [6] has
developed an ingenious solution which is essentially charge division, but in which the
charge delivered to one end (the remote end) is stored in a capacitor to leak back into the
line with a long time constant. Position information is derived from the ratio of charges
in the fast and slow components, and can be extracted from the digitized pulse profiles.

In tests carried out at LANL on this method a position resolution of 1.6% FWHM
was obtained. (The position-resolution requirements are modest, since the mean distance
to capture is 113 cm.) Position readout by this technique can be combined with fast
measurement of the current-pulse shape by adding a resistance in series with the termina-
tion capacitor. This effectively lengthens the detector electrically and allows pulse-shape
information to be derived for the entire active length of the device.

3 BACKGROUNDS

At the design levels of radiopurity (4 pg/g maximum each of U and Th), the principal
backgrounds are approximately 140 neutrons per year released in the heavy water by
photodisintegration, and approximately 1000 a events from the walls of the detectors.
To achieve these levels, the counter bodies will be constructed of pure Ni formed by
chemical vapor deposition from Ni(CO)4s. [One sample of tubing made this way was
assayed recently at 7.4(4) pg/g Th and < 0.8 pg/g U.] The photodisintegration background
will be measured in situ from Cerenkov light produced by the 2.6-MeV and 2.44-MeV
gammas at the bottom of the Th and U chains, while the alpha backgrounds can be
determined directly from the spectra recorded in the counters. An additional source of
alphas is 21°Pb deposited on the inner surface of the counter from radon, which sets a limit
in the range 10-1000 hours for unprotected exposure to room air during construction.

4  STATISTICAL CONSIDERATIONS

The possible presence of MSW distortions (and possible time variations therein) in the CC
spectrum make it prudent to avoid assumptions about the shape of that spectrum. In that
case, the CC spectrum must be derived by subtraction of all non-CC contributions, and
the statistical advantages of separate detection of NC and CC interactions are self-evident.
Assume a detected CC rate of C per year, a detected NC rate of N per year, and a
detected neutron background rate of B per year. A likely running scenario would be t;
years with pure D;0, followed by t, years with salt or 3He counters for a total of t years.
Defining the fractional precision in quantity i as o;, for the He method, one has:
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Then the fractional precision in the ratio is:
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With the salt technique, statistics for CC alone are accumulated only to the end of interval
t:
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The ratio (N4+C)/C must be determined approximately twice as accurately to achieve a
desired precision in the ratio N/C, as illustrated in Table 1. For these calculations, B
= (1176 + 294[salt] or 140PHe]) and og = 0 (o represents additional, non-statistical
sources of error; 7 is the neutron detection efficiency).

Table 1: Fractional precisions needed in SNO for a 5-0 demonstration that, when the
SSM flux is present, 1/3 is v, and 2/3 v, or v,.

Data Ratio N/C or T/C
Method | » N C | N/3| No Osc | SSM + Osc | For 50
3He 0.4 |1 2000 | 2200 [ 667 | 0.303 0.909 or=14.7%
Salt 0.5 | 2500 | 2200 | 833 [ 1.379 2.136 op=1.1%

The foregoing equations are illustrated graphically in Figure 2, with ¢; = 0.5 years.
The necessary precision for a 5-0 effect is achieved very rapidly in both cases. After one
year total the salt and 3He methods achieve 10- and 19-¢ significance, respectively.

The magnitude of any photodisintegration background present must be determined
by some auxiliary measurements. For example, if the heavy water contains 11 fg/g each
of Th and U, and 2.5 tonnes of added NaCl contains 1 pg/g each of those isotopes (7],
then the detected background neutron rate is B = (1176 + 294) per year above 6 MeV,
to be compared to the SSM rate of N = (5000). If the background can be determined
to a precision of only 50%, then the 3He and salt methods become dominated by that
uncertainty, and differ little in their ultimate statistical precision (in this rather pessimistic
example, still a 5-o effect after a year).

As described, the 3He counters also in general have a continuous a background un-
derlying part of the neutron-capture spectrum. If the fraction of events free of alpha



133

0.30 , ,

0.25|- He-3| -

0.06

0.04

Fractional Sigma

0.02

0.00 ! ! !
0.0 0.5 1.0 1.5 2.0

Years Years

Figure 2: Statistical precisions in experiments starting with 6 months of pure D20 followed

by installation of either salt (left) or *He counters.

background is f and the ratio of the alpha rate (after energy cuts) to the total neutron
rate (including photodisintegration neutrons) is a, then it may be shown that

2 B 1 1-f+a ) 1-f+a2f=D\\, B .,
"N‘(HTV') {(N+B)t2(1—f+fa)+a(Af)2( I-f+a )}HN”B)’

where Af is the uncertainty in f. The value of f is of order 0.5. The effects of alpha
backgrounds are minor as long as a < 1.

5 CONCLUSION

The value of a measurement of the neutral-current interaction rate of solar neutrinos in
distinguishing astrophysical and particle-physics solutions to the solar neutrino problem
cannot be overstated. Analysis and measurements of neutron-detection efficiencies and
backgrounds indicate that SNO will be capable of detecting the neutral-current process
with good efficiency and low backgrounds. Two quite different approaches, dissolved salt
and 3He proportional counters, will be used as a check on systematic effects. The latter
approach has the desirable feature that NC interactions will be distinguishable event-by-
event from other types of interaction.
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ABSTRACT

We briefly report on the present status of the ICARUS R&D program. Results
from the continuous running of a 3 ton LAr TPC by more than 18 months
demonstrate that the ICARUS technique is reliable giving bubble chamber quality
images of ionising particles. The analysis of the data taken in this period on
atmospheric muons enabled us to determine various detector parameters (electrons
lifetime in LAr, electrons diffusion parameter, spatial resolution, charge
recombination). During the last months of the past year we successfully tested the
possibility to purify the Argon directly in liquid phase. The high purification speed
allowed by this method is an important tool to extend the ICARUS technique to very
large mass detectors.
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1. INTRODUCTION

A liquid argon time projection chamber (LAr-TPC) working as an electronic
bubble-chamber, continually sensitive, self-triggering, able to provide 3-D imaging of
any ionising event together with a good calorimetric response was first proposed by C.
Rubbia in 1977 [1]. In order to verify the feasibility of such a detector, the ICARUS
collaboration started in 1985 an intensive R&D program aiming to solve the main
technological problems:

1) the liquid argon purity that has to be kept at the level of 0.1 ppb of electronegative
molecules to allow the ionisation electrons for long drift distances;

2) the extreme cleanliness of the material employed in the construction of the
detector and the complete reliability of the feed-throughs between pure argon and
out-side world to avoid contamination due to degassing or leaks;

3) the realisation of wire chambers able to perform a non destructive read-out (in
order to get a 3-D image of the event) made of several wire planes with few mm
pitch; this requires high precision very reliable mechanics and good knowledge of
the electric field in the detector;

4) the development of low noise preamplifiers to get a good signal to noise ratio.

The satisfactory results obtained on small scale tests [2, 3, 4] allowed us to start in
1989 the construction of a 3 ton prototype (5] which is presently working at CERN
under stable conditions without interruptions since May 1991.

The step from small to large volumes has been made possible by:

a) the argon purification performed in gas phase with industrial methods with

special care for the cleaning of the materials that come in contact with the purified

argon [4];

the use of a recirculation system that purifies continually the gas due to the heat

leakage of the dewar and liquefies it back into the detector. This inhibits the

b,

~

diffusion inside the liquid of electronegative impurities produced by degassing of
materials in the high temperature region of the detector;
the use of signal feed-throughs made on vetronite support with the technique of

<

c
the printed circuit board and welding each pin on it.

2. GENERAL FEATURES

The 3 ton detector configuration is well described in our proposal [5]. Here we
want to remind the following aspects.
a) The LAr is contained in a stainless steel cryogenic vessel. The detector set is
suspended from the top flange together with all the service elements (heat
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exchanger, purity
HV A monitor, level and
pressure indicators).
Cooled o The active volume,
preamphf]ers defined by the wire
chamber and the field
shaping electrodes, is
split into two
independent semi-
- Cathode cylindrical sections (fig.
1.

b) Each section is faced by a

=

wire chamber that

FWire covers a surface of
chambers 2.4¢0.9 m? and consists
of three parallel grids.

7

monitor Drifting electrons go

C,

<

v successively through

the following wire
planes:
Fig. 1 1. a plane with the
function of screen
transparent to the electrons;
2. a sense wire plane where the electrons give an induction signal (again
completely transparent);
3. a plane with the wires perpendicular to the previous ones where the charge is
collected.
The pitch of each sense wire is 2 mm. The separation between planes is also 2 mm.
The maximum drift path is 42 cm. The chambers are constituted of 3600 vertical
wires (stainless steel, 100 pm diameter) 2.4 m long and 4800 horizontal wires 0.9 m
long. The signal cables are kapton flat cables 3.5 m long inside the detector with
low capacitance (40 pF/m). The 2100 signal feed-throughs are grouped in 8 flanges
located on top of the dewar. Low noise pre-amplifiers are placed inside cooled
boxes mounted directly on top of the signal feed-throughs flanges.
A purity monitor constituted by a double gridded ionisation chamber with a drift
length of 6 cm is located at the bottom of the dewar separated from the active
volume by a metal plate (fig. 1). The electron lifetime in LAr inside the detector is
continually monitored by measuring the attenuation of an electron cloud
produced by a laser UV pulse impinging on the photo-cathode [4].
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3. DETECTOR RESPONSE

A large amount of data have been collected with the 3 ton prototype using
atmospheric muons. An event that illustrates very well the peculiar characteristics of
the detector is shown in fig. 2: a cosmic muon stopping with electron decay. The
event is seen by the detector in two orthogonal views: the induction plane (non-
destructive read-out) and the collection plane (destructive read-out) with the sense
wire direction at 90° in one plane with respect to the other and with the drift time
(third orthogonal coordinate) in common to both of them; the last feature together
with the charge deposited along the tracks allows a 3-D reconstruction. The electric
field in the drift volume is 350 V/cm corresponding to an electron drift velocity of
1.24 mm/pus. The sampling time is 200 ns. The charge deposited over one wire is
about 10000 electrons for minimum ionising particles. The signal to noise ratio is =6
for the induction wires and =10 for the collection ones. This event proves, with the
many others we are collecting, that the LAr-TPC works as an electromagnetic
calorimeter with high granularity (2¢2¢2 mm3 cell) and low electronic noise
(equivalent to 25 KeV). In fact the measure of dE/dx along the muon track allows the
determination of the total energy deposited, the incoming direction (by the increase
of ionisation near the stopping point), the particle identification (by dE/dx vs range
near the stopping point), the exact point of the decay

Furthermore the

energy of the electron

wires v _ from muon decay track

is also measurable both

by energy loss and

range: in particular, for

the event in fig. 2, the

measured electron
energy is 18 MeV.

From the analysis of
through-going cosmic
muons it has been
possible to extract
several parameters
characterising the

0 409 detector: electron
drift time (us) lifetime, electron
recombination,

Fig. 2 electron diffusion,
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energy resolution, space resolutions.

The electron lifetime value given by
the purity monitor has been checked by
means of cosmic ray muons crossing
vertically the drift volume. The trigger
was constituted three scintillators
placed two on top and one on the
bottom of the dewar in coincidence
with the signal on the wires planes.
The
requiring that there was no evidence of

events have been selected
large multiple scattering and delta rays
thus that

minimum ionising particles.

ensuring they were
The
distribution of the charge deposited

along the tracks is measured for each

drift time slice with a binning of 17 ps, the most probable value is extracted and

plotted as a function of the drift time; an exponential fit to this plot gives directly the
free electron yield and the electron lifetime (fig. 3). This measure has been repeatedly

performed giving a stable value of lifetime of about 2.5 ms, in agreement with the

data from the purity monitor.

The dependence
of the electron-ion
recombination on
the
density have been

ionisation

obtained analysing
data from muons
stopping inside the
detector. The charge
yield as a function of
the dE/dx is well
described by the
formula (Birk's law)
dQ/dx = A
dE/dx/(1+K dE/dx)
with A = 35 el/keV
and K = 0.13
cm/MeV  for a

dQYdX (el./cm)

Fit to Birk's law: dQ/dx = adE/dx / (1 + Kb dE/dx )
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500.0 course to fully
__',./ \ understand the effects of
0.0 . .
-10.0 -6.0 -20 20 6.0 100 the recombination on
Time bin the energy response of
Fig. 5 the detector. At present

we are analysing
crossing muons data of in order to extract the recombination dependence on the
electric field strength and on the angle between the track and the electric field. As part
of our next program we plan to dope the LAr in order to lower the recombination and
thus avoid the related problems.

The space resolution along the drift direction has been measured from the
distribution of the residuals to a linear fit of the tracks of high energy crossing muons.
An r.m.s. resolution of 150 pm has been found roughly independent from the electric
field (fig. 5) and the drift distance. In a dedicated test on a small scale with the
preamplifiers immersed in LAr and a low input capacitance we got a signal to noise
ratio of = 20 and a spatial resolution of 58 um [6].

The analysis of the signal rise time allows the determination of the longitudinal
diffusion as a function of the drift time. The rise time (RT) is proportional to the
spread (s) of the signal due to diffusion and s2 = 2Dt (where D is the longitudinal
diffusion coefficient and t is the drift time), hence a linear fit of RT? versus drift time
gives directly D. The data taken 350 V/cm and at 250 V/cm give a value of D = 4.8 +
0.2 cm?/s in agreement with the measurement of other authors [7] and the value
expected from brownian motion and electrostatic repulsion between the electrons.

From the results presented above turns out that a certain amount of technical
work has to be done in order to improve the S/N ratio. This can be accomplished by
connecting the preamplifiers directly to the wires inside the LAr thus reducing the
input capacitance due to the cables and the intrinsic thermal noise.
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5. LIQUID PHASE PURIFICATION

During the last months of the past year we made a test in order to verify the possibility
to purify the Argon directly in liquid phase. A schematic view of the apparatus we
used is shown in fig. 6. Industrial LAr (Ippm O2 equivalent) from a storage dewar
passes, through vacuum lines, into a filter immersed in LAr and then fills a second
dewar (130lt volume) where is contained a monitor chamber similar to the one used
into the 3 ton prototype. The filter is constituted of 2It of molecular sieves (5A type)
that mainly remove HO and 4lt of Oxisorb [9] that remove O2 and can purify up to
750001t of industrial LAr.
The flow rate was controlled by setting the appropriate pressure drop into the circuit.
We performed a series of purifications/fillings of the detector dewar at different
fluxes up to a maximum rate of 800lt/h and always found an electron lifetime above
3-4ms, that is the limit of our experimental sensitivity. The maximum rate was
determined by the impedance of the Oxisorb cartridge and has not to be taken as the
limit of this technique; two or more filters in parallel can be used to increase the flux.

4. CONCLUSIONS

We reported on the latest results from the R&D program of the ICARUS project.
The continuous running by more than 18 months of the 3 ton prototype demonstrates
that the ICARUS technique is reliable. The detector provides electronic bubble-
chamber quality images with millimetre size “bubbles”. It is continually sensitive and
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self-triggering. Spatial resolution is in the range of 150 pum. Ionisation and range
measurements provide particle identification.

Extension of this technique to very large volume detectors is now possible thanks
to the Argon purification in liquid phase nevertheless for the full completion of our
R&D activity we still need to investigate some point:

a) LAr doping, in order to reduce the recombination rate.

b) Development of low noise low temperature pre-amplifiers to increase the signal
to noise ratio.

) Design of very large wire chambers mechanically reliable.
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Abstract

The interpretations of the solar neutrino observations in terms of vacuum oscillations,
MSW transitions, and spin-flavour precession of solar neutrinos are reviewed, and the
corresponding implications for future solar neutrino experiments are discussed.
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1. INTRODUCTION

The publication in 1991 and 1992 of the results of the Ga-Ge solar neutrino experi-
ments (1,2,3] made practically complete the set of data on solar neutrinos which could be
obtained with the first generation of solar neutrino detectors. Although the pioneer exper-
iments of Davis et al. [4], Kamiokande [5], SAGE (1,3] and GALLEX (2] will continue to
run for at least few more years and the accuracy of the data they provided will improve,
no substantial changes of the latter are expected * and no new data will be available be-
fore solar neutrino detectors of the second generation (SNO, Super Kamiokande, ICARUS,
BOREXINO, HELLAZ) become operational in the second half of the 90ies.

The implications of the results of the solar neutrino experiments, which concern the
intrinsic neutrino properties (mass, mixing, magnetic moment, etc.), are among the most
significant and interesting and they have been thoroughly studied [6-12] (for earlier anal-
yses see refs. [13,14]). In the present article we shall discuss the interpretations of the
solar neutrino observations in terms of vacuum oscillations [15], MSW transitions [16],
and spin-flavour precession [17] of solar neutrinos. Possible tests of the "unconventional”
neutrino properties suggested by the indicated interpretations, in the future solar neutrino
experiments will also be considered.

2. THE SSM PREDICTIONS VERSUS THE SOLAR NEUTRINO DATA

According to the standard solar model [18,19], the solar v, flux consists of several
components (pp, 'Be, 8B, pep, !*N, 1°0, etc.), three of which will play a major role in
our discussion: the least energetic pp—neutrinos (E,(pp) < 0.42 MeV), the intermediate
energy monochromatic “Be-neutrinos (E,("Be) = 0.862 MeV (90% of the “Be-neutrinos),
0.36 MeV (10%)), and the higher energy ®B-neutrinos (E,(®B) < 14 MeV). Three different
methods of detection of the solar neutrinos have been exploited in the five experiments
that have provided data so far: the radiochemical Cl-Ar method, proposed by Pontecorvo
in 1946 [20] (in Davis et al. experiment), the neutrino-electron elastic scattering reac-
tion (in Kamiokande experiments), and the Ga-Ge radiochemical method [21] (in SAGE
and GALLEX). The Cl-Ar and the Ga-Ge radiochemical methods permit to detect elec-
tron neutrinos with energies exceeding 0.816 MeV and 0.233 MeV, respectively. The
Kamiokande-II and -III experiments can register any active neutrino (i.e. (D,], (17,],, (u,]-)
having energy greater than 7.5 MeV.

It follows from the presently existing results based on SSM calculations [22, 19] that
from 70% to 77% of the event rate in the experiment of Davis et al. should be due to the
8B-neutrinos, while the "Be- neutrinos should generate only from 14% to 17% of the solar
neutrino induced events. The pp-neutrinos do not give contribution to the event rate in
the Cl-Ar detectors because they possess energies which are below the threshold energy
of the v, induced Cl-Ar reaction. With a threshold energy of 7.5 MeV the Kamiokande-II
and Kamiokande-III detectors are sensitive only to the 8B component of the solar neu-
trino flux. Finally, the pp—, the "Be- and the ®B-neutrinos are predicted to produce,
respectively, from 54% to 57%, from 24% to 27% and from 7.4% to 10% of the events
in the Ga-Ge experiments SAGE and GALLEX. Thus, the largest fractions of the solar
neutrino induced signals in the Davis et al. and Kamiokande detectors, and in the SAGE

* A priori, one cannot totally rule out the possibility of surprises in the next few years.
The planned cali brations of the GALLEX and SAGE detectors will be crucial for conclu-
sive determination of the characteristics of the solar neutrino flux inferred from the current
data.
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and GALLEX detectors are produced, according to the SSM, by very different components
of the solar neutrino flux, namely by the ®B- and the pp-neutrinos. Although the "Be-
neutrinos contribute to the event ratesin both Cl-Arand Ga-Ge detectors, their respective
contributions, being nonnegligible, do not exceed considerably, as we shall see, the exper-
imental uncertainties in the presently existing data of the corresponding experiments. All
these facts are more or less well known.

We shall summarize next briefly some of the solar neutrino data and the relevant
SSM results which will be used in the further analysis. The average rate of production of
3 Ar by the solar neutrinos, R(Ar), observed in the experiment of Davis et al. (4] during
approximately a 20 year period of data taking (altogether 750 solar neutrino induced events
registered), reads:

R(Ar) = (2.19 £ 0.25) SNU. (1)

The current SSM prediction for R(Ar) vary between the recent result of Bahcall and
Pinsonneault [22]

R(Ar)pp = (8.0 + 3.0) SNU, (2)

where 3 SNU corresponds to an "effective three standard deviations uncertainty”, and the
prediction of Turck-Chieze et al. {19]

R(Ar)s = (6.4 £ 1.4) SNU, 3)

1.4 SNU representing estimated 1 s.d. uncertainty.

Kamiokande-II and Kamiokande-III collaborations have measured the flux of 8B-
neutrinos during a total of 1040 days (in the period 1986-1990) and of 395 days (in 1991-
1992), respectively. The combined result of the two experiments for the inferred average
flux of ®B neutrinos, ®(B), has the form (5]

®(B) = (0.49 + 0.05 + 0.06)®", (4)

where ® = 5.8 x 10° v,/cm?/sec. It differs very little from the result of the Kamiokande-
II collaboration [5]. The values of ®(B), calculated theoretically in ref. [22] and in ref. [19]
are again to a large extent representative for the possible variations in the current SSM
predictions. They are given respectively by:

®(®B)pp = 0.98(1 1 0.43)3" (3s.d.), (5)

®(®B)s = 0.74(1 £0.25)®" (1s.d.). (6)

Let us note that apart from differences in the used input data (notably the cross—section of
the reaction p + "Be — ®B + 7), the calculations performed in refs. (22 and [19] leading
to the predictions (2), (5) and (3), (6) differ in the treatment of the diffusion of *He in the
Sun: the latter is taken into account in the analysis of the authors of ref. [22] and is not
accounted for in ref. [19].

Finally, let us quote the results of the two Ga-Ge experiments GALLEX and SAGE
(based on signals of 75 and 25 events, respectively) (2,3}:

ReaLLex(Ge) = (83 £19+£8) SNU, Rsige(Ge)=(58117+14) SNU.  (7)
The SSM predictions for R(Ge) vary very little {18,19, 22

Ru(Ge) = [(122+ 132) + 15 + 7)) SNU (Ls.d.). (8)
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A detailed statistical analysis of the data of the GALLEX and SAGE experiments [23]
revealed that the results of the two collaborations, eqs. (7) and (8), are statistically
compatible with each other (which to certain extent is not surprising [6] given the small
numbers of events the two experiments have).

In what follows we shall assume that the differences between the solar neutrino data
and the SSM predictions are not due to unaccounted for astrophysical effects, poorly
known nuclear reaction cross—sections, etc. (see, e.g., ref. [24]), but rather are related
to a "nonstandard” behaviour of the solar electron neutrinos on their way to the Earth.
Taken together, the current solar neutrino observations contain evidences in favour of this
possibility. In fact, the strongest indications in favour of the neutrino physics solution of
the solar neutrino problem come from the current results (1) of the experiment of Davis
et al. and the corresponding current SSM predictions, egs. (2)-(3), as well as from the
difference in the observed levels of suppression of the signals in the Davis et al. and
Kamiokande experiments [25]. Here we will be primarily concerned with the possibility
that the solar neutrinos take part in oscillations in vacuum while they travel to the Earth,
or undergo matter-enhanced transitions or spin-flavour precession (in the solar magnetic
field) while they propagate from the central region to the surface of the Sun.

3. VACUUM OSCILLATIONS OF SOLAR NEUTRINOS

Consider first the possibility that solar neutrinos take part in two—neutrino oscillations
in vacuum [15,26,6,7,10,11,14): v, © v),(;), O v, < v, where v, is a sterile neutrino. The
oscillations of interest are characterized, as is well known, by two parameters: Am? =
m} - m? > 0 and sin?26, m,;, being the masses of two neutrinos with definite mass in
vacuum, and 6 being the neutrino mixing angle in vacuum * The regions of values of the
parameters Am? and sin? 20, for which the oscillations v, « Vyu(r)y OF U ++ Uy of v, in
vacuum permit to reconcile the Davis et al, Kamiokande and the GALLEX and SAGE
results have recently been determined in refs. [6,7,10,11] (for earlier analyses see {26,14]).
The results obtained in ref. [6] are presented graphically in Fig. 1a and Fig. 1b (grey
+ black + hatched shaded areas). They are based on the SSM predictions of ref. [22]
(or of ref. [18], which is practically equivalent). The method of analysis of the data of
the Davis et al. and Kamiokande experiments used in ref. [6] (and [7]) is, in particular,
especially sensitive to the dependence of the neutrino oscillation probability on the Sun—
Earth distance. Only the average rates of Ga production (7) observed by the GALLEX
and SAGE collaborations (with uncertainties corresponding to 1 s.d. and 2 s.d.) have
been used. The values of Am? and sin?26 forming the shaded areas in Fig. la and Fig.
1b lie in the intervals [6,7]:

0.5 x 107V < Am? <1.1x107"%V?, 0.75 <sin?20 < 1. (9)

Let us mention that for Am? ~ 107!Y%eV? the oscillation length in vacuum {13}, L, =
4wp/Am?, p being the absolute value of the neutrino momentum, is comparable for the
solar neutrinos having an energy p ~ 10 MeV with the average distance between the Sun
and the Earth, Ry ~ 1.49x10% km.

It is interesting to note [7,6] that if the solar electron neutrinos take part in two-
neutrino oscillations in vacuum characterized by the values of Am? and sin?26 allowed

* For further details concerning the theory of the neutrino oscillations in vacuum see,

e.g., refs. [26,27].
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by the solar neutrino data, i) the one year averaged rate of "!Ge-production in the Ga-Ge
experiments, R, (Ge), should lie in the interval

40 SNU < R,(Ge) < 90 SNU, (10)

and ii) there can be seasonal variations of R(Ge), the absolute difference between the one-
month average values of R(Ge) for December and June being not larger than approximately
20 SNU and 15 SNU for the cases of v, & Vu(ry and v, o v, oscillations, respectively. The
predicted seasonal changes of R(Ge) are associated with the strong dependence (for the
values of Am? and sin? 20 belonging to the regions determined by eq. (9)) of the vacuum
oscillation probability for the monochromatic “Be neutrinos on the Sun-Earth distance
which varies due to the eccentricity of the Earth orbit around the Sun.

The values of Am? andsin?26 forming the black areas in Figs. laand 1b are allowed
including the GALLEX and SAGE data at 68% C.L. (1s.d.). Even at this confidence level,
the solar neutrino data can be described perfectly well on the basis of the hypothesis of
two—neutrino oscillations in vacuum of the solar v,. The corresponding region of values
of Am? and sin? 20 is somewhat reduced by the restrictions following from the GALLEX
and SAGE results *. At 95% C.L. the GALLEX and SAGE observations (7) do not lead
to new constraints on the values of Am? and sin? 26 allowed by the results of the other
two solar neutrino experiments (grey+black+hatched areas on Figs. la and 1b).

One can perform an analogous analysis assuming that the solar v, take part in three-
neutrino oscillations in vacuum [28). As can be shown [6], the important predictions
concerning the maximal value of R,(Ge), R,(Ge) < 90 SNU, and the possibility of large

seasonal variations of the ‘Be-neutrino flux, remain valid also in the three—neutrino oscil-
lation case.

4. THE CASE OF MATTER-ENHANCED TRANSITIONS

Let us turn now to the possibility that the solar neutrinos undergo two-neutrino
“transitions v, — v,(;) in the Sun, which are resonantly enhanced by solar matter effects
[16]. At present there exists a well developed theory and a complete, simple and very
accurate analytic description of the indicated transitions of the solar neutrinos in the Sun
(see, e.g., ref. [29]). The transitions of interest depend on the same two parameters Am?
and sin? 26 which enter into the expression for the vacuum oscillation probabilities. For a
solar v, with momentum 7’ they depend also on the value of the electron number density
N, in the point of neutrino production in the Sun, N.(ty), on the resonance density [16],
N7 = (Am2? cos 20)/(2pV2GF ), as well as on the way (relatively fast” or "slow”) N,
changes along the neutrino pathin the Sun. The latter, in particular, determines the type
of the solar neutrino transitions in the Sun, which can be adiabatic or nonadiabatic [16]
(see also {27]). According to the SSM [18,19,22], N, decreases approximately exponentially
with a scale height r, = 0.1R,, R, = 6.96 x 10° km being the solar radius, in the radial
direction from the centre to the surface of the Sun. The probability that a v, having
momentum P and produced at time t, in the central part of the Sun will not transform
into v,,(;) on its way to the surface of the Sun (reached at time t,), P(v, — vgt),t,), is
given by [30,31]

1 1 '
P(ve — veito, ts) = 5 + (i -P )cosZG,n(t[,)co:sZG. (11)

* The inclusion of the latest SAGE data, eq. (7), leads to additional restrictions in this

case which were not accounted for in refs. [6] and [10] and which are indicated as hatched
areas in Fig. la.
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Here

am? Am?
P exp [~y 2y (1 — cos 26)] — exp[—2mry 3y ] (12)

1- exp{—Zer -\‘2’1’}7]

is [30,31] the level crossing probability (i.e., the analog of the Landau-Zener probability)
for exponentially varying density N, and 6,,(ty) is the neutrino mixing angle in matter [16]
in the point of v, production, tan26,,(ty) = tan26/(1 — N.(ty)/N2®). For the adiabatic
(nonadiabatic) v, — v,(r) transitions the probability P’ is negligible (nonnegligible).

In the calculations performed for the study of the possible MSW solutions of the
solar neutrino problem one can utilize a certain procedure [31] which makes the analytic
description of the matter-enhanced transitions of the solar neutrinos based on egs. (11)
and (12) remarkably precise * (the precision is typically not worse than95 % in the domain
of values of Am? and sin? 26 of interest [31]).

The interpretation of the solar neutrino observations in terms of the MSW effect
for solar neutrinos was studied in several articles [6,8,9,11,12] after the publication of the
GALLEX and the latest SAGE data last year. The results obtained in ref. (6] are presented
graphically in Fig. 2a and Fig. 2b, where respectively the 68 % C.L. and the 95 % C.L.
iso-SNU and iso-suppression contours, corresponding to the data (1), (7), and (4) of the
Davis et al., GALLEX, SAGE and the Kamiokande experiments, are shown. The iso-SNU
contours associated with the GALLEX result (7) give the values of Am? and sin?26 for
which R,(Ge) is within the limits 62 SNU < R,(Ge) < 104 SNU (Fig. 2a) and 41 SNU <
R,(Ge) < 125 SNU (Fig. 2b). The elements of the iso-SNU contours shown on Fig. 2a
(corresponding to 80 SNU and 30 SNU) and on Fig. 2b (102 SNU) indicate the constraints
following from the SAGE .. The curves were derived taking the mean values of the SSM
predictions (2) and (5); the value of 132 SNU [18,22] has beenused as a SSM prediction for
the event rate in the Ga—Ge experiments. As it is clear from Figs. 2a and 2b, the current
solar neutrino data can be described rather well on the basis of the hypothesis that the
solar neutrinos undergo two-neutrino matter-enhanced transitions into active neutrinos of
a different flavour (i.e., v. — v (,)) in the Sun. The values of Am? and sin? 26 , for which
the matter-enhanced transitions of the solar v, allow to reproduce the results of the Davis
et al, Kamiokande, GALLEX and SAGE experiments are shown as black areas on Figs.
2a and 2b *. The restrictions following from the absence of a difference between the event
rates observed during the day and during the night by the Kamiokande-II experiment
were also taken into account on Figs. 2a and 2b. The 95% C.L. allowed values of the
parameters Am? and sin® 26 , forming the three disconnected black areas on Fig. 2b, lie
in the intervals:

3.2x107%V2 £ Am? £1.1 x107%V?, 5x107° <sin?20 < 1.6 x 1072, (13a)
Am?sin? 20 = (4.3 +1.1) x 107%eV?, (13b)
5.4 x 107%V? < Am? < 1.1 x 107*eV2, 0.39 < sin?26 < 0.86, (14)

and
1077eV2 S Am? £ 1.8 x 107%V?,  0.74 < sin? 20 < 0.93. (15)

* This procedure was used in refs. [6,11]. For a concise summary see ref. [29].

* The grey areas on Figs. 2a and 2b are allowed by the GALLEX data, but are excluded
by the SAGE results.
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The results (13)—(15) were obtained [6] on the basis of a somewhat simplified analysis.
First, the uncertainties in the theoretical predictions (2), (5), and (8) were not taken into
account. Second, in a more refined statistical treatment of the experimental observations
one should treat the data from the different experiments simultaneously and thus determine
the relevant allowed regions of the values of the parameters Am? and sin® 20 at a chosen
confidence level. However, one could expect that the results one would obtain using the
more consistent approach taking care of the indicated inaccuracies will not be very much
different from those represented by egs. (13)-(15) as the effects on the results from the
improvements of the analysis along these two points tend to mutually cancel. This is
confirmed by the study performed in ref. (9] (see also ref. [11]), where the indicated
inaccuracies were taken into account and at 95% C.L. results practically coinciding with
those shown in Fig. 2b were obtained *.

For Am? and sin® 26 belonging to the intervals (13a)-(13b) (the small mixing angle
case) the MSW transitions of the 8B—neutrinos are nonadiabatic, while the transitions of
the pp- and the "Be-neutrinos are adiabatic. This solution is usually called "nonadia-
batic”. In the case of the nonadiabatic solution the probability of v, survival in the Sun
strongly depends on the energy of the solar v.: it is very small (~ 107%) for the "Be-
neutrinos, close to 1 for the pp—neutrinos, and varies with the energy for the ®B-neutrinos.
The large mixing angle solutions corresponding to values of Am? and sin® 26 from (14)
and (15) are associated with adiabatic transitions of the ®8B—, "Be— and the pp-neutrinos
("adiabatic” solutions). For the values of Am? and sin? 26 from the intervals (15), for
instance, the survival probability for the ®B, "Be and pp electron neutrinos is roughly the
same and is approximately equal to sin?§. The same is true for the allowed values of Am?
and sin? 20 from the intervals (14) when sin® 26 2 0.65. For 0.39 < sin® 26 < 0.65 and the
corresponding values of Am? from (14) the survival probability for the ®B—, "Be-, and
the pp—neutrinos can differ substantially (6].

The specific energy dependence of the solar neutrino survival probability in the cases
of the solutions considered in Sections 3 and 4 is reflected, e.g., in the spectrum of electrons
from solar v, — e~ elestic scattering, as is illustrated on Figs. 3a and 3b.

How the solutions we have described above are going to change if the solar neutrinos
undergo transitions into sterile neutrinos, v, — v, in the Sun? The 1 s.d. solutions
(see Fig. 2a) can disappear, while the two regions on Fig. 2b associated with egs. (14)
and eqs. (15) will ”shrink” somewhat in sin? 20 : the first towards the smaller values of
sin? 20 from the corresponding interval in (14), and the second— towards the larger values
of sin? 20 from the interval in (15) (6]. Actually, one can use cosmological arguments [32]
to rule out the ”large” mixing angle solutions in this case.

5. A SPIN-FLAVOUR CONVERSION SOLUTION

Finally, let us consider briefly a solution of the solar neutrino problem based on the
hypothesis of matter—enhanced spin-flavour conversion [17] v,z — ¥, of solar neutrinos
in the toroidal magnetic field in the Sun **. As is well known, the possibility of spin-
flavour conversion of solar neutrinos is being discussed in connection with the suggested
time variation of the signal in experiment of Davis et al. in (anti)correlation with the solar

* The "large” mixing angle solution (15) disappears if utilizing the x?- criterium to
determine the allowed regions of values of Am? and sin?28 at 95% C.L. one does not take
into account (or underestimates) the uncertainties in the theoretical predictions [8,12].

** For a detailed discussion of the theory of spin-flavour conversion of neutrinos see, e.g.,

refs. (33].
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activity [34]. Such time variation cannot be produced, e.g., by vacuum oscillations of solar
neutrinos.

The interpretation of the solar neutrino observations in terms of the spin—flavour
conversion hypothesis has been studied after the publication of the GALLEX and the latest
SAGE data in refs. [35-38]. We shall present here a brief summary of the results obtained in
ref. {35]. The simplest case of i) conversioninvolving only twoactive neutrinos v,z and g,
1) negligible lepton mixing (v.r and v, (7,.r) are supposed to be neutrinos with definite
masses m, and m, in vacuum), iii) existence of ve,—¥, g transition moment of magnetic
dipole type, p, and of iv) nontwisting solar magnetic field *, B |, was considered. The rate
of Ar production observed in the experiment of Davis et al. in the period of low (high)
solar activity wastaken to lie in the interval [4] 3.6 SNU < R(Ar) < 4.8 SNU (0 < R(Ar) <
1.9 SNU). The event rate in the Kamiokande experiments, and correspondingly, the value
of the ratio R(K) = ®(B)/®" extracted from the data, is consistent with being constant in
time. However, time variations of R(K) which do not exceed approximately 30% cannot
be ruled out by the data [5]. In ref. [35] the values of R(K) at minima (maxima) of solar
activity were taken to lie in the interval 0.58-0.68 (0.30-0.40). The numbers 0.68 and
0.30 correspond to the observed maximal and minimal values of R(K) (including 1 s.d.
uncertainties in the data from the corresponding runs); the width of the allowed R(K)
regions was taker. rather arbitrarily.

The v, — D,r conversion probability in the case considered depends, in particular, on
the parameter Am? and on pB,. The results quoted below correspond to p = 10" 3,
where pp is the Bohr magneton; results for any other value of p can be obtained from
those derived by corresponding rescaling of B ;. Unfortunately, very little is known about
the structure of the inagnetic field inside the Sun so that one is forced to utilize various
physically plausible magnetic field configurations. Several different spatially nonuniform
(spherically symmetric) profiles of B, have been used in the analysis [35] **. The case
of existence of a frozen magnetic field in the central part of the Sun in addition to the
field in the convective zone was also investigated. The quality of the fit of the data was
found to be very sensitive to the form of the magnetic field profile used in addition to
the assumed strenght of the magnetic field. In principle, this may allow to get detailed
information about the magnetic field in the solar interior in the future. The best fit (in
the simplest case of no inner magnetic field) was achieved with the ”triangle” magnetic

field configuration
T — Ty

Bi(z) = By , Ty <@ < &,y (16a)
Te— Ty
Bu(e) = Bu(l - —2), = <w <1, (16b)
— T,
with £, = 0.70 and z.. = 0.85, z being the distance from the centre of the Sun in units of

the solar radius R,, and B, being the maximal value of B . It was assumed for simplicity
that only B, changes with time. The results obtained are presented graphically on Fig.
4. The shaded areas on Fig. 4 correspond to values of the parameters Am? and B, for
which the values of R(Ar) and R(K) in the periods of low and high solar activity lie in

* The case of convective zone magnetic field B ; which changes its direction in the plane
perpendicular to the neutrino momentum, i.e. twists, along the neutrino trajectory in the
Sun was analyzed in ref. [36].

** The solar magnetic field B, was assumed to be spatially uniform and present every-
where in the Sun in the study performed in ref. [37]. This assumption is not supported
by the current views about the structure of the solar magnetic field.
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the intervals specified above *. With the magnetic field configuration (16) used one finds
that always R(Ar) > 1.5 SNU, while the rate of Ge production in the Ga-Ge experiments
is 62 SNU < R,(Ge) < 102 SNU. Note that the GALLEX and the lates SAGE data were
collected during a period of high solar activity. The allowed ranges of the parameters
which follow from Fig. 4 correspond to

Am? ~ (4 x107° =2 x1078) eV?, (Bo)min =~ 28 kG, (B¢)maz ~ 50 kG. (17)

Similar results are obtained if one takes zy = 0.75 instead of 0.70 in the magnetic field
profile of eq. (16). All the other magnetic field configurations considered in ref. [35] either
resulted in very poor fits of the experimental results or completely failed to reproduce the
chlorine, Kamiokande and gallium data simultaneously.

6. IMPLICATIONS FOR FUTURE SOLAR NEUTRINO EXPERIMENTS

The implications of the above results for the future solar neutrino experiments SNO
(39], Super Kamiokande (40}, BOREXINO (41] and ICARUS [42] have been studied in
refs. [6,10,12,37,43,44]. The designed characteristics of the BOREXINO detector [41] and
the remarkably narrow width of the "Be-neutrino 0.86 MeV line make the BOREXINO
experiment appear best adapted to test the vacuum oscillation solution of the solar neutrino
problem [7,6,10] and to distinguish between it and the matter-enhanced transitions (or
MSW) solutions. In the case of the vacuum oscillation solution (see eq. (9)) a rather
strong monthly and/or seasonal variations of the flux of the "Be electron neutrinos at
the Earth surface is predicted to take place (in addition to the expected standard ~
7% seasonal variation), as the probability of the ?Be-neutrino survival, P("Be), exhibits
typically a strong oscillatory dependence on the, Sun— Earth distance. For instance, for
Am? = 7.9x107!1 eV?; 6.3x107!! eV? and sin® 20 = 0.8 (sin? 20 = 0.9), the one month
average values of P("Be) for December and June read, respectively: 0.19 and 0.35; 0.35
and 0.19 (0.10 and 0.26; 0.28 and 0.10). Let us recall that the suppression factor F
of the signal in the BOREXINO experiment is approximately equal to the suppression
factor F("Be) of the 0.86 MeV "Be-neutrino flux, F ~ F("Be), which in turn is given by
F("Be) ~ P("Be) + 0.22(1 - P("Be)) in the case of v, « v, () oscillations (v. — v,(r)
transitions), and coincides with P("Be), F("Be) = P("Be), if v « v, oscillations (v, — v,
transitions) take place. It should be noted that the seasonal variations of the flux of the
8B electron neutrinos (and therefore of the event rates in the SNO, Super Kamiokande and
ICARUS detectors) predicted to take place due to the vacuum oscillations only are not
larger than 15% [6]. For some of the allowed values of Am? and sin? 20 from (9) (e.g.,
for Am? ~ 10" eV?) they can compensate the standard 7% seasonal change of the flux
of 8B-neutrinos reaching the Earth, associated simply with the change of the Sun-Earth
distance.

In contrast to the behavior of P("Be) in the vacuum oscillation solution case, the av-
eraged probability of v, survival in the Sun (and therefore, the corresponding suppression
factors) does not exhibit in the case of the MSW solutions monthly and/or seasonal vari-
ations, being independent on the Sun—Earth distance for any of the components (®B, "Be,
PP, etc.) of the solar v, flux. Thus, a constant value of F("Be) all through the year will
be an evidence in favour of the MSW solutions of the solar neutrino problem. Would it be
possible to distinguish between the different MSW solutions on the basis of the BOREX-
INO data? Values of F("Be) ~ 0.22 and F("Be) ~ 1072 are predicted in the =a-s of the

* The shaded area at values of By ~ 75 kG corresponds to values of Am* for which
there is a direct correlation of neutrino signals with solar activity instead of anticorrelation.
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nonadiabatic solution: the first corresponds to v, — v,(;) transitions, while the second -
to v, —+ v, transitions. If the adiabatic solution is valid and sin? 26 = 0.40; 0.50; 0.60;
0.70; 0.80; 0.90, the suppression factor F(?Be) should take respectively the values F("Be)
= (0.69 to 0.78); (0.58 to 0.72); (0.47 to 0.67); (0.53 to 0.61); (0.36 to 0.55); (0.34 to 0.37),
an interval for a given value of sin?28 corresponding to the interval of allowed values of
Am? for this value of sin?26 .

The SNO, Super Kamiokande and the ICARUS experiments will provide, in particular,
information about the spectrum of the final state electrons in the v—e~ elastic scattering
reaction. The predicted spectra [6] for several typical values of Am? and sin? 26 from
(9), (13), (14) and (15), and v, oscillations or transitions in v,,,) are shown in Figs. 3a
and 3b. It is clear from Figs. 3a and 3b that the experiments using detectors with lower
”thresholds” will have greater capabilities to descriminate between the different solutions.
Spectral information can also be of crucial importance for distinguishing between the spin-
flavour precession solution and the vacuum oscillation and the MSW ones [44].

To conclude, the vacuum oscillations and the matter-enhanced transitions of the solar
neutrinos continue to be viable and aesthetically very appealing solutions of the solar
neutrino problem. The solar neutrino observations (including the suggested time variation
of the signal in the experiment of Davis et al. in anticorrelation with the solar activity)
can also be described on the basis of the spin-flavour conversion hypothesis. In the latter
case the quality of the fit of the data depends strongly on the assumed type of the profile
of the magnetic field in the convective zone of the Sun. Future real time high statistics
solar neutrino experiments (SNO, Super Kamiokande, BOREXINO, ICARUS) will be able
to test further and possibly discriminate between these solutions.
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Figure Captions

Regions of values of the parameters Am? and sin? 26 allowed by the Homestake and
Kamiokande-II individual run data (grey+black+hatched area), and by the 68% C.L.
(black area) and 95% C.L. (grey-+black+hatched area) GALLEX and SAGE results
in the case of solar neutrino oscillations into active neutrinos: v, < V,(r). Shown are
also the iso-SNU contours corresponding to an average rate of 7! Ge production in the
Ga-Ge experiments of 83 SNU (dash—dotted line), 104 SNU and 63 SNU (solid lines).
The grey (hatched) area is excluded at 68% C.L. by the GALLEX (SAGE) result.

The same as in fig. la, but for solar neutrino oscillations into sterile neutrinos:
Ve ¢ Vs,

Regions of values of Am? and sin? 28 for which the matter-enhanced two-neutrino
transitions v, — v,(;) provide a solution to the solar neutrino problem (black areas):
the iso—SNU and the iso-suppression contours correspond to the 68% C.L. Homestake
(solid lines), Kamiokande-II and -III (dashed lines), SAGE 1990 (1] (dotted line),
GALLEX (dash-dotted lines), and SAGE 1992 (3] (dash-dotted elements of lines)
results. The region allowed by the Homestake data is located between the two solid
line contours, etc.

The same as in fig. 2a, but for the 95% C.L. Homestake, Kamiokande-II and -III,
GALLEX and SAGE 1992 results. The dotted line corresponds to the SAGE 90%
C.L. upper limit of 79 SNU, obtained in 1990.

The spectrum of the final state electrons from the v—e™ elastic scattering reaction in
the case of vacuum oscillations 1/, <> v,(, of solar neutrinos, characterized by values of
Am? and sin? 26 from ( 9) for which one obtains a description of the solar neutrino
data. The spectrum is normalized to the standard one (for v.~e~ elasticscattering) in
the absence of oscillations. The values of Am? (in eV?) and sin? 26 , for which the
curves have been obtained, are given in brackets at the curves.

The same as in fig. 3a, but for the case of matter-enhanced v, — v,,(,) transitions of

solar neutrinos. The dashed curve corresponds to nonadiabatic transitions, while the
solid curves correspond to adiabatic transitions.

The iso-SNU (iso-suppression) contours for *7Cl, Kamiokande and 7! Ga experiments
in the (By, Am?) plane. The magnetic field configuration is described by eq. (16).
The full lines are chlorine iso-SNU curves (1.5, 1.9, 2.2, 3.6, 4.8, 5.2 and 5.8 SNU), the
dotted lines correspond to the ratio R=0.30, 0.40, 0.58 and 0.68 for the Kamiokande
experiment, and the dash-dotted lines represent the gallium iso-SNU curves (62.0,
83.0, 104.0 and 120 SNU). The shaded areas show the allowed ranges of values of the
parameters Am? and By (see the text).
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ABSTRACT

We focus our attention to the combined mechanism of the Mikheyev-Smirnov- Wolfenstein (
MSW ) and the spin-flavor resonance effects as a solution to the solar neutrino problem. We
will report some results of our detailed numerical analysis of the mechanism and will show
the parameter regions by which the mechanism can explain the solar neutrino deficit. If the
parameters are located in this region, we can explain existing three types of experiments,
the 37Cl, the Kamiokande-II and the "'Ga, at the 20 level. This new solution contains the
spin-flavor resonance effect as its key ingredient.
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1. Introduction

One of the most promising solution to the solar neutrino problem is the reduction of electron
neutrino by the matter enhanced neutrino oscillation, the Mikheyev-Smirnov- Wolfenstein
(MSW) mechanism?). From the data of the 37Cl, the Kamiokande-II and the Gallex exper-
iments, one can pick out the two restricted parameter regions of sin® 26 and Am? where the
MSW mechanism acts as the solution?). The another attractive possibility is that the ob-
served neutrino flux is reduced because of the spin rotation of the left handed neutrino into
the right handed one in the solar magnetic field®). Of particular interest is the mechanism
of resonant enhancement of neutrino spin rotation in matter with the magnetic field which
is found by Lim and Marciano®), and by Akhmedov®). The spin rotation is the natural
explanation of the anticorrelation between the sunspot number and the solar neutrino flux
which is reported in the 37Cl experiment® . It has been pointed out 7) that the two resonant
mechanism can work simultaneously to reduce the flux of v, from the sun for certain values
of the parameters sin® 20 , Am? and pB where p is the neutrino magnetic moment and B
is the solar magnetic field. Several authors®) have studied the spin-flavor resonance in the
presence of flavor mixing from the different points of view. Here, we will report some results
of our extensive analysis of this combined mechanism of the MSW and the resonant spin
rotation and examine whether this mechanism can be a new solution to the solar neutrino
problem.

2. Spin-Flavor Resonance with Flavor Mixing

The evolution equation for neutrinos in matter with the magnetic field for two generation
of Majorana type neutrinos is given by

Ve Ve
d v, v,
i— | *l=H|" (1)
dt | o, A
Py Vy

The Hamiltonian matrix for this system 1) s given by

a, (r) — Az—TEf cos 26 A‘i—"; sin 260 0 uB
oo A‘;—'g’ sin 20iso ay,(r) -1B 0 @)
- 2
0 —-uB —a, (r)— -42% cos 26 0
uB 0 ‘i—'gz sin 26 —a,,(r)]

where a,, = v2Gp(Ne — No/2), a, = V2Gp(—N,/2) with N,, N, the electron and
neutron density in the sun and B is the solar magnetic field. Note that diagonal elements
of magnetic moment vanish for Majorana neutrinos. Since we do not know the detailed
structure of the magnetic field in the sun, we assume the simplest case, the uniform magnetic
field throughout the sun. We have calculated the capture rate or the event rate which
are predicted by this combined mechanism for the 37Cl, the Kamiokande-II and the "'Ga
experiments. To estimate capture rates in the 37Cl and the 7'Ga experiments, we have
used the neutrino flux from various sources in the sun which is predicted from the Standard
Solar Model (SSM)?. We have taken into account neutrinos from pp, "Be, *N, ®B and pep
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and neglected neutrinos from !"F, 130 and hep because their flux are very small. To
estimate the event rate in the Kamiokande-II experiment, we have taken into account the
trigger efficiency of the detector.

Fig. 1shows the contour plot of the region allowed by the combined mechanism of the
MSW and the Spin-Flavor resonance for B = 1,2,3 and 4 in units of 10™1%p5 - kG where
1tp is the Bohr magneton. When pB = 1, the allowed region is almost the same as the pure
MSW case (uB = 0), but for uB greater than 2 the equal yield contour, so called the MSW
triangle, changes its shape drastically. For example, when pB = 2, the oblique line of the
MSW triangle extends outward from the triangle. Let us now discuss how to distinguish
these solutions. We have picked out three parameter sets of Am? and sin® 26 from three
black areas, respectively in Fig. 1 (b) as the candidate of two pure MSW solutions and one
MSW-spin-flavor solution. Fig. 2 represents the survival probabilities of v, as a function of
neutrino energy for three parameter sets. From Fig. 2, we can expect that three solutions
can be distinguished*?) by accurately measuring the solar neutrino energy spectrum in high
statistic future experiments such as SNO, Super Kamiokande and BOREXINO.

10 i
— 13
o 1073
> 9
© E
NV 4
E .7
< 10 §

10°

am? (e )

2,
sin 20

Fig. 1: Contour lines with number is the -SNU plot for the 7'Ga experiment. The shaded
region shows the 2 o allowed region for the 37Cl and Kamiokande-II experiments. The black
area show the simultaneous 20 allowed region for the 37Cl (2.240.6 SNU)®), Kamiokande-II
(0.46 +0.16 of SSM) 1) and Gallex (83 £42 SNU)'!) experiments. Fig. 1 (a), (b), (c) and
(d) show the case of uB = 1,2,3 and 5 in units of 10705 - kG, respectively.
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Fig. 2:

This figure presents the
-| survival probabilities of
electron neutrinos at the
terrestrial detectors as
a function of neutrino
energy for three param-
eter sets (a), (b) and (c)
-| defined in the figure.

(a) am?=6"10® 6V, sin’20=0.01
0.8]- (b) am”=2°10" eV, sin’28:0.7
(c) am’=7*10" eV?, sin’202002, B=2 (10 '"uykG)

Survival Probabilities of v,

Neutrino Energy ( MeV )

3. Conclusions

We show that the combined mechanism gives the new parameter region of sin? 20 (50.01
) and Am? (< 1077eV?) as a solution to the solar neutrino problem when #B 2 2 in units
of 10~z - kG. This new solution is located in a parameter region different from that of
the two known MSW solutions and is characteristic to the spin-flavor precession. These
solutions are expected to be distinguished by accurately measuring the neutrino energy
spectrum in the future solar neutrino experiments. For more detailed discussions on this
topic, see ref. 12) and 13).
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COMMENT ON SUPERNOVA NEUTRINOS
AND
THE MSW SOLAR NEUTRINO SOLUTIONS

H. Nunokawa and H. Minakata

At Neutrino '92, Stodolsky made a comment about the relation between v, from the super-
nova SN1987A and the MSW solutions of the solar neutrino problem!?). His comment is
as follows. First event at Kamiokande from SN1987A pointed back to Magellanic Cloud 19)
so this suggests that the first event may be due to v, ffom neutronization burst. If we take
this one event seriously and if we require that the MSW mechanism of the same two flavor
neutrinos is responsible for the solar neutrino deficit and v, ffom the supernova then even
one v, event is too large to be detected in KamIl. However, there is a restricted parameter
region of sin? 20 and Am? in which the MSW resonance is efficient for solar neutrino but
is not efficient for supernova neutrino. Interestingly, this region contains the small mixing
angle MSW solution. (See dashed line of Fig. 3.)

Now we would like to point out that similar result is obtained even if v, is converted to
other type of neutrino ( v, or v,) in the supernova. In that case, we require the regeneration
of supernova neutrino into v, in the earth. Interestingly again, the parameter region in
which regeneration of v, or v, into v in the earth efficiently occur coincides with the large
mixing angle MSW solution. Fig. 3 shows the two MSW solutions (black areas) 2) and the
region allowed by the regeneration in the earth for supernova neutrino (hatched region) 16),
We can see that large mixing angle MSW solution overlap with the hatched region.

We would like to thank Prof. K. Nakamura of ICRR for pointing out this possibility to
us.

10 MRS s a0 e e R A 1S L A e A

. TN :1
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Fig. 3 : Two black areas are the MSW solutions of the solar neutrino problem and the
hatched region indicates the region in which the probability of regeneration of supernova
neutrino into v, in the earth is more than 50 %16). The area surrounded by the dashed line
is the region mentioned in Stodolsky’s talk.
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ABSTRACT

We show that a left-handed neutrino vy, can oscillate into its C PT- conjugate state ¥ with
maximal amplitude, in direct analogy with K — K oscillations. Peculiarities of such oscil-
lations under different conditions are studied.
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1. 35 years ago Pontecorvo suggested the possibility of neutrino oscillations ) by analogy
with the oscillations of neutral K mesons. The question he raised was ”...whether there exist
other mixed neutral particles besides the K mesons which differ from their antiparticles
and for which the particle — antiparticle transitions are not strictly forbidden”?).

Direct analogy with the K°— K case would imply oscillations of a neutrino into its C PT-
conjugate state with large amplitude. We shall refer here to such a process as "Pontecorvo’s
original oscillations”.

The essential difference between the K° mesons and neutrinos is related to the spin of
neutrinos. It was realized after the V — 4 structure of weak interactions had been established
that neutrinos are produced and interact in chiral states. In particular, only left-handed
neutrinos vy, have been observed. The CPT conjugation transforms vy, into a right-handed
antineutrino 7g, and so the realization of the Pontecorvo’s original idea would mean the
existence of the oscillations v; +» ¥p. Strictly speaking, such transitions are not just a
process of lepton number oscillations, but also simultaneously neutrino spin precession.

Since the helicity of a free particle is conserved, in vacuum the oscillations v, «» &g
cannot occur. Particle-antiparticle transitions in vacuum can in principle take place for
4-component neutrinos. In terms of chiral states these oscillations would imply transitions
of vy into 7y, (or ¥g into vg), so that the neutrino helicity is conserved. However, such
transitions are not analogous to the K — K oscillations: & is not the true antiparticle
of the left-handed neutrino, the existence of which is required by the C PT invariance, but
rather a different neutrino state. In the ultrarelativistic limit v; and #;, can be considered
as independent particles with quite different interactions (v is active whereas 9y, is sterile
in the standard model).

For the above reasons it was generally supposed that Pontecorvo’s original oscillations
are just the oscillations of active neutrinos into sterile states, whereas the true neutrino-
antineutrino oscillations v; < p were considered impossible. In this report we show that
under certain conditions maximal-amplitude v; — g oscillations can nevertheless occur.

2. Consider for definiteness the transitions invelving electron neutrinos, v.;, < 7.j;. As
we already stressed, this imply helicity flip of the neutrino states. Such a flip can be in-
duced, for example, by interactions of neutrinos with external magnetic fields provided the
neutrinos have magnetic (or electric) dipole moments. However, the magnetic-moment in-

teraction cannot transform a neutrino into its own antineutrino because of C PT invariance.
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Nevertheless, it can convert a neutrino into an antineutrino of another species 2. From
this fact it follows that the v.; — V.r transition can in principle proceed via an additional
neutrino v, in the intermediate state (assuming that the usual flavour mixing also exists),
and v, — U.r mixing appears as a second-order effect. However, it can be shown® that CPT
invariance results in vanishing the amplitudes of such transitions as well. The crucial points
are that for any chain of transitions with a v,/ in the intermediate state there is another
chain mediated by 7.z with its amplitude having opposite sign and the same absolute value.

Thus, in order to induce the v, & U.g transitions, one needs to break C PT. However,
this does not necessarily require the existence of C PT-noninvariant interactions: the CPT
symmetry can be broken by the external conditions. In particular, this can be the case if
the process takes place in matter or in a transverse magnetic field whose direction changes
along the neutrino trajectory. Matter breaks C and CPT because it consists of particles
and not of antiparticles, and a twisting field breaks parity P (and hence C PT) since it
rotates either clockwise or counter clockwise along the neutrino path. In fact, both matter
and twisting fields lift the degeneracy of the intermediate neutrino states v,; and ., and
so induce vy, «> Uop transitions.

The possibility of ve, <> v.r transitions in matter and transverse magnetic field was
first pointed out in*). However, for fixed-direction magnetic fields the transition probability
was shown to be small even for large neutrino mixing and magnetic moments *). As we shall
see, the magnetic field rotation can change the situation drastically.

3. Consider a system of four neutrino states ver, Zer, YuL, and ¥,z with vacuum mixing
and transition magnetic moment p relating ve;, with &,z. Assuming that the energy levels
of ve, and 7.r are sufficiently well separated from the v, and 7,r ones, one finds for the
Vel — Vg transition probability in a medium with constant matter density, absolute value

of the magnetic field B, and angular velocity of the magnetic field rotation )

(2H)?
(2H.z)? + (2N + ¢ — 1)

_ . 1 ; :

P(ver, — Depit) = . sin? (E\/(2Heé)z + (2N + ¢ —17)? t) (1)
Here N = \/iGp('nC —n,/2) where GF is the Fermi constant, n. and n, are the electron and
neutron number densities, the angle ¢(t) defines the direction of the magnetic field B, (t)
in the plane orthogonal to the neutrino momentum, ¢ = d¢/dt. The effective v, — e

mixing term He is .
¢ —2rN
[(=rN + $/2)? — (2¢,6)2]

H,. ~ s;6uB, (2)
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where 7 = n,/(2n.—n,), § = Am?/4E, s, = sin26,, c, = cos26,, E is the neutrino energy,
Am? = m2 — m?, m;, m; and 6, being the neutrino masses and mixing angle in vacuum. In
eq. (1) nis a small energy-dependent term: 7 = (tan w — cot w) Hee, where tanw = s26/uB; .
It follows from (2) that the effective v.; — .g mixing is caused by an interplay of flavour
mixing and the one induced by the interaction of the magnetic moment with magnetic
field. In accordance with our general discussion, it arises due to the transitions through the
Vur(Pur) states: vep — v, (9ur) — Per. In vacuum the contributions of v, and 7, cancel
each other. Matter (n,, # 0) and magnetic field rotation (¢ # 0) lift the degeneracy of the
v, and 7,, levels and so give rise to the vey — J.r mixing.

One can readily make sure that in nonrotating magnetic fields the v, — 7. mixing is
always strongly suppressed. On the contrary, in a twisting field the v.;, < . oscillations

can be resonantly enhanced. For

é=—2N+n9~—-2N (3)
the ve, — Uep mixing becomes maximal and the oscillations proceed with maximal depth.
Eq. (3) is nothing else but the resonance condition for the v,y «» . oscillations. It implies
that the field rotation compensates for the energy splitting of the v, and Jer levels caused
by their interaction with matter. Up to the small term 5 ~ H.¢, it does not depend on the
neutrino energy. Due to this fact the energy width of the resonant peak can be fairly large.
This means that for a neutrino beam with continuous energy spectrum a large fraction of
neutrinos can undergo resonantly enhanced v.; «* g oscillations.

Let us assume now that

é _ 2c26

= —N ==
2 14 (4)

Now the energy levels of three neutrino states, namely, those of vy, .g and v,,, cross in
one point (this means that the resonances of the vey < Der, ver < vy and vy, < Do
transitions merge in one point). The influence of the v, state on the (v.r,P.;:) system
becomes maximal. For constant N, r, B, and ¢ one obtains the following probability of

the v, «» D.p oscillations:
1
P(Ver, — Dep;jt) = sin® 2w sin? —2-ft + sin? 2w sin® ge't cos ft + d sin €'t sin ft, (5)

where f = /(pBL)* + (826)?, € = —esin2w(s:8)(pB.)/(Hp — H.), H;z and H, being

the energy levels of the corresponding flavour neutrinos and d = O(¢’). We see that the
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depth of the v, — v.p oscillations, sin? 2w, does not exhibit any suppression; moreover,
in the symmetric case 5,6 = uB,, when the vacuum mixing is equal to that induced by
the magnetic moment interaction, one has sin2w = 1 and the oscillation depth becomes
maximal. For s,6 # pB the oscillation depth is less than unity and it decreases when the
difference between s,6 and pB, increases.

Let us stress that the maximal-amplitude short-wavelength oscillations described by eq.
(5) are only possible in a rotating field, when the merging condition (4) can be fulfilled. The
merging condition and v, — Dep oscillation length depend on the neutrino energy, and so
the enhancement of the v.; +> Dcr oscillations in this case has a resonant character, too.

4. Our previous discussion was constrained to the case of constant N, r, B, and d)
In a medium with matter density, and magnetic field varying along the neutrino path, the
maximum-amplitude v,y « Der oscillations will take place if the functions N(t) and ¢(t)
satisfy the resonance condition (3) over a sufficiently large space interval At.

Eq. (3) is in fact just the condition of crossing of the v, and 7, levels. Thus, if the
parameters of the medium vary in such a way that at a certain point ¢, eq. (3) holds,
resonant v.;, — P.g conversion may take place in the resonant region“"’). The conversion
can be nearly complete if the matter density and d;vary slowly enough (adiabatically) along
the neutrino path.

The maximum-amplitude v, «> P.p oscillations we have discussed, especially those in
the merging point, can provide an efficient mechanism of generation of 7, flux in the sun.
They can also have important consequences for neutrinos created in collapsing stars.

It should be emphasized that the merging condition (4) does not require any fine tuning
provided the neutrinos have a continuos spectrum and matter density changes monotonously
along the neutrino path. Nj.
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If a fermion is travelling through a medium, it can have matter-induced magnetic
and electric dipole moments. These contributions conserve chirality, and can be non-
vanishing even for a Majorana neutrino. Several implications for neutrino physics
are discussed.



174

1 Neutrino propagation in matter

This subject beacame popular when Wolfenstein calculated neutrino refractive index in mat-
ter, and subsequently Mikheyev and Smirnov recognized resonant nature of flavor oscillations
triggered by matter effects. Application to the solar neutrino problem is now standard [1].
Toset up the stage, we outline a covariant calculation leading to Wolfenstein’s result. One
evaluates the self-energy function to determine the dispersion relation, which can give the
refractive index [2, 3, 4]. Consider a massless neutrino for simplicity. Chirality dictates that

its self-energy is of the form
T = RSL, (1)
where R and L are chirality projection operators. In vacuum, the most general form of S is
5 = a(k)E. (2)

Thus, the pole of the propagator is at k? = 0, i.e., the particle is massless to all orders.
In a medium characterized by the center-of-mass velocity v#,

S =ak+bp (3)

in general. Thus, the dispersion relation changes, which is responsible for a refractive index

different from unity.

2 Electromagnetic vertex

Figure 1: The effective vertex with photon.
In general, the vertex in Fig. 1 can be written as
w(k")Ta(k, k', v)u(k)A*, (4)
where the vector v/* has been defined earlier. Conservation of charge implies the condition:

¢'Ty = 0. (8)

In the vacuum where v* does not exist, the neutrino has no charge, so that
La(k,k,0) = 0. (6)

These imply the following most general form for I's in the vacuum {5, 6, 7J:

Ta = {¢°m — )R+ 7%5) + 103,07 Das + Dips) - (7)
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In matter, additional terms are possible because of the 4-vector v (8, 9|:
Iy = iD5(7av, — 192)a%s + iDiErpas?”v5™v” . ®

It is easy to understand these terms in co-ordinate space if all form factors are assumed to be
momentum independent. The vacuum part can then be written as

P3P, F(R + rv5) + Porp F*(Dar + Dipvs) 9)
whereas the extra terms in a medium are
Digfmaysw v, F + Diybpaysth v, 7. (10)

In the non-relativistic limit, since Y7575y — 0, Y4759 — &, in a frame where v = (1,0), we
can write (10) as

Dyé-E+ Dyé-B. (11)

Hence, these are new contributions to dipole moments (8, 9]. Notice that these terms are chi-
rality conserving, and can be non-zero even for a Majorana neutrino [8]. Both these properties
are different from the vacuum dipole moment terms.

3 Calculations at the leading order

To the leading order in the Fermi constant [10, 11},

Ty
T

ﬁp‘pra (12)
TTRAp + TlQM + TPPAP: (13)

i

where, with gx, = gx, — 924,/ ¢% and ¥y = gi,v*,

Ry, = G0 —Qnx (14)
Qr = DaD,[7° (15)

Py = ierapg™[y/(q-v) - . (16)

The form factors Tr, Ty, Tp have been calculated in the leading order in G, in the general
case when the incoming and the outgoing neutrinos in Fig. 1 may or may not be the same.
From this, one can obtain various physical effects, as described below.

Radiative decay : In the vacuum, this is suppressed due to leptonic GIM. A medium full
of electrons and not muons or taons is not flavor symmetric. Thus, the GIM mechanism is no
more operative. The rates are enhanced tremendously (12, 13].

Modification of forward scattering amplitude : This occurs through the electromagnetic
vertex, if the electron scatters from the photon. This was originally supposed to be large, as
large as the Wolfenstein term [14]. Later, it was pointed out that protons can also scatter
from the photon, and this cancels exactly the electron-scattering contribution in the forward
scattering amplitude for neutrinos [15, 16].
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Induced electric charge : Neutrinos in medium have a small charge induced by matter
effects [17), ey = —(eGr/v/2)(1 + 4sin? 0y )(e?r3)~! where the Debye screening length is
given by 73 = T/n.e’ for a non-relativistic plasma at temperature T. This gives efy ~
~2 x 1073%(1cm/rp)?. This is not measurable even for the densest known plasma for which
rp ~ 10~* cm.

Plasmons : Plasmons can decay into vis. The rate has been calculated [10]. Neutrinos can
produce plasmons in a medium {11, 18].

4 Outlook

The effects may be large compared to the vacuum effects, but stillnot hopeful for being observ-
able. However, the subject is interesting, and I am sure that the resonant neutrino oscillation is
not the only interesting physical effect. Maybe some other process, like the Majoronic decay of
neutrinos {19], or other systems like the early universe {20, 21}, will yield some non-trivial effects.
Or maybe in more non-trivial matter distribution as in a crystal, some of the electromagnetic
effects will be enhanced enough to be observable.

I end by thanking my friend José F Nieves, with whom I have done most of the work on
this subject. I also thank R Cowsik for some discussions after my talk at the conference.
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TEST OF COHERENTNEUTRINO DETECTION USING SAPPHIRE CRYSTALS

M. P. McHugh and P. T. Keyser?2
Air Force Phillips Laboratory/GPEG
Hanscom AFB, MA 01571 USA

ABSTRACT

An experiment to detect solar neutrinos using the method of Weber was
undertaken. Two sapphire crystals of about 82 g each, along with
compensating lead masses, were placed in a liquid-supported torsion balance
(LSTB) in a symmetric configuration. If the sapphire has a sufficiently large
coherent scattering cross section (proportional to the square of the number
of scatterers) then the momentum transfer from solar neutrinos will produce
an observable one day period in the angular position of the balance. To the
limit of experimental sensitivity, no such effect was observed.

aPresent address: University of Alberta, Edmonton Alberta T6G2E8 Canada.
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INTRODUCTION

Joseph Weber has proposed that neutrino scattering from single crystals can
give total cross sections proportional to the square of the number of scattering
sites! -4, This would produce enhancements of the cross section on the order of
Avogadro's number for very modest sized crystals, making a table-top sized
neutrino detector possible. The effect differs from ordinary coherent scattering of
radiation in that the neutrinos have Compton wavelengths that are short compared
to the crystal lattice spacing (for a discussion of long wavelength coherent
scattering see ref. 5 page 683). Despite many theoretical arguments against the
validity of this claim6-10, Weber has presented experimental results3 in apparent
agreement with very large scattering cross sections for neutrinos from single
crystals of sapphire (Alp03). We decided that an attempt to reproduce his results
was merited.

Weber published results for three types of experiments --detection of tritium
B-decay neutrinos, nuclear reactor neutrinos, and solar neutrinos; all three
utilizing a torsion balance as the detector. We pursued detection of neutrinos from
the Sun using essentially the same method as Weber. The technique employs a
torsion balance that holds test masses of lead and single-crystal sapphire. If the
sapphire has a large scattering cross section and the lead has a negligible cross
section then the solar neutrinos will impart momentum to one side of the torsion
balance, producing a measurable torque. The torque changes sign as the earth
rotates, and the 24 hour periodic motion that results is the solar neutrino signal.

Weber's results were for a torsion balance holding a 26 g sapphire crystal.
With 65 days of data averaged together, the amplitude of the 24 h signal implied a
force of ~4.6x10-6 dynes which he attributed to solar neutrinos. This is an
astounding result in that if one assumes that all of the neutrinos that pass through
the geometric cross section of this crystal are scattered through a random angle;
and that the neutrino flux is that given by the standard solar model (see ref 11),

then the maximum force on the crystal would be 5.3x10-6 dynes. The curve
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designated "predicted signal” in Figure 2 was calculated for our experiment using
the same assumptions. The curve is not a sinusoid due to the fact that the
geometric cross section of the cylindrically shaped crystals changes throughout the
day as the direction of the neutrinos changes. The maximum magnitude of the
calculated force is ~2x10-3 dynes. Other methods for predicting the size of the
effect give even larger forces. By simply scaling the results of Weber by the
square of the mass for the two 82 g crystals used in this work, we calculate a force

of 9x10-5 dynes for our torsion balance.

APPARATUS

The apparatus used for this work is a liquid-supported torsion balance
(LSTB) that was developed at the: Joint Institute for Laboratory Astrophysics
(JILA) by Jim Faller and his students12-14, The LSTB shown in Figure 1 consists
of an aluminum cylinder that floats in water that is kept at its temperature of
maximum density (3.98°C). The water provides the support while the spherical
and ovoid electrodes on the top of the LSTB are used to provide the centering
force and the restoring torque. An optical lever, using four lenses mounted on the
lid of the LSTB, provides for the detection of the angular position of the LSTB.

The test masses are two Pb/Al203 "sandwiches" and six gold-plated Pb
cylinders each weighing about 510 g. The crystals themselves weigh 82 g each and
are about 4.5 cm in diameter, 1.3 cm in height. The overall height of all eight
masses is the same, with the crystal/lead masses having a larger diameter due to
their lower density. The symmetric design is used to minimize the effect of
gradients in the gravitational field. A calibration of the LSTB sensitivity to
applied torques is done in the following way. First the oscillation period is
measured for several different electrode voltages. This along with the moment of
inertia about the vertical axis is used to calculate the torsion constant (the torque
per unit angular displacement). The sensitivity is checked using the gravitational

attraction of lead bricks placed near the apparatus. This produces an "order of
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magnitude” response and demonstrates that the LSTB is moving freely. The
gravitational torque has large uncertainties and cannot be used independently as a

calibration.

Fig. 1 A cutaway view showing the test masses inside of the LSTB. The
sapphire is shown in black. On top are shown the lenses and the electrodes.

DATA

A data run consists of a computer reading multiple channels of an A/D data
logger (optical lever output, thermistor resistances, magnetometer output, etc.) at
one minute intervals. Ten minute averages are then stored on a disc. The signal is
of the form of a 24 h periodic signal of the proper phase on the optical lever
output voltage. This is converted into an angle using a calibration (done just prior
to the experiment) and then into a torque using the torsion constant discussed
above. Finally this is converted into a force using the length of the moment arm
of the crystals about the vertical axis. A graph of the data time series is shown in
Fig. 2 along with the predicted signal. A least-squares fit to a function of the form
of the expected signal is performed. This functional form is just a cosine of the
angle between the zenith and the direction to the Sun. This zenith angle is a fairly

complicated function of the time of day and, of course, depends on the time of
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year as well. An average of the least-squares fits for three such data runs gives the

result of -3.3+2.8x10-8 dynes of extra force on the sapphire.

20.0 T {predlcted signal

16.0 -

4.0 4+ measured signal

Force (1 0-6 dynes)

Time (Days)

Fig. 2. This graph shows the data from one of the runs (starting at 17:30
EST on 7 Jan. 1993) along with the predicted signal based on the results of Weber.
The angular position of the LSTB is converted into a force on the sapphire test
masses.

EXPERIMENTAL UNCERTAINTIES

In an experiment of this nature the systematic errors must be dealt with very
carefully. The fact that the signal has a period of 24 h presents difficulties in that
many effects (e.g. temperature, tilts, motion of people) also occur with this period.
The main sources of error considered are, gravity gradients, temperature
fluctuations, magnetic field, and tilt. The temperature at various points on the
apparatus, the tilt and the magnetic field were all monitored during the data runs
in order to look for possible systematic errors.

The gravity multipole couplings are dealt with by first measuring the
moments of the float by producing large gradients with nearby lead bricks. Then

these moments are used with estimates of the local mass motions to give limits on
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the torque produced by varying gravtational gradients. This error is estimated to
be less than 0.5x10-8 dynes. The magnetic field on top of the LSTB tank was
monitored with a three-axis flux-gate magnetometer, which combined with
measurements of the torques produced by temporary large magnetic fields gave an
estimated uncertainty of 0.2x10-8 dynes. The tilt was measured with a 2-axis
electronic bubble level and in a similar manner the uncertainty was estimated to be
4.0x10-8 dynes. The temperature fluctuations at various points on the apparatus
were monitored with thermistors, and combined with large artificial thermal
gradients to make a worst-case estimate of the uncertainty as 4.0x10-7 dynes. The
temperature fluctuation contribution dominates the systematic uncertainties, but
this seems an overestimate as it is an order of magnitude larger than the "signal".
However, temperature effects are very difficult to model and a less conservative
estimate seemed unjustified.

An assumed feature of the coherent scattering is that the quality of the
crystals is important for the effect. The more nearly perfect the crystals the better
the coherence. We had our crystals tested by double crystal X-ray topography, by
the same group at NIST that tested Weber's crystals, and they were found to be

good single crystals with no extraordinary defects, comparable to his.

CONCLUSION

This experiment shows no observation of enhanced neutrino scattering cross
sections for single crystals of sapphire. The extra force on the sapphire was
-0.3+£4x10-7 dynes, consistent with zero. The fraction of the predicted result is
-0.00240.027 compared to 0.86+0.26 observed by Weber. This uncertainty is
obtained from his stated uncertainty in the solar neutrino flux3. A slightly
different approach has also recently obtained a null result!5,

The authors would like to thank Crystal Systems of Salem Massachusetts for
providing the high quality sapphire crystals used in this work. Thanks also to

Richard Deslattes and Albert Henins of the National Institute of Standards and
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Technology in Gaithersburg Maryland for performing the X-ray diffraction
topography. We are indebted to Jim Faller for encouraging us to pursue this

work.
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REVIEW OF DARK MATTER
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ABSTRACT

There is increasing evidence that baryons constitute < 10% of the mass of the universe. It
is likely that the non-luminous matter, which must be particles outside the Standard Model
of particle physics, is made up of ~ 70% cold dark matter and ~ 30% hot dark matter. If
the solar ve and atmospheric v, deficits are manifestations of neutrino mass, then there is a
unique pattern of neutrino masses to accommodate the hot dark matter, pointing to needed
terrestrial experiments. The cold component can be searched for directly, and already the
exclusion of Dirac candidates extends over 12 orders of magnitude in particle mass and 20
orders of magnitude in cross section. This search mustnow get to cross sections less than one-
tenth that of the weak interaction for Dirac masses > 20 GeV and utilize detector nuclei with
spin for Ma jorana masses 2 10 GeV. A program to achieve these goals is being implemented
with a cryogenic detector.

* Supported in part by the U.S. Department of Energy Grant DE-FG03-91ER40618
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1. EVIDENCE FOR DARK MATTER

Observational information increasingly points to the density of the universe’s being far
greater than the mass one can detect by other than gravitational means. Some of that non-
luminous mass is in familiar baryonic form, but much more of it must be particles which are
not in the Standard Model of particle physics. Thus the search for this dark matter is of

great importance to particle physics, astrophysics, and cosmology.

The success of nucleosynthesis theory in predicting the abundance in the universe of 4He,
3H, 2H, and "Li, as well as three flavors of neutrinos, gives confidence that the ratio of the
mass density to the density required to just close the universe is § = 0.05 +.03.1) Observed
baryons give only Q & 0.007, so there must be some unseen baryonic matter. This is most
likely in the form of Jupiters (stars too small to have initiated nuclear burning), very small

black holes (< 108 solar masses) or neutral hydrogen.

The need for non-baryonic mass increases with increasing scale. The tangential velocity,
v, of a mass, m, in a galaxy remains constant out to a radius, r, about an order of magnitude
beyond the luminous mass, M, whereas from GmM/r2 = mv?/r, v « r~1/2 would be
expected. Unobserved mass increasing linearly with r must exist, giving 2 = 0.05-0.10, but
the fall-off in v is seldom observed. On the scale of galactic clusters, need for 2 = 0.1-0.3
is required both by the motion of galaxies with respect to the center of luminous mass of
the cluster and by gravitational lensing by the cluster of a distant light source. Very large
scale velocity fields from the flow of galaxies and galactic clusters require Q > 0.3 at the 4-6
standard deviation level,z) and these data favor 2 = 1 The flat universe of = 1 is very
likely because it is the only time-stable value for a zero cosmological constant. Unless there
is severe fine tuning in the early universe, the present density should have been driven far
out of the present range, toward 0 or oo, unless = 1. Inflation theory, which provides an

explanation for several otherwise inexplicable puzzles, also requires = 1.

2. APPARENT NEED FOR MIXED DARK MATTER

An explanation is required for the need for larger Q the bigger the scale. Another dark

matter conundrum to be understood is how it affects the formation of structure in the uni-
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verse. Both of these issues can be explained in a model®) which, in addition to the required
small amount of baryonic dark matter, has a mixture of hot and cold dark matter. Relativis-
tic hot dark matter tends to wash out density fluctuations, while slowly moving cold dark

matter would enhance initial fluctuations to seed the concentration of baryons.

Data on the extent of structure in the universe is now available on a wide range of dis-
tance scales. Evidence from the COBE results on the anisotropy of the cosmic microwave
background radiation, galaxy-galaxy angular correlations, large-scale velocity fields, and cor-
relations of galactic clusters can all be fitif the universe contains 70% cold dark matter
and 30% hot dark matter contributed by ~ 7 eV in neutrino mass. Such a model provides
a consistent explanation not only of the shape of the density fluctuation spectrum, but also
the observed estimates of the absolute density on small and large scales. While the fits have
been made with a single neutrino, dividing the mass among more than one neutrino would

work even better.5)

3. BARYONIC DARK MATTER

It is barely possible that there could be enough baryonic dark matter to account for all
the dark matter in our galaxy. In that case we would have to rely on accelerator experiments
and theoretical input to determine the nature of non-baryonic dark matter. While solely
baryonic dark matter is unlikely in view of the probable need for cold dark matter for galaxy

formation, it is certainly important to ascertain the nature of the baryonic dark matter.

The most likely baryoniccandidates are objects which can be between 10~7 and 10! solar
masses. If lighter than the lower limit, they would have evaporated away in a galactic time
scale, and if heavier than the upper limit, they would have become visible by nuclearignition.
These MAssive Compact Halo Objects, or MACHOS, are being looked for by gravitational
microlensing, a search for the brightening of one of ~ 107 stars in the Magellanic Cloud as
a MACHO passes across the line of sight to that star. This brightening has a characteristic
time dependence and would be achromatic. So far the three groupss) doing this work have
demonstrated feasibility, in that the photographic plates and CCD cameras have discovered

many variable stars, but with no MACHO candidates yet, the background problems seem
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well in hand. The present results are still well below the level of the few events per year

expected if all the galactic dark matter were baryonic.

4. HOT DARK MATTER

The light, but not massless (as it is in the Standard Model) neutrino has long been a
candidate for dark matter, since there are ~ 102/cm? of each family everywhere, and a mass of
~ 25 eV would give = 1. The problem of galaxy formation has to be solved by introducing
topological seeds, such as cosmic strings, and there is also the difficulty that dwarf galaxies
cannot hold enough such light neutrinos to provide their needed dark matter. A better use

for neutrinos, mentioned above, is as a minority component of dark matter.

Since the direct detection of relic neutrinos appears to be impossible, their existence will
have to be deduced from neutrino oscillation information. Conventional wisdom has the vr
playing this role, but if all current hints of neutrino mass are correct, that scheme is wrong,
and there is a more likely scenario.”) There are at present three indications of neutrino mass:
(1) the deficit of solar v¢’s, (2) the depletion of atmospheric v,/'s relative to v¢’s, and (3) the
apparent need for some hot dark matter. If all of these are indeed due to neutrino mass,
there are only three logical possibilities for the pattern of neutrino masses and mixings: (A)
Ve, ¥, and vr are all about 2.3 eV in mass, (B) ve, vy, and v are all very light, and one
or more sterile neutrinos, v, provide the dark matter, or (C) ve and vs are very light and
vy and vy are about 3.5 eV each. Case (A) is probably ruled out by the non-observation of
neutrinoless double beta decay. Case (B) is also probably ruled out because the vs decoupled
so early in the expansion of the universe that their numbers depleted, making their required
mass 3> 7 eV, which in turn makes them too slow to perform the function of the hot dark
matter. That leaves only case (C), which explains the ve solar deficit via ve — v, with about
the same Am? and mixing angle as for ve — vy There is also no difficulty with too many
neutrinos at the time of nucleosynthesis, since a vs that light (and with the mixing angles
of either the non-adiabatic MSW or vacuum oscillation cases) was not then in equilibrium.
Case (C) explains the atmospheric v, depletion via v, — vr, with these nearly degenerate

heavier neutrinos also providing an even better fit to the structure information than a single
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7 eV neutrino.

The question of ve to vs or vy should be settled by the neutral current detection at SNO
or BOREXINO. A check on the vy —» v of the atmospheric v depletion could be provided
by long baseline neutrino oscillation experiments planned at Brookhaven and Fermilab. The
essential feature of a Am?2 ~ 10 eV? mass difference between the ve-vs and vu—vr sectors
can be tested best by a vy — ve oscillation experiment, although the less sensitive and
more difficult ve — vr experiment should also be done, because these mixings are model
dependent. The LSND experiment at Los Alamos as early as 1994 could achieve a limit on

sin? 20ep ~ 3 % 10~4 at this Am?, if current funding problems do not interfere.

5. COLD DARK MATTER

There are a very large number of cold dark matter candidates, of which only a few are
motivated by needs other than to be dark matter. One is the axion, which would result
from a possible solution to the strong CP problem. Despite requiring a mass ~ 107 eV
to give Q = 1, axions are a cold dark matter candidate. The lack of evidence for energy
transport by axions in stellar cooling and from SN1987A limits axion mass to < 1073 ev.
Two experimentss) have been developed to detect axions by looking for the conversion of
axions to photons in a magnetic field, but lack a factor of ~ 102 in sensitivity for doing so.
A new experimentg) is currently being constructed with a much higher field superconducting

magnet which could have the required sensitivity.

There used to be also considerable motivation for a heavy fourth-generation neutrino as
dark matter. The SLC /LEP limitation to three generations of weak isodoublet neutrinos of
mass < 45 GeV eliminated a fourth Majorana neutrino, since to be dark matter its mass would
have to be ~ 5-8 GeV, which is determined by its annihilation rate when such neutrinos could
have been in thermal equilibrium in the early universe. Such a Majorana neutrino may have
been ruled out previously by indirect dark matter searches performed at the proton decay
detectors, Fréjus, Kamioka, and IMB. The Majorana particles could be captured by the sun or
earth, annihilate in pairs, and produce energetic neutrinos from the cascade decays of heavy

flavor annihilation products. The energetic neutrinos then need to be detected above the
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background of atmospheric neutrinos. Space limitations prevent discussing the observations

or the controversy about the interpretation of the complex chain of events involved.

In contrast to the Majorana case, a Dirac neutrino could have had a wide mass range, since
an initial particle-antiparticle asymmetry would allow the annihilation rate to be adjusted
suitably. The SLC/LEP result conclusively ruled out the 4-10 GeV Dirac massrange. Masses
larger then 10 GeV had already been eliminated by underground Ge semiconductor detectors
sensitive to nuclear recoils struck by such a particle. Three experiments!®!1 have searched
for dark matter. Results presented here are from the UCSB/LBL/UCB data, although the
others are similar. The exclusion plot of Fig. 1 assumes a conservative dark matter galactic
halo density of 0.3 GeV/cm3 = 5 x 10725 g/cm3 and a Maxwellian dark matter velocity
distribution of vems & 300 km/s. Each particle mass is assumed in turn to be the source
of dark matter, and the results are for the case of spin-independent interactions, for which
there is nuclear coherence. Particles having the normal weak interaction would lie along the
line in Fig. 1 labelled “Dirac v,” and are excluded between 10 GeV and ~ 3 TeV. Since
~ 30 eV~-4 GeV would give Q > 1, all isodoublet Dirac neutrinos 2 30 eV are eliminated as

12)

dark matter, if the upper mass limit is really’“/ ~ 1 TeV. Also ruled out as dark matter are

the lightest technibaryon and any particle above and to the right of the solid line.

A regionshown in Fig. 1 refers to a class of Weakly Interacting Massive Particles (WIMPs)
called Cosmions, which could be dark matter and also solve the solar v problem. The Cosmion
could be captured in the sun and fall toward the center, where its motion tolarger radii would
cool the solar core by the ~ 10% needed to reduce the flux of 8B solar neutrinos. 13) The
Cosmions were essentially excluded!?) using Si detectors in the UCSB/LBL/UCB apparatus,

since these are more sensitive to lower masses than is Ge.

The exclusion region does not end at the boundaries of Fig. 1, as seen in Fig. 2. Note
that the cross section of Fig. 1 is on Ge, while that of Fig. 2 is for protons. Interest in
Strongly Interacting Massive Particles (SIMPs) as dark matter prompted Starkman et al.19)
to find regions of mass-cross section space viable for dark matter candidates. The most

likely remaining region was the mass range 108 — 108 GeV with a cross section on protons of
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Fig. 1. Exclusion plot for the mass and Fig. 2. Exclusion plots for the mass and
elastic cross section on Ge for dark mat- cross section on protons for dark matter
ter particles. The weak interaction cross particles, showing also the regions Ref. 15
section is indicated by “Dirac v.” found were not excluded by other infor-

mation.
10-28—-10722 cm? and a narrow “finger” reaching down to 10° GeV and 10730 cm?2. Tosearch
this region the Pb shielding and Nal veto above the Ge detectors in the UCSB/LBL/UCB
apparatus were removed, giving the “no-lid, NalI” exclusion region shown. To extend the
upper boundary, some data were taken with a Ge detector at the surface, giving the dashed
line. Another exclusion region is dashed in and labeled “absence of a Nal permanent veto”,
since in this region there would always be a SIMP in the Nal within the electronics dead

time. This region extends into the exclusion area of Fig. 1, which is shown completely here.

With so much of the SIMP mass—cross section space eliminated, it is improbable that
any particle with stronger than the standard weak interaction can be the main component of
dark matter. There is also a limit!218) that any stable elementary particle which was once

in thermal equilibrium in the early universe has to have a mass less than ~ 103 TeV.

6. FUTURE DIRECT DETECTION OF DARK MATTER

The need is now to go to cross sections well below weak for Dirac particles and especially
to achieve sensitivity to Majorana particles with their spin-dependent interactions, particu-
larly the lightest supersymmetric particle (LSP). The LSP is a well motivated dark matter
candidate, since it was invented for a purpose other than to be dark matter, and an 2 =1
density is achieved quite naturally for a range of LSP parameters. If R-parity (+1 for parti-

cles, —1 for their supersymmetric partners) is conserved, the LSP is stable, but in any case it
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is likely to be long lived. The LSP is generally considered to be a neutralino, some mass state
which is a mixture of the interaction states of the superpartners of the hypercharge gauge
boson, the neutral SU(2) gauge boson, and the neutral components of Higgs doublets. The
nature of that mixture determines how readily the particle can be detected, but already accel-
erator and nonaccelerator experiments have considerably restricted the parameter space. The
large number of free supersymmetric parameters are reduced in the Minimal Supersymmetric
Standard Model (MSSM), particularly when grand unification (GU) is assumed, typified by
the association with SU(5). Under these conditions LEP and CDF results restrict the neu-
tralino to be more massive than ~ 20 GeV. If one relaxes the assumption of GU,!7) neutralino
masses giving £ = 1 can be ~ 10 GeV, and outside the MSSM there are not well-defined
limits on neutralino mass. However, the accelerator results and the requirement of 2 = 1
still restricts the parameters considerably. In generalit is likely that if the neutralino is dark

matter, its mass is between 20 and 150 GeV.18)

With the limitations from LEP and those shownin Fig. 1, for Dirac particles also masses
> 20 GeV are of interest. Reduction of backgrounds to get to smaller cross sections for both
the Dirac and Majorana particles is essential. In the latter case it is also necessary to have
a nucleus with spin. Since the semiconductor experiments have involved extensive efforts to

reduce backgrounds, significant further reductions require a new technique.

7. A CRYOGENIC EXPERIMENT

As backgrounds are due mainly to electrons (from 8 decays, Compton scattering, or
photoelectrons), which ionize efficiently at low energies, whereas the nuclear recoil signal
produces mainly phonons, a simultaneous measurement of phonons and ionization energies
would provide an excellent discriminant. A semiconductor detector requires an electric field
of ~ 103 V/em to remove free charge carriers and fully deplete the crystal, but such a field
moving the ionization charge creates phonons which swamp the original phonon component
of the particle interaction. However, the phonon signal can be detected using very low
temperatures (~ 0.03° K), since the impurity charges are then frozen out from the bands, and

only about 0.5 V/cm is needed to collect ionization electrons and holes. The low temperature
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also provides a measurable temperature rise resulting from the particle interaction, as the

heat capacity of the detector is proportional to the cube of the absolute temperature.

The Center for Particle Astrophysics group demonstrated!?) this technique using a 60 g.
crystal of Ge and neutron-transmutation-doped thermistors. Figure 3 shows the ionization
and phonon response to X-rays from 241Am, while Fig. 4 displays a measurement with that
X-ray source and a 2%2Cf neutron source. With the current resolutions (FWHM of 1.7 keV
for ionization and 1.9 keV for phonons at 60 keV), an additional background rejection of

> 102 is calculated, and it is likely that those numbers will improve.

Neutrons and photons
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Fig. 3. Signals from 14, 18, and 60-keV

X-rays (from 2#'Am) in a 60 g. Ge crystal Fig. 4. Response of the 60 g. Ge crystal to

operated at 0.03° K, for which both the a 252Cf neutron source, shielded by 11'' of

ionization and heat (phonons) have been Pb, and X-rays from 24!Am. Resolution

measured. of the two populations begins at ~ 3 keV
of ionization.

This technique will be applied in an experiment presently being implemented at a shallow
(20 m.w.e.) site on the Stanford campus by the UCSB/LBL/UCB/Stanford/INR Baksan
group. Since the technique is new and dilution refrigerators require attention, a location
was chosen on the basis of ready access. The Oroville site!?) at 600 m.w.e. was by far the
shallowest heretofore used for a dark matter search. Cosmic ray muons are a problem in that
they produce neutrons which can give nuclear recoils. A highly efficient muon veto counter
must be constructed and provide a deadtime after the passage of the muon until the neutron
is at least of too low an energy to give a measureable recoil. The neutrons, produced mainly

in the Pb shield needed to reduce external radioactivity, are moderated by polyethylene.
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According to calculations, the main remaining source of neutrons are the Cu fixtures needed
to contain the detectors at low temperature. The shielding can be quite complete because
the dilution refrigerator has been constructed with an unusual side exit so that cooling can

be achieved in a separate cold box.

Current plans are to take data with three 0.5 kg detectors, one of normal Ge, one enriched
in Ge (spin 9/2), and one enriched.in 76Ge (spin 0). This will provide appropriate cross
checks and allow the simultaneous search for Dirac and Majorana dark matter. If we can
achieve electron background levels comparable to those we now have in the semiconductor
experiment at Oroville, this should begin the exploration of the region in which the lightest

supersymmetric particle could exist, as shown in Fig. 5.

Fig. 5. Exclusion plot of event rate vs.

particle mass showing the already excluded
region of Fig. 1 and the neutralino region

with various theoretical assumptions. The

lines show limits to be achieved after 100

kg days using a 73Ge crystal and having

1% and 0.1% additional rejection from si-

multaneous ionization and phonon mea-

surements.

Fvenisiigiday

Neuratino Mass (GeVie?)

8. CONCLUSIONS

If dark matter is indeed 70% cold and 30% hot, the nature of the latter will have to be
determined by terrestrial experiments, guidance for which comes from present indications for
neutrino mass. These suggest a unique pattern for neutrino masses. The cold component is
amenable to direct search, and already by this means Dirac candidates covering 12 orders of
magnitude in mass and 20 orders of magnitude in cross section have been eliminated. Some
Majorana particles have also been ruled out. Further progress can come from new techniques,

including the simultaneous measurement of phonons and ionization, now being implemented.
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ATMOSPHERIC NEUTRINOS AND NEUTRINO OSCILLATIONS

R.Barloutaud
DAPNIA-CEN SACLAY

ABSTRACT

The results on the composition of atmospheric neutrinos interacting in
underground detectors and on the rate of atmospheric muon neutrino
interactions in the earth surrounding the detectors are reviewed. Up to
now, systematic errors on the neutino flux and on the electrons and muons
neutrino interaction identifications are not yet reliable enough to prove
that atmospheric neutrinos oscillate before being detected.
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The study of neutrinos produced in the high atmosphere offers a
possibility to search for neutrino oscillations occuring during their
travel through the earth and atmosphere in a range varying between about
10 and 13.000 Kms. As they are mainly produced in the decays of charged
pions and muons, they consist on twice more \)“ or \7\‘ than v, or Te,
Therefore, the fluxes, the energy and angular distributions of these

particles are sensitive to V Vg Or v v_oscillations if the mass squared

H 1<
difference between two neutrino fla\}ors is larger than 10_4 ev’ and,
due to systematic uncertainties, if the corresponding mixing angles are
such that sin’20 is larger than about 0.4,

The interactions of atmospheric neutrinos are observed in large
underground detectors where both \)u and Ve interactions can be identified.
Moreover high energy charged current VU interactions in the earth
surrounding the detectors, producing upward or nearly horizontal going
muons may be separated from the high rate of downward going atmospheric
muons. During the recent years more than one thousand neutrino interactions
occuring inside the underground detectors have been measured, and a similar
amount of v earth interactions were observed. Several reviews have been

1,2,3)

recently presented on the results obtained by these experiments.,

1.Atmospheric neutrino flux calculations

The atmospheric v and Vo fluxes, their energy and angular
distributions must be calculated as accurately as possible in order to
find experimentally some deviations which could be attributed to neutrino
oscillations.

Starting from primary cosmic ray fluxes, their interactions
on nitrogen and oxygen nuclei, and the propagation of the decay pions
and muons in the atmosphere, many groupsA to 11) have calculated the fluxes
of \;L and Ve reaching the earth, taking into account the geomagnetic effects
and the time dependent solar activity. The results may be summarized as
follows:

a) Mainly due to uncertainties on cosmic primary flux and composition,
the total neutrino flux is known to about 20% at low energy (. 10 Gev)
and to 30% at high energy ( 210 Gev).

b) The composition of the atmospheric neutrinos agrees in all the
models and the uncertainty on the flux ratio Vu/ve is probably smaller

than 5z 0 11
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c) The shapes of the energy and angular distributions of the
atmospheric neutrinos are rather well predicted.

d) The interaction rate of the \JU in the earth depends also on their
cross section; this introduces an additional uncertainty of about lO%lZ).
However, the shapes of the energy and angular distributions of the muons

produced in the earth are reliably calculatedlz).

2 Experimental studies

2.1 Detection of neutrino interactions inside underground detectors

These detectors originally designed to study the nucleon decays are
in principle able to measure and to identify the Vv,; and Vo charged current
interactions and in some cases, with a smaller eftficiency, the neutral
current interactions. The interaction rate is of the order of 100
events/Kt.year. The large Cerenkov detectors experiments (1 to 5 Ki.«f

13,18) and I.M.B.M) hare analysed 4.9

fiducial volume for the Kamioka
and 7.7 Kt.years of data respectively. The energy thresholds vary between
0,1 to 0,2 Gev for the Ve and 0,2 to 0,3 Gev for the \)Ll interactions,
In order to reach a good identification efficiency of the electrons and
muons, the single ring events, fully contained in the detector are
selected, limiting the energy to about 1.4 Gev. This allows to detect
the decay electron of the muons with a pulse delayed by the muon lifetime.
The tracking calorimeter experiments have analysed 0,3 1,6 and 0,5 Kt.year
of data in the NUSEX'®) F 16) 17

rejus and SOUDAN2 detectors respectively.

These experiments are in principle able to separate all \)u ana g

interactions and, according to their atmospheric muon background, to make
use of the events produced in the fiducial volume, but not necessarily
fully contained in the detector. The threshold energy varies between 0,2

and 0,3 Gev for \)u and Ve interactions.

2.2 Detection of the \)U interactions in the earth surrounding the

detector
a) Upward going muons (zenith angle 62 . 90°, energy larger than
- 10 Gev)

In order to separate the muons produced by \)“ interactions in the earth
from the huge flux of downward going atmospheric muons an excellent
separation in directionnality is required. This is obtained by the water

Cerenkov detectors Kamiokalg) and IMBIQ), and by time of flight in
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scintillator telescopes (BAKSAN and MACRO). Until now, only results from
the BAKSAN experiment have been publishedzo). The IMB experimentlg) has
also recorded the upward going muons stopping in the detector; they
correspond to VP energy of the order of 50 Gev .

b) The nearly horizontal neutrinos may be separated without
directionnality information from the downward going muons in an angular
region, which depends on the depth of the detector and the shape of the
ground over the laboratory. This corresponds in the Frejus experimengl)
to 795° < BZ< 105° in which the muon rate amounts to about 60% of the upward

going muons.
3. Results on atmospheric neutrino flavor composition and oscillations

3.1 v, and v_ fluxes
H e
In each experiment, the data are compared to the expectation
obtained by a Monte Carlo simulation, taking into account the response
of the detector for each type of interaction, the calculated neutrino
fluxes, their energy and angular distributions.
The published results allow to calculate the following ratios where

V(and Ve represent the rate of the interactions.

K

Ry = (\)u+\)e)data / (vuf\)e)simul.

_ single ring (prong) data / single ring (prong) simul.
multi rings (prongs) multi rings (prongs)

R = (vu/ve)data / (vu/ve)simul.

RD = (pdecay/no p decay)data / (udecay/no j1 decay)simul.(in Cerenkov exp.)

The values of these ratios are represented in fig.l (a,b,c,d).The
calculated fluxes are all normalized to the Bartol flux predictions6).
The errors shown are purely statistical.

The following comments can be made on these results.

a) As indicated in the fig.l caption, the event selections applied
by the experiments to obtain these results are very different.In particular
only 30%Z of the neutrino interactions are common in the Frejus and the

water Cerenkov experiments.
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Fig.l Data over simulation rate ratios for v interactions produced inside
the detector 18)

@®Kamioka exp. 310 one ring, 147 multiring fully contained evcfg&s .

OIMB exp. 610 one ring, 325 multiring fully contained events . 16)
Frejus exp.188 events (except 1 prongsﬂncontained), 70 one prong events ,

ANUSEX exp. 50 fully contained events . 17)

¥ SOUDAN2 exp. 25 one prong, 12 multiprong, fully contained events .

b) The ratios Ry ( fig.la) are compatible and lower than unity in

6) used in the simulations

all experiments, suggesting that the Bartol flux
may be slightly overestimated but compatible with the estimated systematic
error.

c) The flux independent ratios RS (fig.1lb) are lower than unity in
the water Cerenkov experiments.( especially in the IMB results where it
differs by more than 5 s.d. from unity). This shows that the fraction of
the single ring events is not well described by the simulation in the IMB
experiment. In case of a deficit of v , for which the energy threshold

is higher than for Vg, it is expected that the ratio RS should be larger
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than unity.

d)The ratios R (fig.lc) are definitely lower than unity in the water
Cerenkov but compatible with unity in the tracking calorimeter experiments.
This has been interpreted by the Kamioka group as an indication for neutrino

oscillations\)u\)eor Vi Ve .This deficit of V, interactions is also visible

U

in the ratio RD ( fi;i 1d) which is also lower than unity.

Beside the statistical errors on R plotted in fig.lc, some systematic errors
have been evaluated to take into account the possible misidentification
of muons and electrons which could be different in the data and in the
simulation. These errors Rsys are 0.05, 0.12, 0.15 and 0.10 in the
Kamioka, IMB, Frejus and SOUDAN2 experiments respectively.(In the Frejus
experimentzz) they have been checked by making three completely independent
simulations and analyses of the data). An important question is to know
how reliable are these errors; a test of the electrons and muons
identification efficiency will be performed in a water Cerenkov detector

in a near future3> to clarify this point.
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Fig.2 a)Momentum dependence of the ratio R in the Kamioka experiment.The
dashed and dashed-dotted lines correspond to no oscillation and some
oscillation hypotheses

b) Non showering fraction of events versus momentum 1n IMB
experiment. The full line corresponds to no oscillation.

3.2 Energy and zenith angle distribution
The \)H deficit found in the water Cerenkov experiments is clearly visible
in the shape of the energy distribution of R (fig2a) in the Kamioka
experiment and to a lesser degree in the IMB experiment (fig2b). However
the shape of the zenithal angle GZ distributions are not showing any

13—19))

evidence for an angular dependence of this deficit The corresponding
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Frejus distributions in energy and zenith angle are compatible, within

L . . 1
the statistical accuracy to the Monte Carlo simulations 6).

3.3 Neutrino oscillation analyses
Assuming that the differences between the data and the simulations

are due to neutrino oscillations, some exclusion plots in the diagrams

13)

Am’-sin’20 have been calculated by the Kamioka and the Frejusn)

experiments. The errors used are the quadratic sum of statistical and
systematic errors and the 90%Z c.l. exclusion regions have been determined

for\)u\()3 and\)LLVroscillations (fig.3a and 3b). The Kamioka analysis requires
an oscillation in the region 4m®3 4 10“3ev2, sin®20 3 0.4 for v, Ve OF am*y,

10_3ev2, sin’20 > 0.4 for V“Vr,while the Frejus analysis excludes the region

Amz\(‘ 3 10—3ev’, sin’20¢ 0.5 for»veand Am’é 6 10_3

VU VT' The presence of oscillations which could explain the VU deficit in

the Kamioka experiment does not change appreciably the shapes of the energy

ev’, sinIZB_é 0.6 for

(fig.2a) and angular distributions3).

vpTve Vu— Ve
| s e
: ! ] Eor
i ) 1 Focous
! ] I
|
AKS]:— | = ,\10—1:‘
L f | o 7% F
S r ‘ Gosgen 7 @ 3
~ B 1 o i
[ = t
< <7
-2 2
10 F‘ = 10 E
[ Kamel e -
> I Kam-1-II
r / N1 I
-3 Frejus - .
10 - ! E \03:— 3
-.1 P T S T .:
0 0.5 1 0 0.5 )
sin®26 sin®26

Fig.3 Allowed neutrino oscillation parameters from Kamioka experiment (right
of the full line) and from Frejus experiment (left of the dashed [ine)
for \)U A and \)u V. oscillations.
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4.Results on upward and horizontal going muons and neutrino oscillations.

A detailed review of the results obtained by the Kamiokals’?’), IMBlg)

and Baksanzo) experiments has been recently made by the Bartol-Penn.
grouplz). A result on the rate of horizontal muons obtained in the Frejus
experimentﬂ) will also be included in the report.

4.1 Upward and horizontal going muons fluxes.
In each experiment, the observed muon rate is compared to the predicted
one and their ratio r

r = observed rate / predicted rate
has been measured using the energy and angle dependent \)U flux calculated
by Volkova[‘). With other models of vU flux and recent neutrino cross
sections, the predicted rate may vary by about 30%12). The results on r
with the statistical errors are presented in fig.4a. All values are
compatible with unity , but somewhat lower than 1.3 expected by the larger
Bartol flux. The shape of the angular distributions presented by Kamioka
and Baksan are found to be compatible with the distributions calculated

by the various modelslz).

(a) r (b) g

SN U S S W
- o]

0.8 -

Fig.4 Data over simulation rate ratios over the v interactions produced
in earth H

@® Kamioka exp. 252 up going muons.

O 1IMB exp. 617 up going muons.

85 stopping up going muons.

M Baksan exp. 421 upgoing muons.

@®Frejus exp. 55 horizontal muons.

The dashed lines correspond to the maximum predictions.

)

. 19 . .
The IMB experiment has measured the ratio of the muon rates stopping
in the detector and crossing it:
{ = stopping muon rate/through muon rate = 0.16x0.02

This ratio is almost independent of the \)U flux and is calculated to be
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0.158+0.05. Therefore the ratio
r = f data / f simulation

presented in fig.3b is found in excellent agreement with unity.
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Fig.5 Allowed v, V. oscillation parameter regions for the atmospheric
interactions in detector (Kamioka and Frejus experiments) and for
interactions in earth.

The dashed lines represent the B, K, and I limits obtained by Baksan,
Kamioka, and IMB respectively and calculated with the Volkova flux. The
line labelled KBO is calculated with the Kamioka data, the Bartol flux
and Owen cross—section. The allowed regions lie to the left of the dashed
curves.The full line is obtained by the IMB experiment, with the fraction
of stopping up going muons.

4.2 Neutrino oscillation analyses

No evidence for Vh deficit is found in the results of upward going
muon fluxes. In order to see yhether or not these results were in
contradiction with the V“ deficit found in the composition of the neutrinos
interacting in the detector, some exclusion zones in the oscillation
parameter plot were calculated by the Kamioka, IMB and Baksan groups
assuming various VU flux models. Some of these zones exclude completely
the previous allowed region (fig.5). However, the region remains untouched
by the Kamioka limit calculated with the Bartol flux and the Owens cross

12)

section “’. The excluded zone for 2 10_4ev:<L\m’.§2 10 %ev* and sin®20 »0.7
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is due to the absence of discrepancy between the experimental and the

calculated value of the fraction f.
Conclusion.

The evidence for oscillation of the atmospheric neutrinos is still far

to be compelling. No effect is found in the results of the vu interaction

in the earth. The deficit of vuin the Cerenkov detector interactions might

. . . . -2
suggest an oscillation v Vg 0r v in the region A m’allo to 0.4 ev?®,

v
bt
sin’26 =~ 0.5. However, this conclusion must be confirmed by a check of
the systematic wuncertainties of the Monte Carlo simulations wused to

demonstrate this deficit.
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Kenji Kaneyuki
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ABSTRACT

A preliminary result of contained events during the detector exposure of 1.28 kt-yr in
Kamiokande-III is presented. The updated result from Kamiokande-IIT is consistent with the
previous result from Kamiokande-1 and II, and the combined result during a total of 6.18 kt-yr
exposure gives (1t/e)gasa/(1/¢)nscs = 0.60 £ 0.06 £ 0.05.
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1 Introduction

Neutrino physics using a large underground detector has an advantage over an experiment using
an accelerator or a reactor, in that neutrinos travel longer path length in vacuum and matter.
Therefore, the study of atmospheric neutrinos approach froma different side to neutrino physics.

Primarily, atmospheric neutrinos have been studied as background against nucleon decay
experiments deep underground. Atmospheric neutrinos come from the interactions of primary
cosmic rays with nuclei composing the atmosphere. The generated neutrinos travel a distance
ranging from the depth of the atmosphere to the diameter of the earth. Therefore, the sensitivity
of an experiment using the atmospheric neutrino beam to neutrino oscillations is Am? ~
107%eV'?, as the average neutrino energy around 1GeV.

The difficulty in the study of atmospheric neutrinos comes from the ambiguity in theoretical
calculations of the neutrino flux. The atmospheric neutrino flux has been calculated by several
authors in detail. The difference in absolute value of flux falls within 30% among the calculations
by Gaisser 1}, Honda [2] and Lee [3]. However, the ambiguity in the ratio of muon neutrino
flux to electron neutrino flux cancels out, because they originate from the same decay chains
s optt (;)u or K* — p*+ (;]“ followed by p* —» e*+ (;)“ + (;)8. The three calculations
agree within 5% at neutrino energies larger than 100 MeV /c.

A relative deficit in 1/, to v, has been already reported by Kamiokande [4] [5], and IMB
(6] based on contained neutrino events. As for up-going muons as a probe of neutrino oscilla-
tions, they should be treated carefully since the models of the neutrino flux and the models of
neutrino interactions directly affect the event rate calculations [7]. In this talk, a recent result
of contained events during detector exposure of 1.26 kt-yr in Kamiokande-III is presented in

addition to the previous result from Kamiokande-I and II during 4.92 kt-yr exposure.

2 Event selection

The analysis sequence of atmospheric neutrinos is as follows; First, an event is required to be
contained. The events should be fully contained in theinner detector and should not have any

particles exiting into the anti counter, therefore the selection criteria are;

1. total number of photoelectrons lies between 110 p.e. and 4500 p.e.
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30MeV/c - 1350MeV /c for electron
205MeV/c - 1500MeV/c for muon

2. maximum number of photoelectrons in an event < 200 p.e.
3. no signal in the anti counter ( Kamiokande-ILIII )

The number of tracks, position of event vertex and direction of each track are reconstructed
using the timing and charge information of each photomultiplier. After that, the fiducial
volume is defined to be 2m ( 1.5m ) inside from the photomultiplier plane in Kamiokande-I (
Kamiokande-I1,III ), and the events in the fiducial volume are selected. The fiducial mass is
880 ton in Kamiokande-I and 1040 ton in Kamiokande-II, III respectively.

A Monte Carlo study shows 75% of single ring events come from quasi elastic interactions,
and only 4% of the events come from neutral current interactions, therefore single ring events
are a good probe of the parent neutrino flavors. Each single ring event is classified as muon-
like event or electron-like event using the Cerenkov ring pattern and the opening angle of the
Cerenkov ring. The efficiency of particle identification is 98% from a Monte Carlo study, and it
is backchecked by real stopping p and pi-decay electrons. In addition to these cut, each electron

like event is required the momentum to be larger than 100MeV/c.

3 Result

Table 1 show a summary of fully contained events in Kamiokande-I, II ( 4.92 kt-yr ) with an
additional 1.26 kt-yr data from Kamiokande-III. The total detector exposure is 6.18 kt-yr. The
additional data from Kamiokande-III are consistent with the previous data, and the combined
result gives a total of 557 events. They include 389 single ring events and 168 multi ring events.
Single ring events are then classified as 191 muon-like events and 198 electron-like events. And
Monte Carlo predictions based on the callculations, by Gaisser, Honda and Lee are also given
in the table 2. To avoid the large ambiguity in the absolute neutrino flux and the cross sections
of neutrino interactions, we take a double ratio of muon-like events to electron-like events in
comparison with the Monte Carlo prediction based on the Gaisser’s calculation. The result
gives;

(1 — like/e — like)aata

M = 0.60+ 0.06 +£0.05
(p — like/e— like)y.c.
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where the quoted errors are statistical and systematic, respectively. The detail of systematic
errors is given in Table 3. And it should be stressed here that the double ratio shows a good
agreement among the three flux calculations, 0.60 + 0.06 based on Gaisser’s, 0.59 £+ 0.06 on
Honda’s and 0.59 £ 0.06 on Lee’s. And this result is also consistent with a result of contained
events from the IMB-II1, (1/€)data/(1t/€)rc. = 0.54 £ 0.05 £ 0.12.

Figure 1 shows the momentum distributions of electron-like events and muon-like events,
where solid line shows the Monte Carlo prediction based on the Gaisser’s calculation. The
distribution of the electron-like events are consistent with the Monte Carlo prediction, while
the distribution of the muon-likeeventsshowsan apparent deficit compared with the prediction
in the all momentum regions. However, the absolute normalization factor of the neutrino flux
has a large ambiguity therefore the only thing one can claim is a relative deficit in muon-like
events to electron-like events. Figure 2 3 shows the momentum and zenith angle dependence
of the double ratio of (y¢/€)dara/(1t/€)Mm.c, and this figure demonstrates that there is no strong
dependence on the momentum and zenith angle within the statistical error.

The ratio of v, to v, can checked independently using the p-decay signal, because charged
current v, interactions are accompanied by an electron from y decay. The following double
ratio gives;

(#t — decay/no p — decay)qaca
(¢ — decay/no p — decay)p.c.

— +0.07
=0.63"4 06
where the error is statistical one. This result is in good agreement with the result from the

particle identification. The relative deficit in muon-like events to electron-like events is also

confirmed by p decay signal.

4 Future plan

A beam test using a 1000 ton water Cerenkov detector will be done at KEK in Japan for
Karniokande and IMB in 1994. The electron, muon and pion beams will be used in the mo-
mentum range from 200MeV/c to 1000M eV /c. The aim of this beam test is a check of the
current analysis procedure in the water Cerenkov detectors, both Kamiokande and IMB.

And Super Kamiokande has been under construction since 1991, the data taking will start
in April 1996. Super Kamiokande will accumulate 22 times more events than the present

Kamiokande. Figure 4 shows an expected zenith angle dependence during 5 years operation
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of the Super Kamiokande detector assuming some neutrino oscillation parameters allowed by
Kamiokande {5], and in some case the difference dependence on oscillation parameters may be

clearly seen.

5 Conclusion

In conclusion, Kamiokande observed a relative v, deficit to v, in atmospheric neutrinos based
on the data during detector exposure of 6.18 kt-yr. The double ratio of muon-like events to
electron-like events is 0.60 4 0.06 £0.05, and this result is confirmed by an independent analysis
of the fraction of single ring events with p decay signals. And IMB alsogavea consistent result,
using contained events.

As future plans, a beam test using charged particle beams will start in 1993 as a check of the
current analysis, and Super Kamiokande, under construction now, will be able to test neutrino
oscillations using atmospheric neutrinos with the 22 times higher statistics than obtained in

Kamiokande.
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Figure 1: Momentum distribution of electron-like events and muon-like events. Solid line shows
a Monte Carlo prediction based on the Gaisser’s neutrino flux calculation.
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Figure 4: Expected zenith angle dependence assuming neutrino oscillation parameters,
(Am? sin?20) = (a) (0.8x1072¢V2,0.85), (b) (1.0x1073eV?,0.85) and (c) (0.8 x10~2eV2,0.45).
The statistical error in this figure is equivalent to 5 years operation of Super Kamiokande.
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Data v M.C.
total |p-decay ] total | u-decay
Single-ring events 389 142} 5281 2524

p-like 191 126 325.2 230.6
e-like 198 16( 2029 21.8
Multi-ring events 168 64| 208.0 86.0
Total 557 206 736.1 338.4

Table 1: Summary of the fully contained events during detector exposure of 6.18 kt-yr of
Kamiokande-1,II and III.

| (p-like/e-like)data
| p-like e-like  (p-like/e-like)m.c.

Gaisser 325.2 202.9 0.60 £ 0.06
Honda 292.5 179.4 0.59 £ 0.06
Lee 256.1 157.1 0.59 4 0.06

Table 2: Summary of Monte Carlo predictions based on the callculations, by Gaisser, Honda
and Lee.

Flux
(v +7,)/(vetve) <5%
Vefve 2%
Analysis
Particle 1D 4% (2x2%)
1Ring/2Ring separation 2%
Vertex pos. determination 1%
Absolute E. calibration 1%
External background < 1%
MC
o(CC, v,)/o(CC, ve) ~3%
Ambiguity in NC cross section ~2%
~-ray from exited nuclei 1%
Statistical fluctuation of MC 3.6%
Total(added in quadrature) 9%

Table 3: Summary of the systematic errors on the p/e ratio.
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Abstract

As a result of a 7.7 kt-year exposure of IMB-3 underground water Cerenkov detector
935 interactions of neutrinos with energies above 50 MeV were recorded. A sample of
610 single-ring events, consisting primarily of quasi-elastic /N — [N interactions, has
been selected and the identification of lepton ! has been performed using two indepen-
dent procedures. The relative population of y-like events is compared with the expected
values obtained from a detailed simulation of atmospheric neutrino interactions with wa-
ter. Three different » flux calculations and two models of v interactions are considered.
Systematic uncertainties due to approximations involved in the models are discussed.

!This research was funded in part by the U.S. Department of Energy
2Supported by KBN grant Nr 2 0100 91-01



220

1 INTRODUCTION

Atmospheric neutrinos are produced in a layer of about 15 km as a result of hadronic cascades
originated from interactions of cosmic rays. The neutrino flux decreases rapidly with energy,
following approximately E~* function, with k = —2.7 around 1 GeV. At energies below 500
MeV the flux changes less quickly with energy and reaches a maximum at 35 MeV. The ratio
(v +Vu)/(ve + V) is close to 2 in this energy region, as a result of K* and #* meson decays
into v,u* and 7,u~ followed by pt — T,v.et and g~ — v,v.e” decays.

A number of models have been developed to calculate the fluxes of atmospheric neutrinos
[1, 2, 3, 4, 5] at energies below 5 GeV. This energy region requires careful treatment of the muon
polarization as well as of the influence of the Earth magnetic field, which strongly depends on
the geomagnetic location of a detector. All calculations are required to reproduce the same
measurements of the high energy muon flux.

The fluxes below 5 GeV are large enough to allow for a detection of significant samples of
neutrino interactions occuring inside of massive underground detectors primarily constructed
for proton decay searches. The flavour composition of atmospheric neutrinos was studied in the
earlier IMB-1 experiment [6] by measuring the fraction of events containing a muon decay signal.
In 3.77 kt-year exposure the measured fraction was smaller than expected from Monte-Carlo
studies.

A difference in Cerenkov ring patterns formed by electrons and muons was utilized first
by Kamiokande Collaboration. A 39% deficit of p-like events found first in a 3.4 kt-year
exposure (7] attracted wide attention and was interpreted by many authors as a result of
neutrino oscillations. A recent analysis of the data from 6.2 kt-year exposure of the Kamiokande
detector, reported also at this conference, confirms previous finding (8].

In IMB detector the interactions are observed in the fiducial volume of 3.3 ktons of water as
mostly fully contained events [9, 10]. A total of 935 events with visible energy above ~50 MeV
were identified in data collected between May 1986 and ending March 1991, corresponding to
a total exposure of 7.7 kt-year. The results and their comparison with simulations using flux
calculations by Lee and Koh [2] were published in ref. [11]. Here we present the same data
compared with results of a simulation using different flux calculations and different neutrino
interaction model. Systematic uncertainties involved in the simulations are emphasized.

2 EXPERIMENTAL DATA

The IMB detector, filled with 8 kt of water, records Cerenkov light emitted by relativistic
particles with 2048 photomultiplier tubes (PMTs). Particle energies are measured using the
number of collected photo-electrons. Approximately one photo-electron corresponds to one
MeV of visible energy, which is defined as the energy of an electron which would produce the
same number of Cerenkov photons. The visible energy resolution is 3%/ +/E.is(GeV), plus a
constant systematic term of +7%.

The data reported here consists of events with a vertex inside the 3.3 kt fiducial volume
firing from 70 to 900 PMTs. A total of 935 events were found during 852 days of the detector
livetime, with an efficiency of 93% . As a result of the visual scanning a single ring was identified
in a sample of 610 events and multiple rings in the remaining 325 events. By searching for
coincidences among delayed PMT hits, muon decay electrons were detected with greater than
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Figure 1:  Visible energy distribution of all 935 events compared with MC simulations.

80% efficiency. At least one muon decay signal was found in 34 + 2(stat)% of single-ring events
and 43 + 3% of multiple-ring events. The simulation based on Lee and Koh flux calculations
predicts these fractions at 43 + 1(stat) & 4(syst)% and 48 + 1(stat) £ 5(syst)% respectively.

An independent procedure for particle identification is provided by the pattern of Cerenkov
rings. Diffuse, showering patterns S are associated with e* and «, while sharper, non-showering
patterns VS originate from pg*, 7% and p. Only single ring events allow reliable particle
identification. Using three independent, automated algorithms, 378 events were identified as
showering and 232 as non-showering. Studies with cosmic-ray muons as well as simulated
electron and muon tracks indicate that the identification procedure correctly identifies 92%
of the events with visible energy above 100 MeV, with a possible systematic bias toward one
classification or the other being less than 5% . Simulations of atmospheric neutrino interactions
indicate that the correlation between v.-induced (v,-induced) events and identified single-ring
S (NS) events is 87% (92%)-

In order to explore possible uncertainties due to the applied momentum cuts we use here
event energies and momenta obtained with a different calibration that the measurements pub-
lished in ref. {11]. The visible energy distribution is shown in Fig. 1 for all the sample and in
Fig. 2 for single-ring events. Fig. 3 displays momenta distributions of S and NS tracks.

3 RESULTS AND DISCUSSION

Two independent models have been developed to simulate neutrino interactions in water (both
quasi-elastic and pion production channels), nuclear interactions of produced hadrons and de-
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Figure 2:  Visible energy distribution of 610 single-ring events compared with MC simulations.

tector response to Cerenkov radiation. A model described in ref. [13] was employed in ref. [11}
(called henceforth Model A). In order to further investigate possible uncertainties in simulated
predictions we employ here a model described in ref. [14] (Model B).

We use three different atmospheric neutrino flux calculations [1, 2, 3]. The results of ref.
[3] were corrected to take into account the effect of muon polarization on the neutrino spectra:
the size of the effect was taken from ref. [1].

The simulated events were subjected to the same analysis procedures as the data. however
the pattern recognition was approximated by imposing 8% random misidentification for both
type of the tracks. The simulated energy and momentum distributions are compared in the
figures. As all the absolute flux predictions are subject to a 30% uncertainty, we present also
the simulated distributions normalized to the total of 935 events found in the experiment. It
is seen that after the normalization the outcome of different neutrino flux models is essentially
the same.

In Table 1 the predicted ratios r of NS to S event populations are compared with the data.
To assure a good, constant with energy eficiency of identification only events with momentum
> 100 MeV/c and > 300 MeV/c are considered for S and NS tracks respectively. Also an
upper cut on 1500 MeV /c is used to veto exiting particles.

For illustration purposes we quote also the ratio of calculated fluxes ry = ¢(v, +7,)/ (ve +
7.) for the neutrino energies of interest as well as the ratios of actual numbers of quasi-elastic
interactions rgr = Q.E.(v,+7,)/Q.E .(ve+7.) occurring in water, no matter whether detected
or not. It is seen that the undetected interactions with muons produced below Cerenkov
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Momentum distributions of showering and non-showering events compared with
MC simulations.
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Table 1: Ratios r, ry and rg&.

To = (v + 7,)/d(ve +7e): ~2

Qe = Q.E.(v, +7,)/Q.E.(ve +.): Model A - LK flux 1.82
Model B - LK flux 1.68

r=N§/S: Model A - LK flux 1.04
Model B - LK flux 1.16
Model B - BGS flux 1.10
Model B - BN flux 1.08
DATA 0.53 4 0.05 + 0.05

threshold or just above it, result in the NS/§ ratio being significantly lower than rqgg.

The significant reduction of the observed muon neutrino interactions due to subthreshold
muons indicates that the ratio r depends not only on flux ratio r4 (which is the same within
5% for different flux calculations) but also on how steep is the neutrino spectrum at very low
energies. The employed flux calculations have certain elements in common, e.g. the geomagnetic
effect is calculated using the same approximate formula. In order to study how this affects the
r ratio, we assumed a spectrum shape E~* extending down to energies as low as 100 MeV,
the same for all the neutrino flavours, but with fixed r, = 2. The obtained ratios r were 0.87
for £ = —2.6 and 0.79 for £ = —2.7. Further steepening of the spectrum leads to momenta
distributions clearly softer than the measured ones.

There are also common elements in the employed v interaction models, e.g. both of them
use Fermi Gas Model approximations, which assumes that there is no momentum transfer to the
recoiling nucleus and no final state interactions between the final nucleon and the nucleus. The
interaction occurs on a nucleon moving with a Fermi momentum, and the resulting nucleon is
required to be energetic enough to obey Pauli exclusion principle. The interactions of produced
hadrons with the surrounding nuclear matter are taken into account, but the lepton energy is
in no way affected by them. From inspecting Figs 2 and 3 it is clear that a 100 MeV /c shift
in momentum transfer would diminish the observed disagreement between the data and the
expectations.

4 SUMMARY

It is estimated that uncertainties in the ratio r4, the cross-sections for v interactions on a
nucleon and the Fermi sphere energy lead to a systematic error on the simulated ratio r of 20%
(which corresponds to 10% error on the fraction of p-like events among all single-rings [13]).
This estimate is confirmed here by the numbers quoted in Table 1.

We have also discussed effects that are not included in the estimated uncertainties on the
expected ratios. They may originate from approximations that are common in the models
predicting v spectra and lepton distributions. It seems that a more detailed calculations are
necessary before the observed p deficit is ascribed to such an exotic phenomena as neutrino
oscillations.
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Most of the systematic uncertainties would be canceled out in the following ratio of events:

v, N — uNz° )
veN = v, N7% + v, N — eNx0

where v stands for both 7 and v. Subthreshold muons would be signaled by decay electrons
accompanying 7%s. With a good identification and statistics of the 7° events expected in
Super-Kamiokande detector this ratio would show a 5 s.d. effect after 5 years of data-taking
for the oscillation parameters derived as an explanation of the current data.
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Abstract

There is renewed interest in performing a long baseline neutrino oscillation experi-
ment using accelerator neutrinos because of a discrepancy between the measured and the
predicted values of the ratio of electron to muon neutrinos produced in the upper atmo-
sphere by cosmic rays. The approximate range in oscillation parameter space indicated
by the Kamiokande atmospheric neutrino results and confirmed by IMB is bounded by
1073 V2 < Am% < 107! ¢V? and sin?26p > 0.4 . To reach such small Amg , using
an accelerator as the source of neutrinos where the energy is typically 1 GeV or greater,
requires baselines in the range of 10 km to 1000 km. In this talk I will give an overview
of the most likely possibilities for such a long baseline accelerator neutrino oscillation
experiment.
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1 Introduction

The recent indications of a deficit in the v, flux of atmospheric neutrinos and the long-standing
solar neutrino problem have motivated new searchesfor neutrino oscillations with small neutrino
Am?. The results of the Kamiokande collaboration on atmospheric neutrinos suggest oscillation
parameters in the range bounded by 1073 eV? < Am3 < 107! eV? and sin?26, > 04 . This
result has renewed interest in using accelerator neutrinos to perform a long baseline neutrino
oscillation experiment. Many possibilities have been discussed; it is almost like picking an
accelerator from column A and a detector from column B and there you have a possible exper-
iment! In this overview I will brief review the range of parameter space a neutrino oscillation
experiment can explore and then discuss the most likely possiblities.

The transition probability of producing one flavor of neutrino v,, of energy F, at the source,
letting the neutrino propagate to the detector, a distance L away, and then detecting the
neutrino as a different flavor vs, is (for a derivation see, for example, ref [1])

. AmiL
Pay = sin® 20y sin® (1.27m—E‘> (1.1)

where Am3, E and L are measured in eV? GeV, and km respectively. Am? is the difference
of the squares of the masses for the two neutrino mass eigenstates and 6 is the mixing angle
relating these mass eigenstates to the flavor eigenstates. The experiments that measure this
probability cither measure a finite value for Pg, or assign a limit Py < Ppin; the value of
Py, the energy spectrum of detected neutrinos and the source-detector distance then define
a region in the (sin® 26p. Am}) plane for each experiment. This P, is the minimuni measur-
able oscillation probability for the experiment in a given analysis mode. The size of P,,;,, or
the limit in our ability to measure P,;, arises from1 many sources; statistical uncertainties, the
contamination of the beam with other neutrino species, the fractional uncertainty in the neu-
trino flux calculations, the knowledge of the experimental acceptance for the different neutrino
species, the backgrounds to the v, signal and many other systematic uncertainties.

Forlarge Am3 (3> E/L) an experiment can explore any

sin® 26y > 2 Poin. (1.2)
For sin?20y = 1 the limit on the mass difference squared is
2 VP E
A 2 > min & .
=T (1:3)

assuming Pp,;,, << 1. For smaller sin? 26, a good approzimation to the probability contour is
a straight line with slope —1/2 in a log-log plot in the (sin®26,, Am32) plane until this line
intersects the vertical line from Eq. 1.2.

Therefore, for the range indicated by the atmospheric neutrino data, an interesting exper-
iment for this purpose will need to have a Pm,, =~ 10% or better and E/L at least one but
preferable two orders of magnitude smaller than 0.4 GeV /km.

2 Fermilab - Soudan 2

The new Main Injector at Fermilab will be a 120 GeV proton accelerator that can deliver 2 x 102
protons on target (POT) in a 107sec-year. If a new neutrino beamline is constructed at Fermilab
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for both a short baseline experiment, P803 [2], as well as for a long baseline experiment, using
this accelerator as a source of protons, then the average energy of muon neutrinos produced
would be approximately 10 GeV. The contamination from muon anti-neutrinos and electron
neutrinos will be at the percent level. Initially there were three proposals for the long baseline
detector: IMB, Soudan 2 and DUMAND. Since that time, IMB has ceased to exist and the
engineering and environmental issues of sending a beam 30 degrees below the horizontal to
DUMAND, make it prohibitively expensive.

Soudan 2 is 710 km from Fermilab in a direction 3.2 degrees below the horizontal [3]. This
detector is a modular fine-grain tracking calorimeter with a mass of 1 kTon (with a possible
upgrade to 5 kTon) surrounded on all sides by a two-layer active shield of proportional tubes.
The analysis would be based on the ratio of events that appear in the far detector to be of
neutral current type to that of charged current type compared to the same ratio in a near
“identical” detector. The exclusion plots are shown in Fig.l. The difference in the limits
between the two oscillation modes comes from the difference in the v, charged current cross
section compared to v, or v,.

nc/cc test limits, 2% systematic error
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Figure 1: Fermilab/Soudan 2 90% CL limits: A and B are for a 4 year runand a 5 kTon fiducial
volume detector (14k events) for v, ¢ v, and v, ¢ v, respectively. C and D are for a 9 month
run using only the current 0.9 kton (680 events) for v, ¢ v, and v, > v, respectively.
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3 BNL - New Detector

Mann and Murtagh [4] have proposed a long baseline experiment using the BNL-AGS which
can deliver 6 x 103 POT every 1.7 sec, thus achieving 2 x 102 POT in 100 days. The average
neutrino energy is approximately 1 GeV and the contaminatian from 1/, is about 1%. A new
neutiino beamline will need to be constructed for this experiment.

The detectors consist of three massive imaging Cerenkov counters at 1, 3 and 20 km from
the source. These detectors will have masses of 0.8, 0.8 and 6.3 kTons respectively. This
experiment will be a v, disappearance experiment using the quasi-elastic events as the signal.
The raw event rate in the far detector is 18k per 100 days of running. The analysis will be
performed by measuring the event rate in the far, intermediate and near detectors as a function
of neatrino energy. Fig. 2 contains the exclusion plots for this experiment.
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Figure 2: The regions accessible to the BNL-AGS experiment with the far detector at 10 km
and 20 km.
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4 CERN - Detector in Gran Sasso

The CERN-SPSisan 80 to 450 GeV proton accelerator which can conveniently be used to send
a neutrino beam from CERN to the Gran Sasso Laboratory. The SPS-LHC transfer line is the
the direction of Gran Sasso Laboratory and the distance of 730 km makes the beam a modest
3.3 degrees below the horizontal. The SPS accelerator is capable of delivering 1020 POT per
107 sec - year and the contamination of the muon neutrino beam from muon anti-neutrinos or
electron neutrinos is at the per cent level. At 80 GeV the average energy of the neutrinos would
be approximately 6 GeV.

The ICARUS detector[6] in the Gran Sasso tunnel would be a 5 kTon large liquid Argon
TPC and that would have 4k charged current events per 102 POT from the CERN neutrino
beam. The v, +» v, analysis would be based on v, appearance plus a precise understanding
of the beam contamination and the backgrounds from v, neutral current interactions with 70
faking electrons. Whereas the results in the v, < v, mode would be based on a combination of
analyses; v, disappearance, the neutral current to charged current ratio, and direct appearance
of v,. The exclusion plots for the ICARUS/CERN experiment are given in Fig. 3.
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The GeNIUS (GeV Neutrino-Induced Underground Shower) [7] detector is a 17 kTon (15
kTen fiducial volume) fine-grained sampling calorimeter to be placed, if approved, in the Gran
Sasso tunnel. With a neutrino beam similar to the FNAL beam from the Main Injector this
detector would have 18k charged current events for 1020 POT. The analysis would be performed
using the neutral current to charged current ratio for v, ¢ v, and the electron-type to muon-
type events for v, ¢ v.. The exclusion plots for this detector with the CERN-PS producing a
neutrino beam with average energy of 5 GeV are given in Fig. 4.

CERN has also discussed the possibility of sending a neutrino beam, produced from 450
GeV protons, to SuperKKamiokande, 9000 km away. The beam would have to be aimed 44
degrees below the horizontal. With such large separation between source and detector this
experiment will be able to study matter enhanced oscillation effects in the v,, & v, mode. An
exclusion plot for this possibility can be found in Ref. [6].
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Figure 4: Areaof oscillation parameter space ruled out at the 90% confidence level for one year
of running for the GeNIUS detector and the CERN neutrino beam.
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5 KEK - SuperKamiokande

The possibility of sending a muon neutrino beam the 250 km between SuperKamiokande and
KEK has been discuss in detail by Nishikawa[5]. The KEK-PS is a 12 GeV proton accelerator
which can currently deliver 4 x 10!2 protons on target every 2.5 sec. Therefore a modest upgrade
is required to the KEK-PS to deliver 102 POT in a period of a few years. The average energy
of the neutrino beam is approximately 1 GeV and the contamination of v, is a few percent.

SuperKamiokande is a 50 kTon water Cerenkov detector which is scheduled for completion
in April of 1996. The event rate in the 20 kTons of fiducial volume of SuperKamiokande is 400
CC events for 102 POT using a two radiation length target. The analysis for the v, ¢+ v, mode
is based on the neutral current to charged current ratio for SuperKamiokande and a small water
Cerenkov detector on the KEK site. This requires distinguishing an EM showering particle (e
or y) from a non-showering particle (2 or m) which can be attained with this detector above a
few hundred MeV, whereas the v, ++ v. mode requires distinguishing between an electron and
a 7° which can be separated for neutrino energies greater than 2 GeV for this detector. The
exclusion plots for this combination of accelerator and detector are given in Fig. 5.
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Figure 5: The 90% exclusion plots for the KEK-PS - SuperKamiokande experiment for both
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6 Other and Conclusions

Another possibility is to use the proposed new accelerator at TRIUMF (XAON), aimed at
either a new detector approximately 40 km from the source or to SuperKKamiokande in Japan.
Details of these possibilities are still under discussion. Using the SSC as a source of neutrinos
has also been discussed in conjunction with GRANDE as a detector.

Given the results from the atmospheric neutrino data, it is important to explore the oscil-
lation parameter region 1073 eV? < Am2 < 107! eV? and sin®26, > 04 [8]. Accelerator
neutrinos are ideal for this purpose because the intense beams are well understood, with a more
sharply peaked energy spectrum and can be manipulated as opposed to atmospheric neutri-
nos. There are a number of very exciting possibilities for experiments to explore this region
of parameter space; let us hope that at least one of these experiments is actually performed.
Remember that the fermion mass question is one of particle physics’ great mysteries beyond
the Standard Model, and any clues from neutrinos may unleash our imagination to further our
understanding of nature.
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ABSTRACT

The San Onofre experiment consists of a large liquid scintillation detector for
studying neutrino oscillations with a projected sensitivity for Am? of 10-3eV?
and a mixing angle sensitivity of sin220 = 0.1. The detectoris a segmented 13
ton liquid scintillator. A novel scheme of neutron background rejection based
on a positron annihilation coincidence requirement has been developed. Our
detector will be installed at a distance of 650 m from the San Onofre reactors
in Southern California, 20 mwe below surface. We employ a passive neutron
buffer and an active muon veto to reduce the background. The event rate is
expected to be 22/d with a signal-to-background of about 2 : 1.
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1. Physics Goals

There exist strong indications of a solar neutrino anomaly!, and of an anomaly in
the atmospheric neutrino flux as observed by the Kamiokande? and IMB? experiments. The
exclusion plot of figure 3 indicates the allowed areas and motivates us to search for evidence
of neutrino oscillations below the present limit of Am? of 2 x 10-2¢V2. Reactor neutrinos
have low energies (0 - 10 MeV) and a detector positioned at about 1 km from a reactor
will be sensitive to Am? down to 10~%¢V? and mixing angles sin?26 of 0.1. The detector
reaction is, v +p = e* + n, requiring a proton rich target. No evidence for oscillation has
been seen with the best currentlimits for reactor based 7, disappearance from the Goesgen*
experiment. These limits (90% CL) are shown in figure 3.

In the Goesgen and Bugey® experiments, detectors were moved to different distances
from the reactor (for Goesgen: 38m, 46m, and 65m). the relative neutrino spectra obtained
are independent of neutrino flux and detector efficiency. Oscillation parameters are obtained
from the ratios of the spectral yields, by virtue of the fact that oscillations are energy
dependent, thus modifying the neutrino spectrum (and the positron spectrum) reaching the
detector. Given that the detector absolute efficiency is calibrated and the reactor power and
status of the fuel elements is well known at all times, the absolute neutrino yield is known for
each position. This independently determines the oscillation parameters. Such experiments
that search for a decrease in the measured flux of neutrinos are known as disappearence
experiments.

The limitations here arise from the uncertainty in the absolute normalization of
the reactor neutrino spectrum (3% at 68% CL for the Goesgen experiment), the detector
efficiency (4%), the reaction cross section (2%), and the reactor power (2%). Therefore,
in these disappearance experiments, the sensitivity for the mixing strength, sin?26, will be
limited to about 6%. Progress for improved sensitivity for Am?, i.e. larger oscillation length

can be made by placing a large detector at a greater distance from the reactor.
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2. Our Detector

The Caltech group has proposed a long baseline experiment at San Onofre (0.65
km)® in Southern California. San Onofre has two large reactors of 3.3 GW each. Other
experiments with a 10km baseline have been proposed by Boehm et al® and by Steinberg
et al.?,

The San Onofre experiment® employs a 13ton (fiducial volume) segmented liquid
scintillator as illustrated in figure 1, to be installed in an underground vault (20mwe below
ground) at a distance of 0.65 km from the 6.6GW(th) San Onofre reactors (operated by
the Southern California Edison Company). A fast coincidence between a positron ( 1MeV
< E < 8MeV) in one cell and two 511keV annihilation gammas (50keV < E < 600keV) in
two or more adjacent cells defines a positron annihilation signal (see figure 2). Following the
fast triple coincidence, the reaction neutron is detected via the proton capture gamma ray
(2.2MeV) in a time window of 500us. For a shallow detector the muon flux is not attenuated
much. Neutrons from muon interactions in matter are a possible source of background.
Energetic neutrons can recoil on protons in the scintillator leaving a signal that mimics a
positron. Our triple coincidence reduces this background by about 500. We have measured
our detector efficiency to be 10 % using a tagged positron source, the signal rate will be
22/d and the background event rate will be about 10/d, as explained below.

The detector is surrounded by an active muon veto and passive boron loaded mineral
oil neutron buffer for a total of 80 cm of hydrogen rich buffer. All cells are made of clear
acrylic and have dimensions 9m x 0.5m x 0.13m. The outer 0.80m of the center detector
cells serves both as a double layer muon veto as well as neutron and gamma ray (‘°K from
PMs) absorber. The detector thus is modular allowing later rearrangement and enlargement.
About 1,500 muons/s will hit the central volume of the detector. They will be signaled by
the tight, 2 layer active muon veto. The veto time for a stopped muon is 500us and that for
a through muon 10ps resulting in a dead time of 5%.

A small 12 cell detector (170 liters of liquid scintillator) has been iustalled in the
basement (tendon gallery) of unit 2 reactor at 24.5m from the core. The dctection scheme is
similiar and it will verify efficiency and background. Later as a monitor detector. The event
rate of this prototype detector will be 10/d with negligible background. We arc currently
adding 6 cells to increase the event rate to about 20/d.

The neutron yeild from capture of cosmic ray muons and from nuon spallation in
the detector and in the surrounding earth and concrete has been studied by experiment and
simulations. Both processes, especially the latter, give rise to production of neutrons up
to 100MeV or more in energy. About 1800/d fast neutrons enter the fiducial volume after
attenuation in the buffer. Fast neutrons may excite 2C nuclei producing a 4.4MeV gamma
ray. This, together with a contribution from fast neutron related triple coincidences creates
a correlated background of about 4/d. The triple coincidence requirement, thus, rejects
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neutron induced events by a factor of 500.

The neutrons produced by incident muons in the fiducial volume are tagged and can
be rejected by the muon veto. Scant data exists on the high energy neutron production .
Our 12 cell detector in the tendon gallery (at 20 mwe) is currently measuring muon nuclear
spallation neutron production. We will also obtain neutron flux vs. neutron energy (for
muon capture neutrons) from an experiment we performed in the Stanford tunnel (20mwe).

Thand U concentration in the scintillation liquid are found to be about 0.3 x10-2g/g®
and thus negligible. *°K in the scintillator has been measured and is negligible. °K gammas
from the PMTs can be reduced sufficiently by both the definition of the fiducial volume
(80cm dead region) and the use of PMs with low *°K glass windows. The background from
the surrounding rock is attenuated by an 0.8m thick sulfurcrete lining and the 80 cm mineral
oil buffer. The residual gamma background is about 6/d.

We have constructed and studied the optical and mechanical properties acrylic scin-
tillation cells similar in dimension to those in our experiment and determined the timing
(1ns for 1MeV) and position accuracy =~ 15cm and light yield. We are using Philips XP4512
5 inch dia.PMs. We have developed a scintillator using the single component wavelength
shifter PMP, with an attenuation length of 10m at 440nm and a light output 60% of an-
thracene. The PM coverage of the end faces is 38%. The energy resolution in a 2.5m long
test cell is 10% at 1 MeV.
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Figure 2. Sketch of the reaction in the segmented detector.
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AND SEE-SAW TYPE MIXING
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ABSTRACT

Neutrino oscillations are discussed under the assumption that there is a hierarchy of neu-
trino masses and a hierarchy of couplings among lepton families. It is shown that v, = v,
oscillations which at present are investigated at CERN and 3atavia have the largest ampli-
tude. v, = v, oscillations are considered also in the case of neutrino mixing and see-saw
type mixing of light neutrinos with heavy Majorana particles.
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The problem of neutrino masses and mixing is one of the most important problems of
today’s neutrino physics. In many experiments on the search for neutrino oscillations, on the
measurement of the hard part of the 3-spectrum of 3H, on the search for neutrinoless double
(-decay of different nuclei no evidence of non-zero neutrino masses and mixing have been
found. On the other hand some indications in favour of neutrino mixing was obtained from
the analysis of all existing solar neutrino data under the assumption that the standard solar
model is correct 1. Let us notice that some anomaly in the ratio of fluxes of atmospheric
v, and v, have been observed in some experiments 2. It seems, however, that this anomaly
requires further investigations.

New experiments on the search for effects of neutrino mixing are under preparation at
present. We will discuss here v, = v, oscillations in the beam of accelerator neutrinos 3).

ILet us consider first the case of a mixture of three massive neutrinos
3
ver, = Y Usvir, l=ep,T. (1)
i1

Here v; is the field of the neutrino with mass m; and U is a unitary mixing matrix. For the

probability of the transition vy — v¢ we have

2

, (2

2
P (I/z - l/gr) = ‘E UMUZ [exp (—iAmilR) - 1:| + 6[/[
=2,3 2p

where Am}; = m? — m?, R ~ t is the distance between the source and the detector and p is
the neutrino momentum.
Let us assume now ¥ that there is a hierarchy of neutrino masses

my K my K m3 (3)

and. as suggested by solar neutrino data, Am2, is so small that in terrestrial neutrino

experiments Am2 R/2p < 1. For the vy = ve transition probability (¢ # £) we obtain
1 Ami R
Pve = ve) = 544(1/[ — Vpr) [1 — cos (%)] s (4)
P

where

Alve = ve) = 4Uss[* |Usl* (5)

is the oscillation amplitude.
Let us assume also that in analogy with quarks there is the following hierarchy of couplings

among the lepton families

Vel < Wl < 1, Urs|* > 1. (6)
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From Egs.(5) and (6) we get
Ave 2 1) K Ay, = ) K 1. (7)
For the amplitude of the transition v, — v. we have
Ay, = v = iA(.,,, S ) Al = 1) - )

Thus, if a quark-like hierarchy is realized in the lepton sector, the amplitude of the
transition v, — v, will be the largest one. The transition v, — ve is a “second” order effect
with the smallest amplitude. Notice that if the mixing matrix U coincides with the CKM

quark mixing matrix % we have
Alv, = 1) =(1.0£0.2) x1072 ), A(ve = vy) > 107", A(y, = ve) ~3x1077. (9)

What about the value of m3? There are some indications at present that mj could lie
in the electronvolt region. This indications follows from the analysis of the solar neutrino
data with a see-saw formula for the neutrino masses and from a hot and cold dark mat-
ter scenario ® that is suggested by the recent COBE observation of the anisotropy of the
background radiation and observations of the large scale structure of the universe. Thus the
experiments searching for v, = v, oscillations ® look very promising at the moment.

Up to now we have considered the case of mixing of three massive neutrinos. In the general
case (Dirac-Majorana mass term 7)) the current neutrino fields v¢r are superpositions of the
left handed components of the fields of six massive Majorana particles

3 3
v, = Y Ugvir + Y UtaNar - (10)
i=1 iza
Let us assume that N, are the fields of heavy Majorana particles (ma > mz). Asis well

known, the see-saw mechanism for the neutrino mass generation is based on this assumption.
3
In this case the state vectors of flavour neutrinos |ve) = Z U,; i) are non-orthogonal
i=1
3

(ve| ve) = dpe — Qe . Qe = z UeaUg, . (11)

=1
Let us consider v, & v, oscillations in the case of neutrino mixing and non-orthogonality

of the neutrino states . For the (;)“—) (;)1 transition probability we have
_ _ 2
P ((u)‘,—>(1/),) = 2|U,3)? |Uus)? [1 — cos (____AZ;alR)]
P

AmZ R
~2 || [Ual lnrul [COS ( 2;1 F N) — cos \’} (12)

1007
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where x = Arg{U,gL%Q:u}. As it is seen from Eq.(12), if CP is violated in the lepton
sector and £ # 0 then

Plu, = 0,) £ P55 5,). (13)
Informations about the value of |©2,,,| can be obtained from the analysis of the data on weak

*) and from the LEP data on the measurement of the number of neutrino flavours.

decays
We have

19,,] $2.8x107%. (14)
Taking into account Eq.(14) we can conclude ® that in the case of hierarchy (the element
[l is small) the second term in Eq.(12) can be comparable with the first one. Thus the
investigation of v,, & v, oscillations can allow to obtain informations not only about neutrino
masses and mixing but also about the possibility of mixing of the light neutrinos with heavy
Majorana particles.

[t is a pleasure for me to thank Carlo Giunti for collaboration and fruitful discussions.
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Abstract

The CERN WA96 (NOMAD) experiment now at the building stage is aimed at detect-
ing v, v, oscillations with a sensitivity which shouldlower by one order of magnitude
the present limit on the mixing parameter for high mass differences. Its originality re-
sides in the 7 identification method and the use of a light, high resolution, active target.
The following article briefly reviews the motivations for the search, the basic ingredients
of the method and describes the apparatus and its present stage of developpement.
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1 The what’s and why’s in a nutshell.

1. Neutrino oscillations are reviewed at length in other papers in these proceedings.
Here we only wish to remind the reader that one has to admit that neutrinos born in
weak processes are mixtures of mass eigenstates. Since these acquire different phases
during their propagation, the subsequent interaction of, say, a v,, -born neutrino has a
certain probability to give rise to a lepton of another flavour (say, 7 ).

The probability of occurence of this phenomenon in a simplified two-flavour world where
v, and v, would be linear combinations of two mass-eigenstates, is given by:

Py, — vy) = sin7(29)sin2(¥)

where:

1. 6 is the mixing angle, that is cos(6) is the amplitude of the lighter mass-eigenstate
in the state v, >.

2. z is the distance from the production point to the interaction point.

3. L = 47p/Am? = 2.48E(GeV)/(Im3 — m3|(eV'?)) km where m; and mj3 are the two
mass-eigenvalues.

From this one sees that for given 6 the upper limit on Am? an experiment can pos-
sibly set varies as E/z and that one has to go to large distances to probe small mass
differences, whilst the upper limit on sin?(26) depends on the accumulated statistics
only. However for ’high’ Am?, the oscillating factor is washed out by the experimental
spreads in E and x and averages to 1/2, yielding a constant limit on the mixing.

2. Why v, o, oscillations ?

By analogy with the quark sector, one expects that

1. the 7 - associated neutrino is dominated by the amplitude of the heaviest mass state.
2. mixing is stronger with v, (associated to the next lower-mass charged lepton, the
so-called ’ad jacent generation’) than with v, .

Most models based on the ’see-saw’ mechanism have this kind of association built-in.

On the other hand, it is known that the Universe embodies a large amount of non- shin-
ing mass. Recent results (COBE) on the microwave background fluctuations favour a
30-70 % mixing of ’hot’ and ’cold’ dark matter. Since neutrinos were abundantly pro-
duced during the Big Bang, they are a natural candidate for the former, if they have
masses in the region of a few 10’s eV. However, LEP results show that there are only
three light neutrino species, and upon interpreting the solar neutrino deficit as due to
an oscillation, one suspects very low masses for ve and v, .

All this strengthens the likelihood of a v, dominated by a few 10’s eV mass state, and
therefore the possibility of detecting v, < v, oscillations in terrestrial experiments with
a short (~ 1 km) baseline. The present limit on the mixing is sin?(26) < 5.1072 [2).
The above quark analogy argument encourages strongly going an order of magnitude
lower (1].

2 The problem in a wallnut shell.

Detecting v, ’s means ’seeing’ the 7 ’s they generate in Charged Current (C.C.) weak
interactions on nuclei. 7 ’s lifetime is ~ 3.10"!3sec., meaning a track length of 100pm to
1mm at S.P.S. energies. This can only be irn.aged using very high resolution techniques,
like nuclear emulsions (3] or holographic bubble chambers. An alternate possibility
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choosen by the NOMAD collaboration is to forsake visualisation and identify 7 ’s by
the kinematics of their decay products. The backgrounds to be fought are due to
ordinary neutrino (v, , v, ) interactions, direct v, production being very low (~ 10-6)
at S.P.S. energies. Given that v, represents but ~ 1% of the beam, the cleanest decay
channel w.r.t. C.C. interaction backgrounds is a priori T — e~ v V..

3 The kinematical method

1. Leptonic 7 decays. To reject the v, C.C. background , we take advantage of the
effect of the two escaping v’s from 7 decays on the event’s kinematics in the plane
transverse to the beam. Let p’%, PT'**, P be the transverse components of, respectively,
the total hadronic, e~’'s and missing momenta; let ¢pnp = l(p?"’,p[}‘) and ¢in =
Z(p%,p’;). For well-reconstructed v, events one expects a small ¢,,5, and ¢, ~ 7, whilst
for v, events ¢, can be large since p?"’ essentjally stemsfrom the two escaping v’s.
The difference shows clearly on a scatter plot where the v. sample exhibits a depletion
in the high ¢ms region which does not exist in the v, sample [4, 5] The cat used in
this region reduces the v, background by a factor 2 — 3 1073, while keeping 40% of the
7 events. Another requirement is to demand that the transverse mass computed from
p}“"" and p% be less than a 7 mass.

Other potential sources of e~’s are: asymetrical photon conversions or 7° and 7 Dalitz
decays, Compton electrons, p~ and K, decays in flight. Knock-on e~'s and 7, decays
proved innocuous because of the low rate for the later and the visible recoil hadron
for the former. All the others, with the exception of in-flight ;2 decays, have their
origin in the hadronic shower. Hence, the underlying principle of the cuts against these
is to demand the electron to be somehow isolated from the hadrons (angle,relative
pr,mass(e”,v) against Dalitz decays).

The g decay channel has also been considered. I't does not suffer of many backgrounds
which affect the e channel, but requires strengthening of the angle-plot cut and some
isolation cuts because of the huge v, background and the sizeable 7 to p decay rate.

2. Semi-leptonic 7 decays. Three channels have been studied: v, 7=, v, p~, v; a7 -
The background here is mainly Neutral Current interactions, and the selection of 7 ’s
against them is based on the following facts:

1. In a true 7 event, the most energetic hadron originates most of the time from the
decay of the 7 .

2. The genuine 7 decay hadron is separated from the rest of the hadronic shower.
More details can be found in (4, 6, 8.

4 The experimental set-up

The method just outlined requires clear electron identification and measurement. These
are fulfilled by the use of Transition Radiation detectors, an electro-magnetic calorime-
ter and a preshower. The good spatial resolution of the system also allows proper
reconstruction of the p4.s of hadrons decaying into 4’s and helps identify the electron
through its bremsstrahlung photons and its preshower signature. High precision on
the pr's from charged hadrons and e~'s implies a low Z target material to minimize
multiple scattering and keep b’strahlung moderate, together with a number of high-
resolution measuring planes. Compromising between often contradictory requirements,
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the following design was arrived at : (see fig.)

1. The detector will be housed in the former UA1 horizontal field dipole magnet set at
.4 Tesla and moved to the location of the old BEBC. It has an inner volume of about
3 by 3 m in cross-section and 6 m long.

2. The target is made of 44 3-by-3 meter drift chambers built with a self-supporting
structure of composite materials (C and H nuclei), making up a fiducial mass of 2.97
tons. Each d.c. represents ~ 2% of a radiation length; it has three planes of sense
wires at —5°,0°,-+5° w.r.t. the magnetic field, which should give a precision of 200um
per wire in the bending plane (y) and 2mm per chamber parallel to the beam. The
maximum drift distance is 3.6 cm . Tests of a prototype actually yielded o, = 160um.
3. 10 T.R. Detectors follow the target. They are made of a radiator of 400 polypropy-
lene foils 20 pm thick spaced by 250 pm and an X-ray detector consisting of vertical
straw tubes of @1.6cn. These are made of aluminized mylar 25um thick and filled
with a mixture of 70% Xe and 30% CH, at atmospheric pressure. Extrapolation of
the results of a prototype test forecasts a 90% efficiency for e~’s and a /e rejection
of 1073. To increase the lever arm, each couple of T.R. detectors will be followed by a
D.C. of the type described above.

4. The preshower is made of 1.5 X of Pb followed by two orthogonal planes of extruded
aluminium tubes 1 by 1 cm in cross-section. Tests of a prototype reveal a 5 — 10 /e
rejection factor, depending on the energy.

5. The calorimeter is made of 1100, 10.6 by 8 cm lead-glass blocs, 20 Xo in depth,
read by tetrodes with their axes at 45° w.r.t. the B field. Zero field tests of a 3 by 3
blocs prototype stack give o(E)/E = 5%/+/E (GeV). Taken together, the preshower-
calorimeter system gives a 7°/e rejection of ~ 10~2 for 90% efficiency to e~'s. With
the T.R. detector rejection one is thus well above what is needed to eliminate the
~ 18500 7~'s predicted to go through the cuts.

6. Muons are identified by large drift chambers separated by a Fe filter downstream of
the magnet, which serves itself as a first filter.

5 Expected sensitivity

Monte Carlo simulations of the experiment were performed with the previous character-
istics to define different sets of cuts for the decay channels which have been mentionned
above. Assuming two years of exposure in the CERN-SPS wide-band neutrino beams,
1.110% v, C.C. events together with 3.7 10° N.C. and 13200 v, C.C are expected in the
fiducial volume. The following table summarizes the estimated efficiencies, expected
backgrounds and sensitivities with these statistics.

7 decay mode Fraction Efficiency Predicted Limit on
background | v, / vu

T — eTv.p, 178 12 4.6 3.5107
TT o pTvp, 178 .039 2.2 8.4107"
T oo T .108 .014 Lt. 2 2,210
T - pu, .227 .023 Lt. 2 6.6 1074
7™ — 3nty, 138 .087 Lt. 2 2.9107
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Merging these results, a negative search would yield a limit 8in?280 < 3.8 1074 at
the 90% c.l.

We conclude by noting that 83 % of the T width is probed in 5 different channels,
which will allow conclusive consistency checks in case a signal is observed and that
backgrounds can be estimated from the data themselves (v, and v, C.C. events share
the same production dynamics, and N.C. backgrounds are charge-symmetric. )
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The NOMAD experimental set-up.
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Abstract

We intend to build a low background detector based on a gas TPC to be
installed near a nuclear reactor in Bugey for the experimental study of 7.e~ scat-
tering. The threshold on the electron recoil energy can be set very low, around
500 keV, giving the experiment a good sensitivity to the magnetic moment of the

7., extending down to 2-3-10"'' Bohr magnetons.

255



256

Introduction

The neutrino magnetic moment matrix pee (£,€ = e,p,7), like the mass matrix mqy,
is fundamental and its experimental study may provide insight on new physics. In the
standard model, neutrinos are massless Dirac particles and have vanishing magnetic mo-
ments. But models predicting moments up to 10™'" Bohr magnetons have been built
(see for instance [1] [2]).

Magnetic moments will give the neutrinos electromagnetic interaction, allowing scatter-
ing from the active left handed v/, states into the sterile vz states. The contribution,
compared to that of the usual weak interaction, increases with decreasing nentrino en-
ergy (3] and the best way of looking for the magnetic moment of the v, seems to be the
detailed study of 7.e™ — U.e” scattering at low energy.

The most spectacular consequence of magnetic moments is the precession of neutrinos
irom left handed v, states to right handed vgy; states in the presence of a'transverse
magnetic field B, . In fact, solar neutrino astronomy is at the origin of the recent inter-
est in the magnetic moment of the neutrino. Depending on the choice of parameters, it
seems possible to explain with such an hypotesis [4] [5] the fluxes and time dependence
of the 3’Cl and Kamiokande experiments, as well as the flux of low energy neutrinos,
below expectations, reported by the ™ Ga experiment.

Nuclear reactors are the best source of 7. with energies between 0 and 8 AMfeV and are
ideally suited for such an experiment. The energy spectra are known with good preci-
sion, better than 3 % for E, between 2 and 8 MeV [3].

Only two attempts have been made to measure v.e™ scattering [6] [7]. The signal was
marginal in comparison with the background and the threshold on the recoiling electron
energy was rather high (1.5 MeV). The only way they had to extract the signal was
the comparison of the reactor-on and reactor-off rate. It clearly appears important to
improve by a large factor on these results.

We propose to measure 7, e~ — i, e~ scattering with much better precision, by using a
detector which should be ready before the end of 94.

The experiment

We are planning to use a gas time projection chamber (TPC), the drift volume of which
serving as electron target. We should thus be able to identify well single electrons orig-

inating from inside a predefined fiducial volume. Such a good signature should help
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in keeping the background down. For instance, multi-Compton events inside the drift
volume can be rejected. Beta activities from the walls will be identified as such.

Since we have tracking, we can measure the scattering angle . of the electron. It is
not so small at these energies and multiple scattering is non negligible. So this will only
give a modest background suppression. But it will allow a simultaneous measurement of
signal plus background events in the forward direction and background events only in the
backward direction. Background can thus be measured on-line, while the reactor is on.
This is particularly important in the case of a non optimal signal to background ratio,
since the reactor off periods are in general too short to reach good statistical precision.
We note that part of the background will be due to natural activities. Much progress has
been accomplished these recent years in low background techniques, and cleaner materi-
als are available. The materials to be used must, in addition, also have little cosmogenic
activation, since all power reactors are aboveground.

We will use a hydrogen free medium for the detector, so we will completely suppress the
background from . + p — et + n scattering.

Our TPC will be immersed in a liquid scintillation detector which will work as an anti-
Compton.

The detector must be placed near a reactor as powerful as possible to maximize the v,
flux, and as close as possible, keeping the reactor correlated background at a negligible
level. The Bugey reactor (2800 MW th) appears ideal. It has for a long time been used
to search for neutrino oscillations [8]. It emits about 5-10?" ¥, s~' and is on 11 months
out of 12. The spectrum is known with uncertainties of order 3.5 % in the energy region
between 2 MeV and 8 MeV.

A lab has been installed underneath the core, with a room large enough for the detector
at a distance of 18.6 m from the core. This is the preferred location for the experiment.
The gamma activity of this area measured without shielding with a same Nal crystal
is slightly lower than that of the ISN laboratory. No neutron flux associated with the
reactor has been measured in the BUGEY-I experiment, placed closer to the reactor
core.

The central detector

The gas of the TPC should havelow Z to minimize multiple scattering, and have a high
electron density. The most attractive appears C Fj, which has a very high density (3.68
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g-¢at 1 bar and thus a very high electron density, 1.06 - 102! cm =" at 1 bar). We will
work at 5 bar of pressure, and have a total number of target electrons of V. = 5.29-10%7.
Its drifting properties have been studied by various authors [9]. The drift velocity is
very high, ~4 cm-ps~' for an electric field of 600 V -cm™" at 5 bar. The total drift time
for a distance of 1.5 m would thus be 38 ps, making the detector reasonably fast. The
lateral drift is small and would amount to 2.5 mm after 1 m at the same field strength.
The longitudinal drift, 2.2 mm would be somewhat less.

All these parameters have been obtained from measurements at 1 bar and over a drift
distance of a few cm. We have shown however that electrons can be drifted over long
distances in 5 bar of pure C F; with a mini-TPC prototype. The drift length was 20 cm
and the active diameter 10 cm. To achieve good purity, the gas was circulated continu-
ously through an Oxysorb filter to remove oxygen and a cold trap to remove water and
possible freon contaminations. A mean drift distance longer than 6 m at 5 bar and at
600 V - cm™ was achieved [10].

The cosmogenic activation of C and F is reasonably low since these nuclei are light.
Also CF, is not toxic, not flammable, and relatively cheap (~2 SF per liter).

The CF), gas at 5 bar is contained in a cylindrical acrylic vessel of inner diameter 90 cm
and 158 cm long. Acrylic is choosen because of its very low radioactivity.

We verified that the outgassing of acrylic does not lead to a degradation of gas purity
leading to reduced attenuation length or energy resolution. For this, a prototype TPC
with acrylic containement vessel has been constructed in Gran Sasso. The TPC has
been successfully operated with CF; up to a pressure of 5 bar. With an improved gas
purification system we could reach an attenuation length longer than 9 m at 5 bar [11].
The drift volume is delimited by a cathode on one end of the vessel, and a grid on the
other one. These, along with field shaping rings at successive potentials on the outside
of the vessel cylinder, provide an homogeneous drift field. With this design, the CF,
volume is active over its entire diameter.

Behind the grid is an anode plane. The anode wires are separated by potential wires.
The inner diameter of the frame is 90 cm. All anode wires are connected together to
give the energy signal. The following plane contains two sets of isolated perpendicular
strips to pick up the induced signals. The pitch, 3.3 mm, is well adapted to the lateral
drift in CFy. This ¢ — y plane provides the spatial information along the z and y axis
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in the anode plane. The z — y plane is kept at ground potential, while the anode plane
is at a positive high voltage large enough to have good amplification around the anode
wires. This way the number of high voltage feed-throughs is minimal, which is impor-
tant for the low background environment. The third coordinate, along the drift field (z2)
is determined from the time evolution of the signals. This only allows a determination
relative to the point of the track closest to the grid. An absolute determination of z may
be possible if we can exploit the cathode or grid signal. We are exploring this point.
To fully exploit the information provided by the TPC, we will use a read-out electronic
with fast flash ADC’s for the anode and each z or y strip. For an electron drift velocity
of 4 cm/psin 5 bar CF| gas the FADC system has to be operated at a 25 M H z sampling
frequency, corresponding to 40 ns sampling time. In order to cover the maximum drift
length (1.58 m) a memory depth of 1024 words is required. We will use the commercially
available Struck DL350 FADC system, which fullfills these criteria.

The active veto

The acrylic vessel will be immersed in a stainless steel tank filled with a mineral oil based
liquid scintillator (NE235H or equivalent). The scintillator will serve to veto the cosmic
muons and as anti-Compton detector. This liquid scintillator is compatible with acrylic
and it can be procured with a transmission length of more than 10 m, and a light yield
of 50% anthracene. The thickness is 60 cm for the ends, and 50 cm on the cylindrical
periphery.

Top and bottom lid of the vessel will be instrumented with photomultipliers. We need
a good photomultiplier coverage, about 20 % for a light transmission length of several
meters, and triggering at the 10 photoelectron level, which seems doable. This corre-
sponds to a total of 38 photomultipliers of 20 cm diameter. With this it will be possible
to reach good anti-Compton efficiency, say of order 99 % as well as a threshold around
100 keV.

The 38 photomultipliers (8” EMI 9351 low activity tubes) will be attached on two frames
to form two concentric circles at each of the ends. Surfaces between photocathodes will
be painted with titanium oxyde (T:0;)or covered with a thin teflon sheet for light re-
flection. The phototubes will be directly immersed into the liquid for optimum light
coupling.

The steel vessel, a cylinder 2.80 m long and 2 m in diameter, will be pressurized so as to
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Table 1: Event rates

T(MeV) | Acceptance | v.e” Events/day
(Contained) | g, =0 | o =107"
0.5--1 0.85 5.3 8.1
> 1 0.65 4.2 5.3

have a small pressure difference between the inside and the outside of the lucite vessel.
The liquid scintillator and the steel vessel will also serve as passive shielding, but will
not be sufficient. It will be necessary to add 15 cm of low activity Pb around the steel
vessel to reduce the local activities. To reduce the neutron flux created in the lead by
the cosmic muons, there will be a layer of 10 ¢cm of borated polyethylene surrounding the
steel vessel. Concerning the cosmic rays, the Bugey lab is in a favorable situation. It is
below the core, and has a large overburden of steel, concrete and water corresponding to
about 20 m water equivalent. This attenuates the muons by a factor {, and eliminates
the nucleons. Nevertheless, materials with low cosmogenic activation must be selected
for the construction of the detector.

Signal and background

The expectedrates at 18.6 mi from the 2800 MW th Bugey reactor have been calculated,
for u, = 0, assuming V¥ and Z exchange only, with sin®4,, = 0.2325 , and for f, = 107"
and are given in table 1 (the electromagnetic signal goes as g, ). The acceptance for
fully contained electrons was estimated by Monte-Carlo simulation using the GEANT
code. These rates have to be compared to background rates, which are estimated in the
following.

We define as background a fully contained event which has a minimum energy depo-
sition of 500 keV in the gas, together with a maximum energy deposition of 100 keV in
the anti-Compton liquid scintillator.

Two main sources of background have been identified: cosmic muons and natural ra-
dioactivity. While cosmic rays crossing the detector will be easily identified and rejected,
muon interactions in the surrounding material or in the detector itself can create long-
lived radioactive nuclei in the TPC, generating electron-like background events. Inter-

actions within the fiducial volume can produce activity in two ways: stopped muons
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Table 2: Simulated background event rates from cosmic rays and ¥, — p reactions

origin medium | type | events/day | rejection | Total
0 0.45 0.45
Gas BN 0.20 veto ~0
Cosmics 2B 0.37 p-track ~0
Liquid + | (n,v) 0.90 veto 200us | 0.30
Acrylic
| Lead + |(n,y)| 045 veto 0.30 “
Steel
Gas N 0.15 0.15
| %-» | Liquid |(n7)| 048 | “veto [ 0.6 ]

(T s | i

leading to capture, and inelastic scattering of through-going muons inducing production
of spallation nuclei. These interactions of muons within thelargeamount of surrounding
material (shielding, scintillator) produce neutrons (and gamma rays) which can pene-
trate the TPC and be absorbed.

The background event rate induced by the cosmic muons and by the . — p reactions is
given in table 2. For all the detector components we will choose low radioactivity ma-
terials. For instance, mineral oil can be procured with a concentration in Th and U well
below 10~'? g/g [12]. This level can be maintained in the scintillator, since the additives
(pseudo-cumene) are also very clean [13]. Different techniques have been developed by
the SNO Collaboration to determine ultra low concentrations of Uranium and Thorium
in the acrylic. It was shown that acrylic sheets with a concentration in U and Th of
~ 107!* g/g are commercially available. This more than fullfills our needs.

We found an upper limit on the background rate due to natural activity of 1.76 + 1.35

event - day™'.

The former contribution is due to the radioactivity of the steel vessel
and the latter one is due to the inner part of the TPC (resistors, epoxy frame, solder,
feed-throughs and so on). This background has been estimated from the background

measured in the Xe TPC in the Gotthard lab, correcting for the differences in gas and
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geometry. It should be considered an upper limits. It is hoped that the CF; TPC can
be made cleaner than the Xe T PC with the experience gained. In particular, cleaner
resistors, developped in the meantime (factor ten lower in activity) will be used for the
resistor chain, and crimps will be used instead of solder for the wires. To conclude, the
total rate from the three main components of background - namely cosmics, natural

activities from the outer and inner parts of the TPC, should be:
Nokga < 1.36 + 1.76 + 1.35 = 4.47 - day ™.

This is to be compared to the expected signal rate of 9.5 - day™' (see table 1)
Capability of the experiment

The total background rate which will be measured during two reactor- off periods (~ 2
months) is thus expected to be smaller than the signal rates in the bin 0.5 < T(MeV) < 1
(5.1 - day™'). We remind that the background will be also determined with better
precision from theevent rate in the backward half sphere and subtracted. The isotropy of
the backgroud could be verified by relaxing some of the selection conditions. Considering
the signal rates at 18.6 m in table 1, a statistical error less than 3 % should be achievable
in the bin 0.5 < T(MeV) < lin one year of measuring time. Combined with a systematic
error of 5 %, essentially from the reactor spectrum (3.5 %), reactor power and burn-up
(2 %) and detection efficiency (3 %), this leads to a sensitivity of 4, ~ 3-10~'"" Bohr
magnetons, more than afactor 10 better than in previous experiments. This sensitivity is
mainly dominated by the systematic uncertainties and changes only slowly as a function
of the signal versus background ratio. The limit value on p, would be around 4 - 107"
if background is increased by a factor of 4.

The signal rates for the bin T > 1L.MeV (4.2 -day~' ) is equivalent to the lower
energy bin, while the contribution from the magnetic moment term is more than a factor
of two lower. We will exploit the ratio of this two energy bins to reduce the systematic
uncertainties. However, to attain lower limits, significantlylonger data taking time would
then be necessary. Also we will explore ways to improve the sensitivity by exploiting the
angular information.

With some luck the threshold may be lowered more, say down to 300-350 keV, and a
sensitivity around 2-10~'!' seems then achievable. Depending on the actual background

situation it may be possible, after the first data taking period at 5 bar, to lower pressure
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and threshold without loosing too much in event rate since the electron recoil spectrum
peaks at low energies. That would improve the p, sensitivity even more.

We would also like to add that a change of 5 % in sin® 6y changes the event rate by
4.3 % in the energy bin 0.5-1 Mel’, and by 5.8 % above 1 MeV. A 5 % determination
of sin? 6; appears thus possible in our experiment, assuming a small magnetic moment.
This accuracy is rather good, considering that we are dealing with a purely leptonic
process. It is comparable to that achieved by the CHARM II collaboration in the study

of v,e scattering [14].
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The Karlsruhe - Rutherford InterMediate Energy Neutrino Experiment KARMEN at the
pulsed spallation neutron facility ISIS makes use of the ’beam dump’ neutrinos v, , v, and 7,
from the 7t — p* -» et decay chain at rest. Neutrinos are detected in a 56t high resolution
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as a massive live target of 2C- and 'H- nuclei for the investigation of various v -induced
reactions. The exclusive CC reaction '*C (v, ,e” )'2Ng, , which is observed with negligi-
ble background and spectroscopic quality, allows to measure for the first time the spectral
shape of v, emitted in p*-decay. On the other hand, the observation of the NC reaction
2C(v,v')"?C" (1% 1;15.1 MeV ) induced by neutrinos with different flavour, allows a first
direct laboratery test of the flavour universality of the v-Z" coupling at low energies.
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1. Introduction

The KARMEN experiment is performed at the neutron spallation facility ISIS of the Ruther-
ford Appleton Laboratory. From the decay of stopped pions produced in the UD,O ’beam
dump’ of the pulsed 800 MeV proton beam of ISIS equal numbers of v, , v. and #,, are emitted
isotropically with energies up to 52.8 MeV according to the decay sequence 7% -+ u* +v,;
pt —et +v,+,. Because of the different lifetime of 7% (26 ns) and p* (2.2 ps) a prompt
v,,- burst within the first 0.5 ps after proton beam-on-target is followed by a (v ,7,)- pulse
in the later time window of 0.5 -9 us, where v, are no longer present. The ISIS proton extrac-
tion frequency of 50 Hz defines a duty cycle factor of the order of 10~* which allows effective
suppression of cosmic background. Neutrinos are detected in a high resolution 56t liquid
scintillation calorimeter located at a mean distance of 17.5 m from the neutrino source and
housed in a massive 6 000 t shielding blockhouse.

2. Exclusive CC reaction 2C (v,,e” ) 12N

Detection of the exclusive charged current reaction '2C (v, ,e™ ) '*N,, is based on a spatially
correlated delayed coincidence between an electron from the inverse 8- decay on '*C during
the v, - time window and a positron from the subsequent N - decay, which uniquely identifies
v-induced transitions to the ground state of !2N. The data sample used for the present
analysis was taken from April 1990 to June 1992 corresponding to 2641 C of protons on target.
Software cuts on the time, energy and spatial correlation of the prompt and delayed signal ( for
details see [1]) selected 130 coincidence events from the data sample. The proof that these
v - candidates are indeed due to exclusive CC reactions is given by fig.1 a-d): the measured
time- and energy distributions of the prompt and delayed signal are in very good agreement
with what one expects from the reaction sequence *C(v.,e”)'?Ny, -»"?C+et +v.. In
particular the time distribution of the prompt signal (fig. 1b) clearly demonstrates the origin
of these events to be induced by v, from p* - decay. From 123.7+ 11.4 of these CC events left
after background subtraction (signal- background ratio ~220) the cross section was deduced
to be
(Gexa.cc) P = [8.0 + 0.75 (stat.) £ 0.75 (syst.)] x 1072 cm?

This result is in good agreement with recent theoretical calculations (2, 3, 4] as well as
with another experimental result [7].

The spectroscopic quality of the measured electron energy spectrum (fig. 1la) of the
exclusive CC reaction '2C (v, ,e” ) >N, ,, allows the experiment to measure for the first time
the spectral shape of v, emitted in p* -decay. Recently it has been shown [9] that a precise
determination of the v, shape parameter w; (the neutrino analogon to the famous Michel
parameter p ) is sensitive to the Lorentz structure of muon decay. The experiment will therefore
be able to set stringent upper limits on non V- A contributions in muon decay ( especially to
the interference term | g, + 2g%, | of scalar and tensor interactions with lefthanded v, ).

3. NC nuclear excitation 2C (v,+')!2C* (171;15.1 MeV )

Improved trigger conditions since July 1990 allowed to identify for the first time the inelastic & -
scattering off '2C- nuclei, i.e. NC events of the type v+ '2C — '+ 12C* (1* 1;15.1MeV) [5].
The signal for this process is the detection of a localized scintillation event of 15 MeV visible



Fig. L

>
)
=
ol
-
2
=
L
>
53]
Tt oot Timolend L]
8 12 16 20 24 28 32 36
« 40
4
~ 30 [
3
s
4
ool 20
10
0 Lesrrbrrerh: I At TTeal s e
01 23456 7 8 910
Electron Time [ ps]
Energy-

Events/ 1 MeV

Events/ 4 ms

267

©)

15
Positron Energy [ MeV ]

Positron Time [ ms ]

and time distributions of the prompt and delayed signals of exclusive

12C (ve,e™ )”Ng,s, reactions. Energy spectra are compared to MC simulations (broken lines), time
distributions are shown with the decay curves of p* (7=22 ps) and 2N (7= 15.9 ms ) superim-
posed. The normalized ’beam off’ background is shown as shaded area.

Events / MeV

30

20

n o

IS SN S St M

[N S ST

10 20 30

Visible Energy [ MeV ]

Events /0.5 us

40: 11 MeV < TE<16 MeV
30 —
20 -
0k
o r
Time [ us ]

Fig. 2: a)Visible energies of single prong events in the (. ,#,) time window with background
subtracted. The dotted line corresponds to MC simulations for inclusive CC reactions and the NC
excitation of !2C, respectively; b) event time with respect to beam-on-target in the NC-energy
window, cosmic background ( broken line ) not subtracted.



268

energy from photons emitted as the (1% 1) analogue state of '*C decays back to the ground
state with a 94% - decay branching ratio. In order to optimize the signal to background
ratio evaluation was restricted to the (v, ,7,,)-time window of 0.5-3.5 us after beam-on-
target. The energy spectrum of events satisfying these criteria with residual background from
off beam analysis subtracted is shown in fig. 2a). Above 17 MeV there is a broad distribution
of events corresponding to inclusive charged current reactions. Between 11 and 16 MeV lies a
clearly recognizable peak which is ascribed to the ?C (v ,v’)!>C* (1* 1;15.1 MeV ) reaction.
The time distribution of all events between 11-16 MeV shows an exponential time slope of
2.2 ps above a flat background (see fig. 2b) indicating that indeed these events are induced
by v. and 5, from pt - decay. The flux averaged cross section for the sum of v, and &, induced
NC transitions was deduced to be

(onc(ve+0,)) ™ = [9.5 + 1.8 (stat.) £ 1.35(syst.)] x 1072 cm?

which again is in good agreemen’ with theoretical calculations for this reaction (2, 4, 6] giving
values ranging from (9.9-10.3) x 10~ '2 cm?

4. Flavour universality of v- NC coupling

Except fer an isospin factor l/\/ﬁ the matrixelements of the dominant isovector axialvector
hadronic weak currents for the NC transition '2C (ve,v.')*C*(1* 1) and the CC reaction
2C(v.,e” )'"?N,. are the same (2, 4]. As the NC transition is simultaneously induced by
two neutrino flavours of the same intensity, i.e. v. and ©,, the ratio R of onc(ve + ) /
o¢c (Ve ) is about 1, provided the v, couples in the same way to the Z as 7, . Because of the
slightly different energy spectra of v, and 7, and also accounting for the small v- 7 difference
in the NC cross section the theoretical expectation for this ratio is R =1.08 [2], where from
our 1easurement we get R=1.19+0.26. This is a flux independent implicit test of the
flavour universality in the neutrino neutral current coupling, which is going to be significantly
improved with increasing statistics.

5. Conclusions

After three more years of data taking KARMEN will have contributed significantly to the
experimental investigation of neutrino-nucleus interactions in an energy regime which is of
great astrophysical interest (v-induced nucleosynthesis during SN explosions, measurement
of the bolometric flux of SN and/or solar neutrinos ).
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Abstract

We have built a Xenon TPC to study neutrinoless double beta decay in *¢Xe.
After a period of 6820 hours, from which we extract limits,a background study
of the most evident backgound sources, has been performed. The results of this
preliminary studies are presented.
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Introduction

The detection of neutrineless double beta decay provides a sensitive test of the structure
of weak interactions. This non-conserving lepton-number process would be the evidence
that the neutrino has a non vanishing Majorana mass which could possibly be coupled
to right handed currents’.

The Gotthard Experiment

The 3¢Xe is a good candidate for B8 decay with a total energy of 2.48 MeV. On the
other hand, Xe gas possess adequate properties to be used in a drift chamber. In our
experiment, a 180 liters active volume T.P.C. filled with enriched Xe (62.5% '3®Xe)
and operated at 5 atm. is used ( figure 1). The caracteristics of this setup has been
presented elsewere®3,

COPPIR aND
LEAD SRIZLDING

——
ceTHODE %//////ﬁlm

Fig. 1. Shematic view of the experimental setup

The detection of a 38 decay event in the TPC is characterized by a track with
two particular “end feactures” coming from the high energy deposition and the large
multiple- scatiering for slows electron. A typical “two electron event” is depicted in
figure 2.
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Fig. 2. A typical “two electron” event



273

Firts results

The energy spectrum of “two electrons” events is presented in figure 3, corresponding to
6820 hours of statistic. Considering some energy windows where the signal/background
ration is optimized, for a given mode we, obtain the following half-life limits for differ-
ents 83 decays modes.

- Neutrinoless mode (mass mecanism, right handed currents)

3.0 - 3.8V (Caltech?)
2.5eV (Heidelberg®)

TS ({m,)) > 0.78(0.42) x 10*'y = (m,) {
2
TS¥(RHC) > 0.50(0.28) x 10%y
2
- Neutrinoless (Majoron mode) ( E € [2.0 - 2.5 MeV))

2.3 x 107% (Caltech?)

. 9 21 i
TP > 12X 100y = g} | 1 8' 1074 (Heidelberg?)

- Two neutrino mode (E € {1.67 — 2.0 MeV))

T3(2) > 2.5 % 102y

6o —  Two Electrons Events in 6820 hours

Energy (xev}

Fig. 3. Two electrons spectrum ( 6820 hours ). The limits are
obtained for several energy regions where signal/background is op-
timized.

Background studies

In order to increase the performances of our setup, a background study concerning the
most evident background sources has been performed recently.

Cosmic muons

The u flux in the Gotthard laboratory is' ~ 154 m~? day~!. The interaction of these
particles with the surrounding matter represents a potential background source. To
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prevent this, a 2m? plastic scintillator has been placed on the top of the detector.
Actually, after two month of statistics, no “ two electron” event has beer observed
with cosmic flag.

Neutrons background

The interaction of cosmic muons and the spontaneous fission of uranium and thorium
present in the rocks, produce a neutron flux in the laboratory ( < 2.5x107% n cm™2 57!
). These neutrons interacting, for example, with the copper TPC walls, give v of high
enecrgy up to ~ 8 MeV ( o ~ 4 barns) and appear as a dangerous background in our
experiment. To reduce this, and other backgrounds induced by neutrons, a schielding
of 5 mm of B4C surrunding the total detector must be installed in the near future.

Field shaping ring resistors

The homogeneous electric field between anode and cathode is provided by a set of
copper rings ( 70 rings ) surrounding the active volume. These rings are separated by
1 cm, and connected by 10 M2 resistors (figure 1). The high amount of U, Th and
K, present in calssical resistors, represents, via the 4 emission of these isotopes, the
higher background know in the TPC. In ordre to reduce this background component,
old resistors are replaced by new ones, showing less radioactive contamination. This
contamination is reduced by a factor 6 in U, and Th and by factor 40 in 40K. Figure
3 presents the two germanium spectrum corresponding to the two differents resistors
used in the experiment.

, Enerey specirum. 7806 events tnerey speszzum. 1383 evenss

NEW RESISTORS OLD RESISTORS
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Fig. 3. Germanium spectrum corresponding to “old” (100
pieces/10° sec.) and “new” (200 pieces/10° sec.) resistors

The reduction of the resistors contamination, must be followed by a reduction in for
the counting rate in the TPC. These results are depicted in table 1. We can observe
that the number of events recorded are reduced by a factor 7 for all the events betwen
1.6 and 3 MeV. This effect is observed in the same way for single electrons events in a
[2-3 MeV] energy window. However it is interesting to note that the counting rate for
the two electrons events remains unchanged.
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Table 1. Counting rate with “old” and “new” resistors for differents
kinds of events

Kind of events “Old resistors” | “New resistors”
(6820 h) (550 h)

All evevts (1.6 - 3.0 MeV) 7.93 ¢/h 1.16 c/h

All events (2.0 - 3.0 MeV) 4.20 c/h 0.63 c/h

Single e~ (2.0 - 3.0 MeV) 2.97 c/h 0.41 c/h

Two e~ (2.0 - 3.0 MeV) 0.015 c/h 0.020 c/h

Two e (1.6 - 3.0 MeV) 0.051 c/h 0.070 c/h

In summary, after the first period corresponding to 6820 hours of statistics, we have
initiated a work to reduce the background in our experiment. This work leads today
to a global reduction of a factor 7 in the one electron events counting rate. A more
important reduction is expected in future from the neutron shielding, and other back-
ground considerations like the gas radioactive pollution, etc. Finaly, even if the new
statistics is not very high (~ 550 hours ), one interesting aspect of this background
studies, contrasting whith the global reduction, is the unchanged counting rate for the
two electrons events.
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Abstract

The preliminary resulta of a search for the 2p+ and Kﬂf
in a coincidence experiment using a high pressure ionization
chamber of enriched 78Kr inside NaI scintillators are presen-
ted. After 4434 hours of counting time the half-life limits
ovtained are T1/2(Kp gy 2 5.8x102" y ana 1,528, Loy 2
2.0x10°" y at 68% C.L. These are the best world limits for
the 2% and K@" decay modes.
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On general grounds, it is established that the 23" decay
rates 1,2,3) are about six orders of magnitude lower than
the 23" decay of emitters of the seme region of nuclides

82Se), when 28suming similar nuclear matrix

(say "8kr versus
elements. That strong reduction stems from the smaller energy
available snd the Coulomb repulsion factor in the positron
emission. The cleaning of the bsckground implied by the
sanihilation photons (when performing coincidence experiments)
migzht somehow compensate the smellness of the expected rate.
A frvourable nuclear matrix element a2lso enhsnce the rate
bringing it to more optimistic perspectives. Notice thet no
detziled theoreticel estimates sre rsvailable. On the other
hand the electron-positron conversion is & more probsble
process then the double positron emission becsuse of the
higher svailable energy and the smsller Coulomb repulsion.
The relative rates are roughly a factor 103—104 for the two
neutrino mode with respect to the corresponding 2¢ﬁ'emissions.
Suitable candidates because of their experiment=l crpabi-
lities as detectors themselves or because of # frvourable
theoretical expected rate are the 2p" emitters 8 124Xe
and 1O6Cd, the last ore being perticulerly favourable from the

Xr,

theoretical point of view. There are no theoretical estimates
of the ’8K1 processes expect in the simple 4) or nesive 5)
spproaches. On the other hend, the phrse spsce integrels
appearing in the 78Kr and 124Xe ceses heve been recently
computed by using reletivistic weve functions for the 1epton6)
The 8 Kr transition to ISSe hng & Q-velue of 2.881 Mev
end the trsnsitions (A,2) - (A,Z-2) sre indicated in the
scneme depicted in Figure 1. The three processes, double
positron emissicn, electron captured followed by positron
emission and double electron capture are energeticelly
ellowed for the transitions to the ground strntes. Transitions
to the excited states of 78Se sre also possible, but they rre
no considered here. We sre interested in exploring the
processes 2@? end Kff'searching for the coincidences ( with
snd without neutrino emission) between the positron(s) signel
recorded in » source-detector high pressure ionization chember

(IC) of krypton ges (enriched in the isotope 78) rnd the
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511 kev ennihileation photons detected in a set of sodium jodi-
ne detectors which surround the chember. The signsture of the
neutrinoless 7BKr - 788e electron~positron conversion would be
an energy deposition of 1859 keV in the IC (positron kinetie
energy plus the selenium K-shell binding energy) in coincidence
with the two snnihilation grmmss in the Ne#Is, whereas the 2ﬁ¢
decay would show up a8 four annihilation gammas in the scintil-
lators coincident with a positron deposition energy of 837 keV
in the IC., In the case of no operation of the IC, i.e. when
uging the chember only as = source of potential emitters, the
recording of gammas will only provide inclusive (Ov +2v)result.

The experimental device consists of & high pressure, high
regolution ionization chsmber placed within #n hexagonel
system of large Nel scintillators. The dimensions of the IC
are 10.6 cm of diameter and 14.0 cm long, and its internel
volume V=1.54 liters. The wall is 2 mm thick, scting r8s the
grounded csthode. The centrrl nnode has e diameter of 12 mm,
Surrounding the centrsl anode, there is a grid of 40 mm diame-
ter, formed by wires on tungsten (50}4m of diameter) spsced
2 mm. With these psrameters, the estimsted shield inefficiency
of the grid is less than 3.5%. The body flenges nnd electrodes
of the chrmber have been made in titenium. Quertz h=s been
used #8 insuletor. The chamber is filled with 35 liters
(fiducisl volume) of Krypton grs, isotopicnlly enriched up to
94.15% in 78Kr, to be used both as double bet~ decry source
and as detector medium st = pressure of 25 atmospheres. The
totnl number of potentinlly double betr emitters in the chember
is W, =1.024710%% stoms of "®kr, The opersting conditions
were: grid voltsge Vg=+1000V, snode voltage V,-+2600 v,
cathode is grounded; » pressure is 25 ~tmospheres. The energy
regolution achieved with = mixture of 78Kr + 0.2%H2 is feirly
good. In the energy regions relevant for the 2ﬂ+ and Kfﬁ
neutrinoless searches, one can ocuote, conservatively, an energy
resolution of 3% rt 837 keV »nd 2% rt 1859 keV rs deduced from
the nearby 88y gamma lines of 1836.2 keV, 898.0 keV and 814.2
keV (1836.2 keV - 2x511 keV).

The scintillator system is composed of 2 set of six large
BICRON NaI detectors of dimensions 15.94 cm of diameter and



280

23.30 om long, of hexagonal cross-section. The detectors are
made from especially chosen low-background materials and have
been underground for more thsn four years before the starting
of this experiment. The dimensions of the crystals are 13.5cm
diameter, 20.4cm long and mre wrapped in teflon, canned in
low background steel, 0.5 mm thick, having cusrtz windows and
standard magnetic shielding. The measured energy resolution
of the Nal is 6% at the 6000 line of 1.33 MeV. The six hexa-
gonal detectors have been arranged in = honeycomb-like struc-
ture, leaving the central hexagonal hole to host the ioniza-
tion chamber (see Figure 2). A 20 cm layer of low activity
lead bricks shields the detectors from enviromentel rrdioac-
tivity.

The experiment has been carried out in the Cenfrenc
Tunnel Lsboratory (Spanish Pyrenees) rt a depth of 675 m w.e.
The acquisition system for the experiment is a fast-slow
coincidence device using NIM nnd CAMAC electronics. The first
scintillators open # 100 ns coincidence window in & CAMAC
multiplicity srithmetic logic unit which construct the
scintillstors configuration mask (scintillators fired during
the coincidence time) and generate e look =t me signsl through
the Csmac bus weaking an interrupt service routine in the PDP
11/73 computer. For each event, we store in a hard disk the
configuration mask, the time of the day with s 20 ms precision,
the energies of the scintilletors fired, as wellas the corres-
ponding time distributions. The slow coincidence is done by
opening a 60/45 window and looking the energy detected by the
chember as well as the time difference distribution between
the scintilletors (acting rs start) rnd the chsmber sign-l
(stop) in a renge of about 60/49. The chamber energy is also
stored in the same way rs before. In order to minimize the
access time to disk we use a software flip-flop between two
2Kw, 16 bits, buffers which fill a big 16 Kw, 16 bits, buffer
in memory which is trensferred to disk ~hen full.

To compute the efficiency of the photon(s) detection by
the N=2I array o standard Monte Csrlo simul~tion was used. It
was found thet after en =tom of 78Kr Kf?'decays in the active
volume of the chrmber the prob=bility of detecting two 511keV
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gammas generated in the active volume of the chsmber in eny
pair of scintillators is E;,«0.19. We note thet the coinci-
dences between adjacent sodium iodines are negligible, so the
two gamma coincidences refer mostly to opposite scintillators
end non-opposite but non-adjecent scintillators. On the other
hand, the probability of detecting two 511 keV gemms in sny
pair of NaI detectors in coincidence slso with en energy
deposit of 1850 keV in the IC has been computed by MC to be
2.8%. In the case of = 2p? decay following the ennihillation
of both positrons inside the krypton volume, the probability
of detecting the two pairs of 511 keV gemme rays in sny set
of four different detectors is 1.7%.

To give a half 1ife 1limit of the neutrinoless electron
followed by positron conversion we heve accumulated 4434.5
hours of three-fold coincidence date. Recording the chamber
gignels in coincidence with the two 511 keV photons allows to
distinguish between the positron ennihilation inside the
krypton gas from those two 511 keV gemma coincidences due to
other background sources. The two annihilation grmms ray
coincidence beckground registrated =lso in coincidence with =
IC signal (of unspecified energy) is 0.026 c/h (for opposite
NaIs), 0.022 c¢/h (for non opposite, non rdjacent NaIs) and
0.007 ¢/h (for adjscent ones), i.e. » reduction by factors
20, 40 rnd 500 with respect to the corresponding snnihilation
coincidence backgrounds obtained with = vessel of similar
dimensions conteining about one third less atoms of 78Kr.

To set a lower limit for the neutrinoless KF? process in
78Kr we have looked for the coincidences between 23's in their
respective energy windows each one of 2.356 =54 keV width
centred sround 511 keV and a IC signal of energy 1859 ¥ 200keV
Even in such a large IC window there were no events at &ll in
the 4434.5 hours of counting time (versus about two hundred
end fifty events recorded when the IC was also fired by the
coincidence but without selecting any energy deposited in it).
To derive half-life 1limits we have used the stsndard expres-
sion T1/2;ln2N2ﬁ£ tk/A where A is the upper 1limit of the
events searched for snd k the probability of the events to
fall in the searched energy bin(s). The fector £ stends for
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the efficiency which according to the process under conside-
ration was given sbove. The hrlf-life 1limit obtmined from the
absence of events taking into account N =1.O24x1024, t=0. 506y,
2 .
8}\.‘#:0.028 and k = (0.76)° is

T,,z(Kp")ovgs.sﬂo?‘ y, 68%C.L.

28

A very conservative 2V -mode half-life limit for the
process Kp? cen be cuoted if we assign the registered counts
in the upper part of the coincidence spectrum shown in Fig.3
(N(E> 700 keV)=141 events) to the corresponding rrea of the
theoretical spectrum of the two-neutrino decay mode in the
process Kp# of 78Kr. This has been = usurl procedure employed
to get hrlf-life limits, svoiding the higher background of
the lo» energy region -hich ' ould mask the double betes sign-l.
By using the fact thet the theoreticel upper pert of the 2V
spectrum accounts for 2/3 of the total number of double bets
counts (E=700 keV is the energy of the maximum of the theore-
tical 2v spectrum), one gets, using the strndard helf-life
formules cited above. Ilowever, this estimation mey be signi-
ficantly improved. Matter of frct, visible peaks in the Fig.3
st the energies sbout 0.45 Me¥, N.73 MeV, 1.2 MeV and mey be
even 1.6 MeV rre consecuences of the e'-e” pair production
inside the IC by gemmss of 1.46(4OK)MeV, 1.76(214Bi)MeV,
2.204(214Bi)MeV snd 2.62(208T1)MeV. Therefore, a real curntity
of counts inside %the IC which could be refered io ihre
Kﬁ*av decay of 78Kr will be much less and the respective
limit be much higher. The present 1limit without sbove mentio-
red consideration is T1/2(Kﬁ*)2v>211020y, 689%C. L.

Finally we heve looked also for coincidences of four
annihilstion gemmes in the NsIs together with » signsl output
from the IC (intended st an energy of 837 keV in a given
window). In fa' t, rfter 4954.25 hours of counting time no
coincidences of four gemmas slowed up independently of whstever
could have heppen in the chermber. In fect, due to the chosen
trigger (i.e. Fals first) nothing wrs obviously registered by
the IC which in this case hrs plryed the role of = mere source
of double positron emitters. The 1limit one gets is

1

+ 2 o
T1/2(2p)0v oy 22-0%10° "y, 68% C.L.
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MEASUREMENT OF THE (2v-DECAY
OF 76GE

M. Beck. F. Bensch, J. Bockholt. G. Heusser, H.V. Klapdor-Kleingrothaus™,
B. Maier, F. Petry, A. Piepke, H. Strecker, M. Vollinger

Max-Planck-Institut fiir Kernphysik, 6900 Heidelberg, Germany

A. Balysh, S.T. Belyaev *) A. Demehin, A. Gurov, I. Kondratenko, D. Kotel'nikov,
V.I. Lebedev

Russian Scientific Center-Kurchatov Institute, 123 182 Moscow, Russia

A. Miiller

Istituto Nazionale di Fisica Nucleare, 1-67010 Assergi, Italia

From the data taken with one of the enriched detectors of the Heidelberg-
Moscow BB-experiment a revised half life of sz/"z =(1.42 * 0.03stat * (0,13 syst).
10?1 y for the two neutrino double beta (BB2v) decay of 7¢Ge is derived. With
a 7Ge exposure of 19.3 mol-y it represents the first high statistics measurement
of this extremely rare effect. The measured decay rate is in good agreement
with the theoretical predictions.

The status of the investigation of the zero neutrino [3-decay modes, indicating
a non zero Majorana mass of the neutrino. is briefly reviewed.

From the absence of a signal indicating [(f-decay with Majoron emission in the
above data, we conclude that a hypothetical Majoron neutrino coupling has to
be smaller than 1.8-107* with 90% c... Using the total 7Ge exposure of 56.4
mol-y we extract a half life limit of Tf}‘é > 1.5:10%* y with 90% c.l. for the zero
neutrino BfB-decay. By this result a Majorana mass of the neutrinos larger than
1.2 eV is excluded.

Presented by: A. Piepke
*) Spokesmen of the Heidelberg-Moscow collaboration
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INTRODUCTION

Among the different methods to identify non zero neutrino masses the search
for the, B-L symmetry violating, neutrinoless double beta decay plays a unique
role, since it distinguishes Dirac from Majorana neutrinos. The physics of the
different modes of this very rare second order weak decay, changing the charge
of a nucleus by two units, have been discussed in previous publications (see
e.g. ref. 1),

An observation of the neutrinoless decay modes with emission of two electrons
(BBOv) or with an additional hypothetical Goldstone boson, the so called Majoron,
(BBOvy) would require non standard model physics. Although extremely sensitive
this method is sometimes criticized since the neutrino mass deduction has to
rely on theoretically calculated nuclear matrix elements.

This article will mainly focus on a measurement of the allowed two neutrino
double beta (BB2v) decay, which allows us to test whether nuclear physics can
reliably parametrize such second order weak processes. The decay rate of the
BB2v-decay does not depend on any unknown particle physics parameter as the
BBOv-modes do and can therefore be predicted by nuclear physics. However it
has to be mentioned, that the calculations of the BROv- and BBR2v-matrix
elements are substantially different2’.

From the experimental side the detection of the BB2v- and BBOvy-modes are
much more difficult‘ than of the PPROv-decay. While the latter one has a clear
experimental signature in form of a peak at the decay energy of E =2038.56 keV,
the others, resulting in continuous sum energy spectra of the emitted electrons,
are more difficult to distinguish from background. These continua have different
shapes and maxima.

EXPERIMENT

In the Heidelberg-Moscow BB-experiment Ge semiconductor detectors, made from
isotopically enriched Ge, are used simultaneously as source and high resolution
calorimetric detectors for the electrons emitted in the BB-decay of 76Ge. The
isotopic abundance of 7®Ge is 86% compared to only 7.8% in natural Ge.

At present the Heidelberg-Moscow collaboration is operating three enriched
detectors of 6.29 kg total and 6.0 kg active mass in the Gran Sasso under-
ground laboratory in Italy. This corresponds to a source strength of 68.7 mol 7¢Ge.
The shielding thickness of the laboratory is 3500 meters of water equivalent.
4.93 kg'y of measuring time corresponding to a '®Ge exposure of 56.4 mol-y is
available. A fourth enriched detector of 2.87 kg, increasing the source strength
to 100 mol is under construction and will be installed in 1993. Aim of this ex-
periment is to probe the mass range down to 0.2 eV.

The detectors are operated in a common shield of 10 cm highly radiopure LC2-
grade Pb followed by 20 cm of less clean Boliden Pb. The cryostats are made
from electrolytic Cu. All construcion materials were carefully selected.

For the analysis of the BB2v-decay data taken with the second enriched detector
from October 1991 to August 1992 has been used. The measured spectrum (mea-
suring time 1.68 kg-y) is shown in fig. 1. This data taking periode ended with
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the installation of the third
In the
energy intervals 100-2700
keV, 500-1500 keV and
2000-2100 keV the measu-
red countingrates are 6.36,
5.07 and 0.29

enriched detector.

counts/

keV-y-kg, respectively.
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Since a measurement of
the spectral shape is the
only criterion to identify
a BP2v-signal a big number
of events is crucial for a
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reliable analysis. In general
the BR2v-spectrum is super-
imposed to continuous back-
ground as Compton conti-

Fig.1 Measured spectrum of the second enriched
detector. The binwidth is 1 keV, the measuring time
is 1.68 kg'y. The strongest lines are labled. nua of y-lines, bremsstrah-
lung emitted by the con-
struction materials and B-activities of the Ge detectors itsef. These background
components have to be identified and then unfolded from the measured spectrum
quantitatively. The unfolding can be done reliably only if the measured spectrum
is not dominated by background. It should be pointed out, that the subtraction
of big numbers, as it was necessary in some previous experiments, is not a
reliable method to obtain information about a weak effect.

DATA ANALYSIS AND RESULTS

In a first step 27 identified peaks were removed from the measured data by
fitting the continuous background on both sides of each peak and then exten-
ding the continuum into the peak region. The resulting 'stripped’ spectrum re-
presents the continuous component of the measured spectrum. 15.5% of the
counts were thus eliminated in the energy interval of interest from 500 to 1500
keV, containing 72% of the PP2v-intensity. The number of simulated background
events should be Jcompared to 7219 counts contained in this interval of the strip-
ped spectrum.

To unfold the continuous background a Monte Carlo background model based
on the CERN code GEANT 3.14 was developped. For its construction it is most
important to know the localization of the different background components,
since magnitude and shape of the simulated continuum depends on the geometry
and density of the part in which the contamination is placed.

54Mn, 37+38Co and ¢5Zn decaying totally or partly by EC were identified through
their characteristic y-lines shifted by the energy of the deexitation x-ray to be
inside the Ge crystal. The measured peak intensities were used to normalize the
activities. Those activities having no EC branch can not be identified in the crystal.
54Mn and 37+58:60Co activities are located in the Cu parts of the cryostat sys-
tem. This assumption was cross checked through an independent experiment with
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Table 1: Localization, absolute activity and a detector made from natural Ge

contribution to the measured backgound using a 2.2 to Cu probe of the

same production lot with and with-
out inner LC2-grade Pb lining. The
measured peak intensities were

in the evaluation interval.

| Isotope | Localization | Activity |Fraction,
| i i[qu/kg]" [%3 ! used to normalize the MC-simula-
I S4Mn 4 I 03’ tion. The two latter components

Sice Ge ! 2 Lo : are cosmogenic activities produced

58Co ‘ 6 C 04 ‘ when the materials were above

657n : 20 | 13 ix;ound (see‘ tablf: 1).

S4Mn Y w‘ 10 Pb contained in the LC2-grade
. 57Co cu 57 o ‘ Pb of the shield is contributi.ng
| s8co ; o152 C 3.4 i through the bremsstrahlung of its
” €000 i I 18 36 daughter 21°Bi, which B-decays with
| 232y cu 70 3.5 an endpoint energy of E;=1.16 MeV,
| 238y | : 36 | 56 i to the BB2v-background. A quantita-
| 18704 i Cu ! 20 03 tive analysis of this component is
! 210py, LC2 Pb | 3.6-10°5 6.7 ' difficult, since no associated Y-
j\ 40y LC2 Pb | 140 3.3 ' quanta are emitted in its decay.

The absolute activity was therefore
measured by low-level a~spectros-
copy of the 2'°Po decay (a 2!°Bi daughter). The deviation of the shape of the
electron spectrum of the 2°Bi decay from an allowed decay was taken into
account.

Both natural decay chains are contributing through the Compton continua of
numerous y-lines to the pB2v-background. Since several of these lines are iden-
tified in the measured spectrum their relative intensities can be used to locate
the contamination. A placement in the Cu of the cryostat showed the best agree-
ment with the experimental data. A placement in the LC2-grade Pb could be
ruled out in that way, resulting in limits for its 232Th and 23%U activities of 286
and 245 p¢Bq/kg, respectively. The absolute activities of the Cu were normalized
to the measured peak intensities. A placement in the Ge could be ruled out by
the absence of high energetic a-lines in the measured spectrum. Residual un-
certainties in the localization were included into the systematic error.

40K localized by neutron activation in the LC2-grade Pb and !37Cs have only a
minor influence on the continuous background. The measured peak intensities
were used to determine the absolute activities. The simulated Cs background is
nearly independent from the placement.

To account for the residual background from 1.6 to 2.8 MeV a phenomenological
constant background of 0.15 c/keV-y-kg, extended to lower energies had to be
introduced. It contributes 3.5 % of the continuous background. A straight line was
chosen to account for unidentified background components and to leave the shape
of the background model unchanged.

The sum of the discussed components represents the background model, which
thus has been constructed from experimental quantities. It has not been fitted
to the measured continuum. From the difference of measured and background
counts, according to the discussed model. we deduce a signal to background
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Fig. 2 The dotted spectrum shows the measured continuous background, while
the solid spectrum depicts the residual data after background unfolding.
The continuous curves are calculated PB2v-spectra. In the insert the resi-
dual data have been linearized like in a Kurie plot using the shape of the
BB2v-decay.

ratio of 1.3 : 1 in the evaluation interval, showing that we performed indeed an
ultra low background experiment.

To understand whether these non background events are due to BP2v-decay we
have to investigate their spectral shape. The solid spectrum in fig. 2 shows the
residual data after subtracting the background model from the experimental data
(peaks removed), while the dotted spectrum shows the measured spectrum. The
continuous curves are theoretically calculated BB2v-spectra. The lower one is in
a wide energy range in good agreement with the residual data. It results from
a maximum-likelihood fit of our data, yielding a half life of T, ,=(1.42%0.035%a%)
102! y. The statistical error was evaluated from the logarithmic likelihood ratio,
which shows parabolic behaviour. The upper curve corresponds to a half life of
9.2:10%° y measured in an earlier experiment using also 86% enriched Ge ¥, but
having a measuring time of only 0.69 mol-y. Their result was evaluated under
the assumption, that the detector background is only due to 2Pb. Since our
raw data is in good agreement with their published result and the existence of
additional background has been shown experimentally their assumption is question-
able.

The BB2v-spectra of fig. 2 were calculated using the known BB-decay energy.
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Since the statistics of our data is good enough (4135 events are contained in
the evaluation interval of the residual spectrum) we can determine the experi-
mental endpoint using a B3-Kurie plot. Linear regression yields an endpoint ener-
gy of (2051*20) keV. The good linearity an the correct endpoint energy shows
the excellent agreement of measured and theoretical spectral shape.

Several single B-decay candidates as e.g. *®7’Ge, °*Sr and 23%Pa were simulated
in different materials to test, whether they could produce a similar spectrum.
All tested isotopes are either leading to a strongly nonlinear B3-Kurie plot or
to a wrong endpoint energy.

50 Since the evaluated half life
s is very large the measured
w0 - %\4 counting rate should be
I constant in time. A further
\ Foermenta a2 consitency test can be done
g0 [ S I through the behaviour of
% 4 i the integral counting rate
§20 _ 3 . Residual data in the evaluation interval
P i t H i as a function of time, dis-
TR Fom e b i played in fig. 3. The full
o Backyround modet measuring time was divided
into 30 days intervals. The
N ——— background model was de-

0 50 100 150 200

fined at the end of the
measuring periode, then
Fig. 3 Time dependence of the integral counting rate only tabulated half lives
from S00 to 1500 keV. Peaks were removed.

Measuring time [days]

were used to calculate its
time dependence. Experi-
mental and residual data do not show strong fluctuations, although a decrease
of the counting rate in the first 132.5 days of measurement can be seen. It is
probably due to the decay of shortlived unidentified background components,
which are visible because all data taken after storing the detector underground
are included. If a two parameter ML-fit, leaving the half life and the endpoint
energy as free parameters, is performed we find for the last 90.5 days (correspon-
ding to a 7®Ge exposure of 7.8 mol-y), when the counting rate was constant,
T,,,=(1.58£0.09)-102! y and E,=(2034 *47) keV in comparison to T, ,,=(1.41£0.05)-
102' y and E0=(2053*29) keV if the full measuring time is used. The effect of
shortlived unidentified background components should therefore be not larger
than 10%.

The systematic error of the measurement includes the uncertainties due to the
unsafe localization of 137Cs, 232Th and 238U, statistical errors of the measured
peaks used to normalize the model, the error of the 2!°Pb activity measurement
and the error of the simulated detector response. The latter one has been esti-
mated experimentally with a calibrated collimated 133Ba source. The detector was
scanned with this source in 19 steps in axial and 14 steps in radial direction.
In summary the discussed data shows strong evidence for the existence of the

BR2v-decay of 7¢Ge with a half life of T2y, =(1.42%0.03stat#(.135yst).102! y.
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This result is is in good agreement with the theoretically predicted value of
ref. 2 but deviates from an earlier experiment 3.

On the basis of the quantitative understanding of the background the PROvy-
decay should be visible in the residual data, if the BR2v-decay is treated as
another background component. In fact BB2v-decay is the major and irreducable
background of this detector. After subtracting this 'background’ we find in the
energy interval from 1.1-2.0S MeV, containing 72% of the theoretical BpOvy~spec-
trum (its maximum is around 1.5 MeV) 208 events, which is on the 2.3-¢ level
above zero. Since the spectral shape of these extra events does not match that
expected for the PPOvy-decay they can not be treated as evidence for new
physics. Therefore we extract a half life limit of TIO/VZX > 1.7-10%! y with 90% c.l.
from that data. Using the theoretically calculated matrix element of ref.2’ and
the phase space integral of ¥ we conclude that the coupling of the hypothetical
Majoron to neutrinos has to be smaller than 1.8:107%

For the analysis of the BBOv-decay we use the complete data set of 56.4 mol-y
available at present. Nothing has been subtracted from the measured data in this
analysis. The average background from 2.0 to 21 MeV is 0.31 counts/keV-y-kg.
From the absence of a peak at the BB-decay energy we calculate a limit for the
BBOv-decay rate assuming a Poisson distributed signal superimposed to back-
ground. The resulting half life limit is TIO/"2>1‘S'1024 y with 90% c.l., correspon-
ding to a new neutrino mass limit of 1.2 eV (90% c.l.) using the matrix element
of 2,

The exceptional source strength and the extremely low background of the
enriched detectors of the Heidelberg-Moscow collaboration has been used to
perform the first high statistics measurement of the BB2v-decay. Experimental
and calculated nuclear matrix element of ref. 2 agree within 40%. It has been
shown experimentally, that nuclear physics can parametrize the B32v-decay of 7¢Ge,
giving higher reliability to the constraints placed on non standard model para-
meters as the Majorana mass of the neutrinos and a Majoron neutrino coupling.
Data taking of the experiment continues. With the measured parameters of the
experiment a neutrino mass limit of 0.2 eV could be reached within S years.
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ABSTRACT

Perhaps the most puzzling feature of the recent controversy over the 17 keV neutrino is that
the positive evidence comes entirely from experiments which measure either the electron
energy from beta decay or the bremsstrahlung spectrum following electron capture with solid
state detectors. The inconsistency of the positive claims with the negative evidence from
magnetic spectrometer experiments suggests the possibility of a universal systematic error in
one type of experiment. To help resolve the issue we searched for the effect of a 17 keV/c2
neutrino in the beta decay of 35S using an apparatus incorporating a high-resolution solid-state
detector in conjunction with a super-conducting solenoid. The magnetic field which
transports the electrons from the source to the detector enabling us to avoid most of the
systematic uncertainties normally found in external source experiments with solid state
detectors. In contradiction to previous solid state detector experiments, however, we find no
evidence for a massive neutrino between 5 keV/c2 and 45 keV /c2 neutrino. The experimental
mixing probability is, sin20 = -0.0004 + 0.0008 (stat.) + 0.0008 (syst.), for a 17 keV/c2. The
sensitivity of our apparatus to neutrino mass was verified in a separate experiment for which
a mixed radioactive source containing S and 14C, which artificially introduced a distortion in
the beta spectrum of 35S similar to that expected from the massive neutrino.
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INTRODUCTION

In 1985, J. ]. Simpson interpreted an excess of low energy counts in his measurement of a
tritium beta energy spectrum as evidence that a "17 keV neutrino" is occasionally emitted in
beta decay [1]. His original claim of a 3% mixing probability was later reduced to 1% after
including corrections for screening and exchange effects [2,3,4,5] appropriate for tritium bound
in the environment of a silicon lattice [6]. Within a year, two new experiments with solid-
state calorimeters [7,8], and four others using magnetic spectrometers [9,10,11,12], failed to find
the 17-keV-neutino "kink" in measurements with 35S and 63Ni sources. All of these
experiments were criticized by Simpson [13], and the controversy ignited when the kink was
confirmed in new experiments using sources of 3H [6] 35S [14,15] 63Ni [16], and 4C [17].
Additional jpositive evidence, though less convincing, came from observing distortions in the
electron-capture inner bremsstrahlung spectrum of 71Ge [18] and 5Fe [19]). Meanwhile
magnetic-spectrometer measurements continued to be negative {20] and the latest versions of
these experiments have reached an impressive level of statistical precision [21].

In an effort to resolve the issue measured the beta-energy spectrum from 35S decay
(Bo - me) ~ 167 keV) using a new approach that eliminates many of the systematic
uncertainties inherent in experiments with solid state detectors and external sources [22]. In
particular, our geometry is immune to the several electron scattering effects that are inherent
in the experiment of Hime and Jelley [15,23].

THEORETICAL FRAMEWORK

In the scenario under present consideration, the neutrino eigenstate that couples in nuclear
beta decay is a superposition of a 17 keV/c? neutrino- and a massless-neutrino eigenstate,

lve> = cosB | vg> + sin@ lvy7>. (1)

The usual expression for the electron energy spectrum in allowed beta decay is modified: and
we have

N(E) dE = F(Z,E) R(E) S(E) p E (Eo-E) (cos20 (E( - E) + sin26 [(Eg-E)2 m172)]/2) dE. )

Here F(Z,E), R(E), and S(E) are correspondingly, the usual corrections due to Coulomb
interaction (the Fermi function), radiative effects, and forbidden matrix elements ; E (Ep) is the
electron total (endpoint) energy and p is the momentum. Searches for the 17 keV neutrino in
beta decay focus on detecting the spectral distortion introduced by the term proportional to the
mixing probability sin26, in Eq. (2).

DESCRIPTION OF THE EXPERIMENT

The novel feature of the Argonne apparatus illustrated in Fig. 1, is a 60 cm long, 8-coil
superconducting solenoid. Six of the solenoid's outer coils operate in series but the two
remaining are powered with a second power supply allowing a variety of magnetic field
configurations. The axial magnetic field intensity distribution we used is shown at the bottom
of Fig. 1. Radioactive sources were inserted on the solenoid axis at the magnetic field
maximum. A liquid-nitrogen-cooled, 16 cm diameter, 5 mm thick Si(Li) detector was placed
in the fringe field, 36 cm from the source. Water-vapor build-up on the detector was avoided
with the tubular liquid-nitrogen cold trap indicated in the figure. The typical vacuum
pressure during runs was less than 107 torr.

Electrons from 35S decay moved along helical trajectories which grew in diameter as the field
decreased. The magnetic field at the detector was large enough to confine the electrons to the
central 9 mm of the detector. The electron incident angle on the detector is reduced because of
the decreasing magnetic field, reducing the backscattering probability which is smallest for
normal incidence. Backscattering electrons with angles greater than 8¢ = sin"!([ Bp/Bg 112),
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where Bp and Bg are the field strengths at the detector and the source, were reflected back to
the detector by the magnetic mirror effect. The signals from multiple strikes occur within
nanoseconds so they were unresolved by the microsecond-time-constant electronics, helping
to reduce the usual tail from backscattering.

Inner Outer
Solenoid Coil Solenoid Coil

Cold
Surface Si(Li)
Detector
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Fig. 1. Schematic view of the central region of the apparatus. The lower curve is the axial
magnetic field strength distribution used in the experiment.

The spectrometer has a 2x sr solid angle and very weak sources, less than 0.1 pCurie, with thin
support foils, were sufficient. The radioactive sources were all 1.5 mm diameter deposits on 20
pg/cm? carbon foils supported by 1 cm diameter frames. Sources of 109Cd and 57Co for
calibrations were made bly a standard vacuum evaporation technique. Sources of 139Ce are
made with the 139La(p,n)13Ce reaction on targets of 13%9La;03 on 20 pg/cm? carbon foils with
10.3 MeV protons. Three different thiclanesses ( = 10, 30, and 70 pg/cm?) of 139Ce provided
measurement points for an extrapolation which allowed us to account for the fact that the
139Ce sources were relatively thick compared to 355 sources. The 35S sources themselves were
constructed by allowing the water to evaporate from a drop containing dissolved, carrier free,
NajS04. The average thiclaness of the NaSOy4 residue was less than 0.1 ng/cm2. All source
thicknesses were verified with o particle transmission measurements, although only upper
limits were obtained with the thin sources.

The raw data, obtained using electronic pileup rejection, is shown in Fig. 2. The initial count
rate was 3000 sec! of which only 0.5 sec! was room background. Pileup which escaped the
rejection circuit is evident in the figure. The shape of the residual pileup spectrum is
reproduced by convoluting the pileup corrected energy spectrum with itself. The resulting
form is fit to the data above the endpoint. This procedure converges after a few iterations and
it is easily generalized to include third and higher order pileup although higher order effects
were negligible. The assumption that there is complete overlap between the unrejected pileup
in critical to this procedure, which is valid when electronic pileup rejection is used. To verify
that any distortion that might have arisen was not an artifact of the pileup rejection procedure,
data was collected in a parallel electronics chamber without a electronic pileup rejection. For
this data the pileup rate was ten times higher and complete the disruption of pulse overlap is
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no longer valid, For this data, the pileup removal procedure employed the spectrum of
observed pileup between 358 electron signals and the signals from an electronic pulser.

The detector response to gamma-rays was studied with 182Ta and 57Co sources. The detector
has negligible nonlinearity and the gaussian width for a gamma-ray of energy Ey is well
characterized by a noise width and a statistical term are proportional to energy, 6 =(a + b
)Y/2. The present experiment requires that we have a detailed understandin3§ of the response to
electrons between 120 and 167 keV. The conversion electron lines from 139Ce at 127, 160, and
165 keV (see Fig. 2) conveniently span the analysis region and form the principal constraint on
our model of the electron response function. An important feature our geometry, made
possible by the superconducting solenoid, was that the detector was far from the source and the
solid angle for gamma rays coming from the conversion line sources is negligible. In the
previous solid state detector experiments a delicate subtractions of gamma rays were required
for the calibrations with conversion lines. The present geometry with the magnetic transport
field does imply a high probability for summing Auger and K conversion electrons signals
since half of the emitted Auger electrons are detected. A subtraction procedure was required in
order to get reliable information on the L and M lines in the presence of an underlying K +
Auger electron background. In the important case of 13%Ce and 109Cd the shape of the
underlying sum spectrum is reliably obtained by convoluting the individual spectra from
Auger and K-conversion electrons.
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Fi§. 2. Raw data from 355 decay. The lower curve is the calibration spectrum from the decay of
139Ce. The region bounded by the dotted lines is used to search for the massive neutrino.
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The model of the detector response is similar to those of previous experiments. The full
energy peak is characterized as a gaussian with the energy width determined from the gamma
ray calibration. The constant term, a, in the expression for o2 was determined with 139Ce
conversion line data, to account for the broadening effects of the detector dead layer on the
electron resolution. The shape of the backscattering tail was taken to be of the form, (Eg-E)
E*with e = 1.3 from a Monte Carlo simulation. The amount in the residual backscattering tail
was only about 7% of the incident intensity, being reduced with the aid of the magnetic mirror
effect as described above. A Monte Carlo simulation suggested that this fraction is nearly
independent of energy.

Another tail, near to the full energy peak (see Fig. 2) is presumably from straggling in the gold
(=40 pg/cm?) and Si0; detector dead layers. The shape is difficult to model especially because
reflected electrons also contribute to this feature. Instead of an analytic expression we used a
third order polynomial interpolation of the data near the 139Ce K-electron line to represent the
shape of the tail. For the response function at other energies the result is scaled by C1/(E+Cz),
where C; and C; are determined from a fit to all three 19Ce conversion lines.

The parameters of the resolution function were determined for each of the three 13Ce sources
and the final values were obtained by extrapolating to zero thickness. Modeling the resolution
function introduces systematic uncertainties but the final conclusions were found to be stable
for different characterizations consistent with the 139Ce data. We emphasis. that the use of
139Ce conversion lines allowed us to interpolate the modeled response over the critical
spectral region. In previous 35S experiments the response functions were extrapolated from
lower energy lines, in most cases the 109Cd lines below 90 keV.

0.010

0005}

PR TS SR WY 'Y

(DATA/FIT)-1
o
2
8

-0.005}

1
PRITANC I S T A

T

1 N 1 N . ! .
-0'010120 130 140 150 160 170

ENERGY (keV)

Fig. 3. Residuals from a fit to the pileup-corrected data assuming no massive neutrino
(sin20 = 0); the reduced 2 for the fit is 0.88. The solid curve represents the residuals expected
for decay with a 17 keV neutrino and sin26 = 0.85%; the reduced ¥2 of the data is 2.82

RESULTS

The Fermi function, which includes the effect of finite nuclear size, was provided by
P. Vogel [24] the radiative corrections were from Ref. [25], and the small forbidden corrections
from Ref. [26]. In the final fits to the 35S data only two parameters were varied: the overall
normalization and the endpoint energy. rbi h; rrecti re intr . The
residuals of the fit with sin20 = 0 are displayed in Fig. 3. The distribution is flat, so the
assumption of beta decay with a single, massless, neutrino provides a good description of the
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data. The solid curve in the figure is the deviations expected for a 17 keV neutrino with
sin20 = 0.0085. We obtain sin20 =-0.0004 + 0.0008 for 17 keV/c2. This error is statistical. The
largest systematic error appears to be associated with the interpolation of the response
function. The total systematic error is no larger than the statistical error. The 95% confidence
level limits for mixing probabilities for heavy neutrinos between 5 and 45 keV are shown in
Fig. 4. We assigned a systematic equal to the statistical error, and treated the systematic error as
if it were statistical in obtaining these limits. A separate analysis of the data taken without
pileup rejection gives consistent results and no evidence for the 17 keV neutrino.
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Fig. 4. The 95% cl upper limits on sin20 from fits to the 35S data for various neutrino masses.
The points correspond to the results of previous positive experiments and are.labeled by their
reference number.
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Fig.5. Residuals from fitting the beta spectrum of a mixed source of 14C and 35S with a pure
35S shape; the reduced 32 of the datais 3.59. The solid curve indicates residuals expected from
the leown 14C contamination. The best fit yields a mixing of 14 + 0 .1% and reduced 2 of
1.06.
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The value of the fitted endpoint enerﬁy is 167.210 £ 0.005 (stat.) + 0.100 (syst.) keV. The actual
endpoint is probably about 60 eV higher because of energy loss in the dead layer. The
conservatively estimated systematic error reflects uncertainties in the energy calibration and
the effects of possible drifts which have a negligible effect on the conclusions about massive
neutrinos.

To assess the reliability of the method, we introduced a known distortion into the 35S beta
spectrum and attempted to detect it. A drop of C-doped Valine ((Eg - mg) ~ 156 keV) was
deposited on a carbon foil and then a much stronger 35S source was deIposited over it. The data
from the composite source were fit using the 35S theory, ignoring the 14C contaminant. The fit
residuals are displayed in Fig. 5. The distribution is obviously not flat; the solid curve shows
the expected deviations from the single component spectrum with the measured amount of
14C. The fraction of decays from 4C determined from the fit to the beta spectrum is 1.4 * 0.1%.
This agrees very well with the value of 1.34% inferred by measuring the total decay rate of the
14C alone while the source was being prepared. This exercise demonstrates that our method is
sensitive to a distortion at the expected level. A report of this experiment was recently
published in the Physical Review Letters [27].

This work supported, in part, by the US Department of Energy, Nuclear Physics Division,
under contract Nos. W-31-109-ENG-38 and DE-AC03-76SF00098.
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INVESTIGATION OF THE EVIDENCE FOR A 17-KEV NEUTRINO

M.G.Bowler, N.A Jelley and D.H Perkins
Department of Physics, Particle and Nuclear Physics, Keble Road,
Oxford OX1 3RH, England.

ABSTRACT

Further measurements have been made of the beta spectrum of 35S using a Si(Li)
detector under a variety of source and detector geometries. A long range curvature in
the Kurie plots is found which depends on the geometry and is evidence for electrons
being scattered from or traversing extra material in the apparatus. Fits to the spectra
were made using a fixed backscattering component, an energy loss correction and a
flat component, all monitored using 109Cqd conversion sources. Good fits to the 35S
data assuming no heavy neutrino required the energy loss tail in the electron response
function, which contains a few percent of the counts, to be about 1.5 - 2 times larger
than indicated by the 109Cd source. None of these five further runs, however, gave a
good fit to a 17-keV neutrino admixture at the 0.7% level. A re-analysis of the Hime-
Jelley data, including allowance for scattering as well as pile-up effects and the
uncertainties in the energy loss tail, no longer shows significant evidence for a 0.7%
17-keV neutrino. Although a complete understanding of instrumental effects on the
electron response function has not been achieved, it is concluded in the light of these
results that the original data cannot now be regarded as constituting positive evidence
for the existence ofa 17-keV neutrino.

Talk presented by N.A Jelley.
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Experiments carried out in Oxford in 1990 on the beta-decay of 35S yielded a
significant distortion in the beta spectrum 17 keV below the end-pointl). This
distortion was interpreted as further evidence for the existence of a 17-keV neutrino
admixture at the 1% level, a hypothesis first put forward by Simpson in 1985
following an experiment on the beta-decay of tritium2). In 1990 experimentalists at
Berkeley also reported evidence in the beta spectrum3) of 14C and during 1991 in
Oxford studies?) on 63Ni provided further indications. However, no evidence had
been found in experiments using magnetic spectrometers, rather than solid-state
detectors. There were some rather inconclusive null experiments until at the
"Neutrino 92" conference in Granada the results from two high precision
experiments were announced. One on 35S, which was carried out with a solid-state
detector, used a magnetic field to collimate the electrons and suppress back-
scattering3). The other on 63Ni, which had very high statistics, used a magnetic

spectrometer®). Both reported null results.

At Oxford further measurements were made of the beta spectrum of 35S during
1992 using the same apparatus as in the original work in an attempt to gain further
understanding. Spectra were taken under a variety of source and detector
geometries. A long range curvature in the Kurie plot was found which depended on
the geometry and is evidence for electrons being scattered from or traversing extra
material in the apparatus. The electron response in the fits to the 35S spectra was
modelled by a fixed backscattering part, which was taken as a constant slope in the
region of interest (0.6E( - Eq), plus a flat component which was allowed to vary
and an energy loss correction. The tail of the energy loss had a functional form
proportional to the reciprocal of the square of the energy loss. These components

were monitored by using 109Cd conversion sources (see figure 1).

In all of these further runs with 35S the collimation was different from that in the

original experiment and in four of the five runs a chamfered rather than a square-cut
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anti-scatter baffle was used. When fitting to the 35S spectra, using the energy loss
extrapolated from the 109Cd source (the amplitude of the energy loss component is
proportional to the reciprocal of the square of the velocity of the electron), similar

amounts of flat component were found in the 358 as in the 109¢q spectra.
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Figure 1 A 109Cd conversion electron spectrum In the fit there was a fixed slope of 0 2 and the
fitted curve has 4.5% flat and an energy loss amplitude of 0.39 peaked at 0.2 keV loss

In all but one run no heavy neutrino was preferred to 0.7% of a 17-keV neutrino,
and in that one run the 32 for the heavy neutrino was rather high. In three of the
other runs the 2 was acceptable for the no heavy neutrino hypothesis. All runs,
however, gave acceptable x2 and preferred no heavy neutrino if the energy loss tail
was increased by 1.5 - 2 times. This corresponds to a few percent additional
electrons in the tail, in the region a few keV below the peak, to the amount
extrapolated from 109Cd. A summary of the results is given in figure 2 and fits
to one of these runs are shown in figure 3 as the difference (in standard deviations)

between theory and experiment.
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Figure 2 A summary of fits to the five runs (the dashed line indicates the number of degrees of
freedom): @ no heavy neutrino and @ 0.7% of a 17-keV neutrino, energy loss tail as extrapolated
from 109Cd; a 0o heavy neutrino, 1.5 times the energy loss tail extrapolated from 109Cd..
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Figure 3 Examples of fits to the 35S run in February-March 1992 (the arrows indicate the end-
point of the beta spectrum): a) no heavy neutrino, 1.5 times the energy loss tail extrapolated
from 109Cd: %2 = 142 for 158 degrees of freedom.  b) 0.7% of a 17-keV neutrino, 0.5 times
the energy loss tail extrapolated from 109Cd: x2 = 168 for 158 degrees of fieedom.
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A re-analysis of one of the original runs (#2) gave a similar amount of flat in the fit
to the 35S as in the fit to the 109Cd. Furthermore, if the energy loss tail was
increased by a factor of 2 and a small pile-up correction was made then the no
neutrino hypothesis gave a similar x2 as the 0.7% 17-keV neutrino hypothesis and
both were acceptable (see figure 4, where the fits are plotted as the difference, in
standard deviations, between theory and experiment). (A small pile-up correction,
previously unsuspected, is necessary to allow for the ~11 keV threshold in the pile-
up rejection circuit. The effect of this correction, if the flat component is allowed to
vary and the energy loss is as extrapolated from 109C4, is to lower the x2 from 92
to 78 for 75 degrees of freedom for the no heavy neutrino hypothesis. Increasing

the energy loss tail by a factor of 2 reduces the %2 to 64.)
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Figure 4 Examples of fits to the 35S run #2 with twice the energy loss tail extrapolated from
109Cq ( the arrows indicate the end-point ): a) no heavy neutrino %2 = 64 for 75 degrees of
freedom. b) 0.7% ofa 17-keV neutrino x2 = 64 for 75 degrees of freedom.
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The origin of the increased number of counts (a few percent) in the tail is unclear;
in particular in the fits to the 35S spectra there was an increased number whether a
square-cut or a chamfered anti-scatter baffle was used. However, while we have
not yet achieved a complete understanding of instrurnental effects on the electron
response function, we are of the opinion, in the light of these results, that the

original data cannot now be regarded as positive evidence for a 17-keV neutrino.
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BETA DECAY ANOMALIES
AND THE 17-keV CONUNDRUM

A. HIME
Physics Division, Los Alamos National Laboratory, MS D449, Los Alamos, NM 87545, USA

ABSTRACT

Recent developments in pursuance of the 17-keV neutrino are reviewed. Several different experiments found
anomalies in 3 decay spectra which were consistently interpreted as evidence for a heavy neutrino. On the other
hand, recent null results definitively rule out the existence of a 17-keV neutrino, as well as escaping criticisms
applicable to earlier experiments. While missing links remain, it seems that any strong evidence for a 17-keV
neutrino has vanished. Specifically, the anomalies observed in %S and ®3Ni spectra at Oxford can be reinter-
preted in terms of electron scattering effects. In addition, the discrepancy amongst internal bremsstrahlung
measurements has an instrumental origin, and recent results disfavour a 17-keV neutrino. Anomalies persist in
the low energy region of the tritium spectrum which deserve further investigation.
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INTRODUCTION

More than seven years have passed since Simpson([l] first reported evidence for a 17-keV neutrino in the §
spectrum of tritium implanted into a silicon detector. The result was scrutinized when it was pointed out[2] that
an incorrect choice of screening correction and exchange effects in atomic tritium could explain the anomaly.
The subject appeared closed following a flurry of negative results[3] from experiments measuring the decay
of 35S, all claiming low limits on the mixing probability for a 17-keV neutrino. A detailed report[4] on the
B decay of ®3Ni at Chalk River also failed to provide any support for Simpson’s claim. The 17-keV burial
was nevertheless premature. In the first place, further analysis of tritium data[5,6,7] showed that the sudden
distortion observed is not easily understood using conventional atomic physics. Secondly, all negative results
were criticized[5,8] for incomplete knowledge of systematic effects, specifically for the use of arbitrary shape
corrections when analysing magnetic spectrometer data.

The possible existence of a 17-keV neutrino was rekindled after the tritium anomaly persisted in a mea-
surement using a tritiated hyperpure germanium detector[7], an experiment which circumvented many of the
uncertainties inherent in the original Simpson experiment. While uncertainties about the state of bound tri-
tium are problematic[7], activity in this field increased when a similar observation was made[8) using a silicon
detector with an external 3§ source. This work also detailed criticisms of previous experiments claiming to
rule out the presence of a 17-keV neutrino. Improvements on the latter technique were investigated at Oxford
where consistent observations were made both in the 3 decay of 3°5{9,10] and ®3Ni[10,11]. In addition, a group
at LBL reported evidence for a 17-keV neutrino based on a measurement employing a *C doped germanium
detector[12].

The evidence in favour of a heavy neutrino derives from measurements on a variety of J emitters, in a
host of experimental enviroments, and spanning two orders of magnitude in the threshold energy for a 17-keV
neutrino. This, together with a number of null results has formed a most unusual and controversial subject[13].
The purpose of this paper is to bring the subject into perspective and recent developments up to date.

SIGNATURE FOR HEAVY NEUTRINO EMISSION

A description of the signature for heavy neutrino emission in § decay spectra is detailed elsewhere[8,10].
If we consider a two-state model of the electron neutrino, where the weak eigenstate is an admixture of two
physical states with masses My ~ 0 and M, then the § spectrum becomes an incoherent sum of two f spectra
with different endpoints. The Fermi-Kurie plot is then defined in the conventional way. The Kurie plot (for an
allowed decay) is a linear function of energy in the absence of neutrino masses and is zero at the endpoint energy
Q. For non-zero neutrino mass the Kurie spectrum remains linear in regions sufficiently below the endpoint. As
the endpoint is approached from below, however, the slope decreases rapidly until it is vertical at the endpoint.
In the case of a heavy neutrino admixture the Kurie plot exhibits two components, shown schematically in
Fig.1. The spectrum is said to exhibit a “kink” at the threshold energy (Q — M3) and the size of this kink
determines the mixing probability for a heavy neutrino.

Experimental searches for heavy neutrino admixtures in 3 decay spectra hinge on a comparison of data
to the theoretical (Fermi) shape. It follows that sensitivity to the physical parameters of interest relies on an
experiment’s ability to measure this shape accurately. While recognizing a threshold effect in a continuous
spectrum is a function of energy resolution, the size of the distortion is governed by the size of mixing. Con-
sequently, constraints on small values of the mixing probability will be dictated by counting statistics and any
systematic features of an experiment causing energy dependent shape factors in the measured 3 spectrum.

The sharpness of the threshold can be seen by considering the interval below Q — M, over which the Kurie
plot remains substantially non-linear. Indeed, this interval is not very wide in units of M,. In particular, with
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M2 =17keV, 50% of the distortion occurs in the first 2.6 keV below Q — 17 keV. It is often difficult to obtain
the statistical accuracy required to observe a kink reliably. A large part of the signal is manifested, however,
by the change in slope of the Kurie plot above and below Q — M2. Hence, we see that the signature for heavy
neutrino emission in  decay spectra exhibits two features — a local effect, the “kink region”, where the spectrum
is highly nonlinear and a longer range effect associated with a change in slope of the Kurie plot. It is the latter
part of the signal which is most susceptible to (energy dependent) instrumental effects.

0 | 1 H
Q-3M, Q-M, Q
T

(Fig.1) Schematic diagram showing a two component Kurie plot in the case of maximal mixing of the

electron neutrino with one light (M; ~0) and one heavy (M3) mass eigenstate. The spectrum is characterized
by the onset of a “kink” at the threshold energy (Q — M;), and by a change of slope above and below this
threshold.

ON ARBITRARY SHAPE CORRECTIONS

It has long been argued(5,8,10] that the null results asserted by magnetic spectrometer searches are largely
overstated and that sensitivity to small admixtures of a heavy neutrino is limited by systematic uncertainties
associated with instrumental shape corrections. The crux of the argument is that energy dependent shape
corrections are not known a priori and the need for such corrections becomes apparent only after an attempt at
fitting data without such corrections. The problem is usually handied by applying smooth shape corrections in
the form of a polynomial in the 3 energy. Due to the nature of the signal, the addition of unknown instrumental
degrees of freedom in a fitting routine create additional correlations with the physical parameters of interest
with the result of decreasing the overall sensitivity of a set of data.

The potential hazard in applying “arbitrary” shape corrections is quantified in the Monte Carlo studies
by Bonvicini{l4], who has demonstrated the ability of a non-linear distortion to bury a heavy neutrino signal
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and yet be “well-fitted” by smooth shape corrections. Hence, if instrumental shape corrections cannot be
determined independently from the B decay measurements, systematic uncertainties can be estimated only by
varying the type of correction applied to a set of dataand noting any correlation with a heavy neutrino mixing
probability. As demonstrated in ref.[14], these correlations are potentially very strong and it is unclear that the
earlier magnetic spectrometer searches{3,4] are capable of ruling out a 17-keV neutrino admixed below the 1%
level. The only way to overcome such correlations is to determine a priori any energy dependent response in an
independent experiment. Otherwise, large statistical samples of data must be acquired in order that a “kink”
be searched for directly.

RECENT NULL RESULTS

‘The problem of applying arbitrary shape corrections has been circumvented in a recent magnetic spec-
trometer measurement(15] of the ®3Ni spectrum at the Institute for Nuclear Studies (INS) in Tokyo. Although
unkown shape corrections are required, the very high statistics accumulated in the region of interest makes it
unlikely that a 17-keV threshold has been missed in this experiment (see Fig.2). At this meeting, Holzschuh
discussed the results of a ®*Ni measurement using the Zurich toroidal spectrometer where, again, a dedicated

search in the “kink region” leaves little room for a 17-keV neutrino.
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(Fig.2) Data from the INS Tokyo magnetic spectrometer measurement (ref.15) using ®Ni. The 2.4 x 10°
events accumnulated between 39 and 60 keV allows one to search for a 17-keV “kink” directly. In (a) residuals
are shown for the best fit assuming a single component, massless neutrino. Spectrum (b) shows the residuals

obtained if one assumes a 1% admixture of a 17-keV neutrino.

While the CalTech group continue to improve their spectrometer as well as performing tests to demonstrate
their sensitivity to a heavy neutrino[16], a new 3%S measurement has emerged from Princeton. In the latter
experiment[17], it has been found that the need for a linear shape correction is greatly reduced when account
is made for electrons which back-scatter from the source. The back-scattering contribution has been studied
in some detail and the limit on the emission of a 17-keV neutrino appears quite stable against uncertainties in

this correction. The accuracy of the Princeton measurement is further demonstrated in that a good fit can be
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achieved to the data over a rather wide energy interval, without the need for any further corrections.

Perhaps the most convincing evidence against a 17-keV neutrino comes from the 3°S measurement at
Argonne Laboratory[18], also discussed by Freedman at this meeting. A silicon detector was used to record
electron energy spectra, however, the use of a solenoidal magnetic field provides a natural form of collimation,
circumventing potential difficulties associated with electron scattering between the source and detector. The
Argonne group have demonstrated the sensitivity of their experiment in an independent measurement with a
small component of 14C admixed into a 33S source. A fit to the data reconstructs the spectrum beautifully, a

difficult task without an accurate understanding of systematic uncertainties.

SCATTERING IN THE OXFORD GEOMETRY

Experiments at Oxford[9,10,11] employed thin radiation sources in a cylindrical geometry with a cooled
silicon detector. The aim was to provide a well defined geometry in which electrons are normally incident
on silicon, an improvement on the scheme used at the University of Guelph[8] where no form of collimation
was used. Data analysis at Oxford proceeded after removing background and pileup from the raw f spectra,
although initial work[9] neglected radiative corrections in the theory. Subsequent analysis[10,11] showed that
the conclusions drawn from the data are only weakly sensitive to such corrections. Measurements of the electron
response function were performed using internal conversion electron sources prepared in the same fashion, and
occupying the same geometry as the § sources. The distortions observed in the Oxford data proved robust
against systematic variations in the known instrumental degrees of freedom, such as uncertainties in energy loss
and back-scattering effects, or in elements of the background subtraction.

At the previous Moriond workshop, Piilonen[19] presented the results of Monte Carlo calculations of scat-
tering effects in the Oxford geometry and concluded that an incomplete description of the electron response
function could be the origin of the anomalies observed. At question is the small amplitude for electrons which
scatter into the detector from material between the source and detector. A first glance suggests that such a
solution is untenable. Scattering effects are geometry dependent, and the change in geometry from the Guelph
to Oxford apparatus was motivated as a systematic check against scattering effects. The null result from Ar-
gonne Laboratory strongly suggests, however, that scattering effects are the culprit in the Oxford and Guelph
experiments. The focusing field in the Argonne geometry circumvents the need for material between the source
and detector with which electrons can interact. We also heard from Abele at this conference who obtained a
null result using two silicon detectors in conjunction with a magnetic field to focus electrons into the detectors.

Recently, the present author studied the effects of intermediate scattering[20] described by Piilonen and
Abashian[19}. Specifically, account was made for electrons which enter the detector after scattering from an
aluminum (“anti-scatter”) baffle, those which penetrate the source and detector apertures, as well as electrons
which back-diffuse from the source substrate. The sum of these three effects are plotted in Fig.3a along with the
more probable effects of energy loss (when electrons traverse the detector contact) and back-scattering (when
electrons entering the detector multiple scatter back out of the silicon crystal). The intermediate scattering
effects represent second order corrections compared to those of energy loss and back-scattering effects (which
were accounted for in the original analysis). Hence, it is non-intuitive that such small effects could play a
significant role, particularly when the results proved robust against uncertainties in the dominant components
of the electron response function (Fig.3b). Nonetheless, the energy distribution of electrons scattered from the
aluminum baffle is concentrated in an energy region as indicated in Fig.3c and its absence in the data analysis
plays a much more significant role than first imagined. Indeed, a reanalysis of the Oxford 35S and ®3Ni data
produces an equally good fit to the data when the heavy neutrino hypothesis is simply replaced by that based
on electron scattering effects (see Fig.4).
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(Fig.3) (a) Energy dependent intensity for the various components of the electron response function appro-
priate for the Oxford geometry. (b) Low energy tails associated with energy loss and back-scattering effects. (c)
Contribution to the low energy tail arising from intermediate scattering effects. The inclusion of intermediate
scattering effects is sufficient to suppress the distortions that were previously interpreted as evidence for heavy

neutrino emission (see ref.20 for details).
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Fig.4) Residuals obtained from Oxford (a) 35S Run-1, (b) 3°S Run-2, and (c) %3Ni data when accountin,
4 14

for intermediate electron scattering effects and assuming a single-component, massless neutrino. Despite the

(apparent?) deviation around 150 keV in the 3°S shape factors a chi-squared analysis indicates as good a fit

as that obtained without intermediate scattering effects but assuming a 17-keV neutrino. Details regarding

reanalysis of the Oxford data are presented in (ref.20).
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IBEC MEASUREMENTS

The process of inner bremsstrahlung accompanying electron capture (IBEC) offers an alternative means
by which one can search for heavy neutrinos. Here, a photon shares phase space with the neutrino in much the
same way as does the electron with an (anti)neutrino in §~ decay. While the theoretical (IBEC) spectrum is not
as well understood, experimental details make it difficult to achieve sensitivity to heavy neutrino admixtures at
the 1% level. Due to the intrinsically low rates, rather large source volumes are required to obtain the desired
statistics with the result that the system exhibits a complicated response function for photons.

Searches for a 17-keV neutrino in IBEC spectra have been made, albeit with less definite conclusions. The
positive result proclaimed by the Zagreb group(21] using "'Ge lacks the statistics to be convincing. While earlier
studies[22] of the °Fe spectrum failed to find evidence for a 17-keV neutrino, a group at LBL reported[23] an
anomaly consistent with the emission of a 22-keV neutrino. Furthermore, a measurement of the 7'Ge spectrum
at the TANDAR laboratory in Argentina[24] found, not a 17-keV neutrino but an anomaly prescribed by a 14-
keV mass eigenstate! While the discrepancy amongst these measurements calls into question their sensitivity,
it is a clear indication that fortuitous results can arise when systematics are not completely understood. This
point is substantiated in the recent work by the group at Argentina[25], where a more detailed analysis of
instrumental response and uncertainties associated with p-wave capture in "'Ge decay leads to an upper limit
of 0.5% on the mixing probability for a 17-keV neutrino.

The most convincing IBEC result comes from a recent study[26] of the ®5Fe spectrum at LBL. Despite
a branching fraction of ~ 3.3 x 10~%, some 1.1 x 107 counts/keV have been accumulated in the region of the
expected kink. A qualitative analysis of the second derivative of the spectrum, which shows a clear deviation
for a 17-keV neutrino in a Monte Carlo analysis, is flat in the data. A detailed analysis over a narrow region in
the data excludes a 0.8% admixture of a 17-keV neutrino at the 7 standard deviation level.

SUMMARY AND CONCLUSIONS

The search for heavy neutrino admixtures at or below the 1% level has proven a most ambitious task, and
the problems associated with any of the experiments discussed are dominated by systematic effects. It remains
a remarkable coincidence that many different experiments found consistent evidence for the same effect. Is this
agreement merely fortuitous? It is clear that recent null experiments can definitively rule out the presence of
a 17-keV neutrino, and that criticisms applicable to earlier results have been circumvented. Given the nature
and diversity amongst the “positive” experiments a different explanation is required in each case.

The anomalies observed in 35S and $3Ni measurements at Oxford have been reinterpreted in terms of
electron scattering effects. On the other hand, the calorimetric measurements employing tritiated solid state
detectors and '*C doped germanium do not suffer from such effects. While the LBL group continue to pursue
systematics in their '*C experiment, their recent study of the 5°Fe IBEC spectrum strongly disfavours the
presence of a 17-keV neutrino. Indeed, recent developments show that the previous confusion amongst the
various IBEC measurements can be understood in terms of systematic effects.

The low energy region of the tritium spectrum remains intriguing. At this meeting Stoeffl presented results
from an “end-to-end” measurement of the spectrum using gaseous T3 in the Livermore toroidal spectrometer.
The low energy region shows a large excess beyond the conventional shape which possibly points to atomic
physics not yet realized. It is by no means clear that the Livermore and Guelph tritium experiments measure
the same phenomena. It is worthwhile to contemplate whether or not the low energy observations teach us
anything about the spectrum near the endpoint. In particular, is there some atomic physics left out in the
analysis of the tritium endpoint which might influence our present knowledge of neutrino mass and/or the
interpretation of “negative” M2 values[27]?
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A LOSS-FREE MEASUREMENT OF THE BETA-SPECTRUM OF 35S, AND THE
ORIGIN OF THE 17 keV NEUTRINO SIGNALS
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1) Physikalisches Institut der Universitt
Philosophenweg 12
D-6900 Heidelberg, Germany
2)Fakultit fir Physik der Technischen Universitédt Miinchen
nstitut Laue-Langevin, Grenoble

ABSTRACT

We present measurements of the 8-spectrum of 355, using two energy sensitive silicon
detectors in a 4z configuration. A 7 Tesla magnetic field guides the electrons to the
detectors. Electrons which are backscattered in one detector are counted in the other
detector. No baffles or collimators are needed. In the sum spectra all effects due to
electron backscattering are eliminated. No evidence for heavy neutrinos is observed.
When we remove the backscattering suppression, the data show a deviation from the
usual electron spectrum that could be misinterpreted as an admixture of a heavy
neutrino.
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For several years there have been claims that a ~ 1% admixture of a neutrino of
17 keV mass was seen in the decay spectra of 3H, 14C, 355, 55Fe, 63Ni and 71Ge ,all
measured with solid state detectors made of silicon or germanium. No such effects,
however, were seen when the beta spectra were measured with magnetic electron
spectrometers]). The aim of the present experiment was to attack the 17keV neutrino
problem with a method of loss-free electron spectroscopy which originally had been
developed for the study of free neutron beta decay4). This method is very effective
for suppressing the loss mechanisms which usually plague electron spectroscopy. A
second aim of the experiment was to artificially produce "heavy neutrino signals" by
a deliberate deterioration of the experimental conditions, in order to trace possible
sources of error in earlier measurements. We did the measurements with the
source-detector combination which so far had shown the most pronounced heavy
neutrino signals2).3). We focussed special attention to the following sources of
systematic errors in electron spectroscopy: electrons lose energy due to self
absorption both in the source material and in the source substrate; scattering of
electrons may occur on their way to the detectors; there backscattering can cause
electrons to leave the detector without depositing all of their energy. All these effects
can distort the electron spectrum.

Our method avoids all of these difficulties:

. The source substrate is a 5ug/cm2 (=200 A ) 12C-foil held by an aluminium
ring of 16mm inner diameter. A 2mm diameter droplet of aequeous solution
containing the carrier free source was dried onto the centre of the substrate. The
energy loss in the source amounts to several electron volts and is negligible. This
had been checked earlier with the high resolution magnetic electron spectrometer
BILL of the Institute Laue-Langevin5).

. The source is placed in the 7T magnetic field in the centre of a 0.3m long
solenoidal superconducting magnet. The field guides all electrons to two high
resolution silicon detectors placed at both ends of the solenoid. This avoids the use
of electron baffels or collimators, and allows high resolution electron spectroscopy
under a full solid angle of 4.

. The main feature of our method is the complete suppression of the effects of
backscattering on the detectors. An electron which backscatters from one detector is
either reflected back onto the same detector by the magnetic mirror effect, or it will
follow a magnetic field line and eventually hit the other detector. The total energy of
an individual event is obtained by adding the signals from both detectors.

Fig 1. shows the experimental set-up and a graphic description of the backscattering

suppression.
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A related method of partial suppression of backscatter events is described by
Freedman (these procedings and ref.6)).

The electronics consist of a NIM system with a CAMAC interface to a personal
computer. Each detector has an analogue and a logic channel. Canberra 2001
preamplifiers and Ortec 572 main amplifiers for unipolar shape were used. The
analogous detector signals are summed with an Ortec 533 module. A Silena 4418 V-
sensing 8 fold ADC stores the sum spectra as well as the spectra from the individual
detectors. Measurements were made with and without the use of an electronic
pileup reject. In order to keep the pileup rate low, beta activities of 1200/s and 800/s
were used and in addition the shaping time was chosen to 1us.

The spectrometer was calibrated with conversion electron sources 109Cd
(Ey=88.03keV), 139Ce (Ey=165.85), 57Co (Ey=14.41, 122.06, 136.47) and 114In(m)
(Ey=190.27). The sources are installed near the centre of the spectrometer and are,
during beta data collection, hidden behind lead shields, with no direct line of sight
from the sources to the detectors. For calibration measurements the sources are
moved remotely into the direct line of sight of the detectors. Since the spectrometer
has 4n acceptance, Auger electrons often arrive in coincidence with the conversion
electrons resulting in additional peaks. The detector response function was derived
from the 139Ce and the 114In(m) K conversion lines. It is well described by a
gaussian plus a low energy exponential tail due to bremsstrahlung losses in the
detector.

For the theoretical description of the 35S R-spectrum we assume that the electron
neutrino is a linear combination of the massless electron antineutrino and a second
branch of mass M. As a consequence of an incoherent superposition of two beta
spectra the effect of this neutrino mixing results in an observable kink .

The unscreened Fermi function is from Behrens and Biihring?). The ratio of the
unscreened to screened Fermifunction was provided by Biihring8), the radiative
correction and the shape function are in accordance with Sirlin?) and Calapricel0),
respectively.

We did measurements of the beta-spectrum of 35S. The data indicate no deviation
from the usual spectrum with massless neutrinos. The contour plot of Fig. 2 traces
contour lines with respect to the two parameters neutrino mass and neutrino
mixing. It was based on a fit in the energy range between 130keV and 157keV.
Contour lines are drawn, with the number of standard deviations for each
parameter. Our measurements are in full agreement with the theory for massless
neutrinos, and the hypothesis of a massive neutrino is excluded with high
probability.
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However, care must be taken when interpreting errors for fits with more than one
free parameter: The exclusion region in a four dimensional parameterspace
(normalization, end energy, neutrino mass and mixing) becomes less restrictive
than suggested by exclusion plots like that of fig. 2; in this case a 17keV neutrino and
mixing above 0.35% are excluded with 95%C.L..
Alternatively, our beta spectra can well be described by a polynomial of third order
in the energy range of interest. In case of a 17keV neutrino the data should show a
sudden change in slope at 150keV. This method was applied to a high statistics
measurement on the same system. A polynomial was fitted to a 5keV wide energy
band above 150keV. Then the shape with a hypothetical massive neutrino branch
was fitted to a SkeV band below 150keV. The only free parameter then is the amount
of neutrino mixing and was found to be < 0.13% (95% C.L.). For this second
measurement data evaluation is not yet finished. This approach avoids
uncertainties associated with the determination of the detector function, the
underlaying pile up spectrum and theoretical description. A similar method was
already used by Schreckenbach!l).
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To study the possible effects of electron scattering in earlier experiments we
purposely removed the backscattering suppression in our setup (fig. 1). Fig. 3 shows
two spectra: the beta spectrum measured with detector one, and the beta spectrum
from the electrons backscattered on detector one and detected in detector two. In a
simple source-detector set-up, as used in earlier experiments without a magnetic
guide field, both spectra will be superimposed in one detector simultaneously. The
spectrum with the higher count rate represents the energy spectrum of electrons
which hit the detector directly, the other one corresponds to a spectrum of electrons

which scatter on their way to the detector.
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Fig. 3  Production of a heavy neutrino as an artefact

The sum of both spectra causes a signature similar to that of a heavy neutrino
branch. In our case the size of the effect depends on the detector material. A fit to
the data, taken with a gold window detector (window thickness ~ 1800A eq. Si),
shows evidence for an artificial heavy neutrino with 60keV mass and a mixing of
about 15% (Fig. 4). This large mixing can be explained by the fact that all
backscattered electrons contribute. In case of aluminium windows (thickness < 500A
eq. Si), a 30keV neutrino was simulated with a mixing of only 0.9%.

To sum up, we find no evidence for a 17keV neutrino. We have demonstrated, that
distortions in the 8-spectrum seen in several experiments could be based on
scattering effects. These distortions could be misinterpreted as an admixture of a

heavy neutrino.
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Search for the 17 keV Neutrino with a High Resolution Magnetic
Spectrometer

E. Holzschuh and W. Kiindig
Physik-Institut der Universitit Ziirich, CH-8001 Ziirich

A search for the 17 keV neutrino has been performed by measuring the 3-specwum of
8Ni with a high resolution magnetic spectrometer. No indication for a nonzero mixing
probability |Ue[* of a heavy neutrino with a mass m, in the range 12 to 22 keV was found.
The data show a high degree of internal consistency and, for m, = 17 keV, the result,
|Uexl? = (0.37 + 0.55) x 10~2, is compabible with zero within statistics. We conclude that
the 17 keV neutrino does not exist with the parameters claimed by several other groups, and
thus most likely, does not exist at all.
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1. Introduction

One distinctive feature in the long story of the 17 keV neutrino is that all positive results
were obtained with solid-state detector spectrometers, whereas measurements with magnetic
spectrometers (and several with solid-state detectors) gave only null results (for reviews see
[1,2]). So far, nobody has found a consistent, physical explanation for this discrepancy, but we
may note one difference between the two types of experiments: a much better energy resolution
is possible with magnetic spectrometers than is with solid-state detectors and resolution helps to
preserve spectral features.

In fact the admixture of a heavy neutrino with mass m, has a quite unique signature in a
B-spectrum. Theoretically one expects a singularity of the slope (a ’kink’) at an energy Eo —m,
in an otherwise smooth spectrum (E, is the endpoint energy). Thus, given enough stasistical
precision of the data and sufficient energy resolution of the specwometer, it should be possible
to distinguish between a heavy neutrino and other spectrum distortions caused by experimental
effects.

In the investigation presented in this paper, we wied to utilize this idea. The magnetic
spectrometer, previously used to investigate the tritium endpoint region [3], has a resolution of
17 eV (FWHM), which is quite sufficient to preserve the signature of a 17 keV neutrino. The
spectrometer also has high luminosity, which allowed us to take high stasistics data. However,
with the given setup, it was not possible to avoid backscattering from the solid source. This effect
caused a specwum distortion, which is smooth, but its precise shape could not be determined
independently. To cope with this problem, we have taken much more data than would have
been necessary otherwise. These extra data allowed us to fit also the shape of the backscattered
spectrum and to make a couple of consistency tests.

2. Experimental procedure

The same specwometer and basically the same procedure as in ref. [3] were used; ie. the
[B-spectrum was recorded by stepping a posikve high voltage applied to the source while the
magnetic field of the spectrometer was kept constant to fecus 2.2 keV electrons onto the detector.
A new high-voltage supply and a new voltage divider for voltages up to 70 kV were used. The
divider was calibrated with an uncertainty of about 10~%.

The ®3Ni source was made by vacuum evaporation of metallic nickel. The support was a
thick Kapton foil (low Z), with a 100 A conducting Al layer. The thickness of the nickel layer
was 60 A and had a specific activity of 0.076 mCi/cm?.

Two runs were performed, a main run A and a second run B. In A, the energy range was
divided into four intervals (30 — 45 — 55 — 66.5 — 67.9 keV) and the counting times (2, 5, 3, 10
s/step) were chosen to improve statistics around the energy where the kink of a 17 keV neutrino
should show up. The spectrum was scanned in 20 eV steps and a total of 475 interlaced up-down
sweeps was accumulated. The raw data of A contain 1894 points and are plotted in figure 1.
The energy range of run B was 65.55 — 67.25 keV, scanned in 5 e V steps. It is generally a good
test for unaccounted spectrum distortions, to compare the Ej, fitted to data with a large energy
range AFE (as from run A with AE = 37keV), with what one finds from data extending only
a small range below E, (as run B with AE = 1.3keV). The data of B were only used for such
a test.
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Figure 1: Measured spectrum of $3Ni, scaled for equal counting time along with the best fit.
Inset shows part of the data on an expanded scale.

3. Data analysis and results

The model function for the data fit was based on the usual allowed §-spectrum with neutrino
mixing and including radiative corrections, etc. This theoretical function was multiplied by the
energy dependent solid angle accepted at the source (S(E)) and then folded with the spectrometer
resolution function and the distributions due to energy loss in the source layer and the excitation
of final electronic states. The effect of backscattering from the source and a possible, but much

smaller uncertainty of S(E), are smooth functions of energy and were taken into account by a
polynomial factor of the form

1+ o+ aze? +---, withe=Eq— E.

The free parameters of .the fit were a spectrum normalization A, endpoint energy Eo, background
B, the mixing probability |U.|?, and the coefficients a;. The mass of the light neutrino com-
ponent was set to zero and as no indication for a heavy neutrino was found, its mass m, was
varied stepwise.

The fitted |Uex[? is plotted in figure 2 and is compasible with zero. Here, a fourth order

Table 1: Fitted results for assumed orders of the polynomial factor and m, = 17 keV.

Order |Uexl? E, - 66900 x2/DOF
(10-%) V)
2 —-1.394+0.39 48+3.0 2717/ 1888
3 1.19 +0.40 7484+ 4.1 1955/ 1887
4 0.37 £ 0.55 65.5+5.9 1951/ 1886
5 0.36 £+ 0.55 73.7+7.8 1949/ 1885
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Figure 2: Fitted mixing parameter as a function of an assumed neutrino mass

polynomial was assumed. For m, = 1TkeV, the result is
|Uekl? = (0.37 £ 0.55) x 1072

The residuals of the fit, assuming |U..|*> = 0 or |U,|* = 0.0085 as found by Hime and Jelly [4],
are compared in figure 3. The latter hypothesis gave a poor fit and can clearly be ruled out.

L 1 -
{ I LIl g / 4
ol ”‘“ (B llnH"W il ‘I‘il Wi H;W ';\I' i \‘l‘u'!ﬂ i 1‘rll i |ull : 1) “I
hm‘ylr I H'y“‘ \ hw\ w‘“"“( il um Huh‘l[ nv LN w‘)‘ i “H'
L i ‘I”
| b i
-af
R U E——— —l i 1 1
30 40 50 60

ENERGY (keV)

Figure 3: Difference of data and fit divided by the standard deviation, assuming [U.|> = 0.0085
(top) or O (bottom). For this plot 9 points were added together.
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Figure 4: Fitted parameters when the data points below the energy FE., are excluded
(m, = 17keV). The number of actually fitted a-parameters is indicated. The result of run
B is also plotted.

The results as a function of the assumed order of the polynomial factor are given in table 1.
With a second order polynomial the fit is bad, however no significant differences result for fourth
or fifth order. Hence we take the fourth order as adequate. This conclusion was further tested
by excluding the data below an energy E... The results are plotted in figure 4 and are, within
statistics, independent of E.,. (as it should be). For smaller energy ranges, the higher order
coefficients («;) become indeterminate and have been fixed at their values for the full range. No
significant difference results, when they are set to zero instead. The fitted E, is stable over the
whole energy range and agrees with the value determined from run B. Hence we can conclude
that the assumed model is adequate for our data.

The effect of energy loss [5,6] in the source layer and of the excitation of electronic final
states [7,8] has also been investigated (see table 2) and were found to cause differences of only
about 10~ for |U|?. This is smaller than one would naively expect. A likely explanation is
that these effects cause smooth spectrum distortions which are taken care of by the polynomial
factor. The average energy loss in the source is 11 eV at 50 keV. Comparatively more important
is the average excitation energy, computed in ref. [8] to be 85 eV with respect to the electronic
groundstate. Our endpoint E, agrees with previous results [9,10] if we note that these groups
did not take into account the final states.

Table 2: Fitted results when corrections for energy loss (EL), electronic final states (FS), both
or none are included in the fit (DOF = 1886).

Correction [Uex)? E, — 66900  x?
(10-3) V)
None 0.51 £0.55 25.8+5.9 1955
EL 0.50 £ 0.55 33.2+5.9 1954
FS 0.37£0.55 57.8+5.9 1951
Both 0.37£0.55 65.5+5.9 1951




334

To conclude, no indication fer the existence of the 17 keV neutrino was found. All consis-
tency tests performed gave null results. A mixing probability of |[U|? = 0.0085 would be a
15 o effect in our data and is completely ruled.

We acknowledge the support by the Paul Scherrer Institut and by the Swiss National Science
Foundation.
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LARGE, SMALL AND SUPERFICIAL VIOLATIONS OF THE PAULI EXCLUSION
PRINCIPLE AND THE SIZE OF THE ELECTRON

Eckehart Nolte
Faculty of Physics, Technical University of Munich,
W-8046 Garching, Germany

ABSTRACT

With the help of accelerator mass spectrometry, very small upper limits for concentrations
of non-Paulian atoms and nuclei have been obtained. These results are discussed in terms of
small and superficial violations of the Pauli exclusion principle. Small upper limits for the
probabilities of having two electrons, protons or neutrons in the symmetric state with respect
to exchange are deduced. For the hypothetical case of a composite electron, the upper limit
for the radius of the electron is derived to be smaller than 4 - 10-%° m.



338

In nature, only two statistical types of particles are observed : fermionsand bosons. Fermions
are particles with half-integer spin values, bosons have integer spin. Ensembles of identical
fermions are described by a wave function which is completely antisymmetric with respect
to exchange of two particles and ensembles of identical bosons are described by a wave
function which is completely symmetric with respect to exchange. The resulting statistics
are called Fermi-Dirac statistics and Bose-Einstein statistics, relatively. From the completely
antisymmetric wave function it is immediately derived that one state cannot be occupied by
mere than one fermion. This fact is called Pauli exclusion principle (PEP). It was formulated
in 1925 by Wolfgang Pauli in order to explain the structure of atoms and the regularities of

the periodic table of elements. So far, no violations of PEP are observed.

If we consider hypothetical violations of PEP we have to distinguish the type of violation.
One distinguishes three types of violations of PEP : large violations, small violations and
superficial violations.

1. LARGE VIOLATIONS OF PEP

Though in nature only two types of statistics, Fermi-Dirac and Bose-Einstein statistics, are
observed, quantum mechanics offers equivalently also intermediate statistics called parastatis-
tics, in more detail para-Fermi and para-Bose statistics. The method of field quantization
for parastatistics is described e.g. in ). For identical para-fermions of order p, up to p para-
fermions can occupy one state. Such para-fermions would show large violations of PEP. If
we consider for example quarks, these particles can be seen equivalently as para-fermions of
order three without colour or as ordinary fermions after introduction of three colours. So, at
least in some cases, para-statistics can be reduced to Fermi-Dirac or Bose-Einstein statistics

by introduction of a suitable number of degrees of freedom.

2. SMALL VIOLATIONS OF PEP

In quantum mechanics, particle identity makes it impossible to test PEP by looking for
forbidden X or 7 rays deexciting a state with Fermi-Dirac statistics to a state with a small
violation of PEP ). A violation of PEP would mean that the wave function of an ensemble
of identical particles with half-integer spin is not completely antisymmetric with respect to

exchange. Then, ensembles can be found where two such particles occupy the same state.

Our experiments are performed in that way that we look for atoms with three electrons in the
K shell and for nuclei with three protons or three neutrons in the nuclear 1sy/, shell 3-5), The
detection method is accelerator mass spectrometry (AMS) either with completely stripped

ions ® or with a time-of-flight set-up 7).
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Fig. 1 shows the electronic con-
figurations of Paulian Ne (Ar)
and F (Cl) and of non-Paulian

Ne (Ar) with three electrons in

the K shell.

Since the outer electrons deter-

mine the chemical behaviour of

elements, non-Paulian Ne (Ar) ~

with 7 electrons in the L (M) shell Ne Ne F
and Paulian F (Cl) with the same

number of electrons in the L (M)
shell are expected to be chemi-
cally identical. Our method is to @
look very sensitively with AMS
for non-Paulian Ne (Ar) atoms in
Ar cl

natural F (Cl) samples. Ar
Fig. 2 shows the nuclear config-

urations for the particle unstable
nuclei °Li and *He and for non-

Paulian nuclei 5Li and $He with . . .
Fig.1: Configurations of atomic electrons for F, Ne and
non-Paulian Ne and for Cl, Ar and non-Paulian Ar

three protons and three neutrons, respectively, in the nuclear 1s,/, shell. In samples of natural
Li and isotopically enriched éLi (95.5 %) and of atmospheric He contained in raw neon, non-
Paulian nuclei of 5Li and of He were searched. No events of non-Paulian atoms or nuclei
were observed. The spectra were free of background. The obtained experimental limits were

3-5) for non-Paulian atoms:
N(*Ne)/N(F) < 6 - 10718 or N(°Ne)/N(**Ne) < 210~ |
N(**Ar)/N(Cl) < 8 - 107 or N(*Ar)/N(*Ar) < 4 - 10717
and for non-Paulian nuclei:
N(Li)/N(°Li) < 8- 1078 and N(SHe)/N(*He) < 2-107*°

for binding energies of 5Li and SHe up to 50 and 32 MeV, respectively.
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Fig. 2: Configurations of nucleons for °Li and non-

Paulian 5Li and for *He and non-Paulian He

Since transitions from states with Fermi-Dirac statistics to states with a small violation of
PEP are strictly forbidden 2, in the interpretation of our data we consider ensembles where
PEP is violated from the beginning. The parameter describing the violation is the probability
3%/2 of having two identical fermions in the symmetric state. A similar consideration was
performed by Ramberg and Snow # who looked for anomalous X-rays in current carrying
copper and who obtained B%/2 < 2 - 10728 for electrons. We deduce limits for 82/2 for

nucleons by considering 3 decays to non-Paulian nuclei and primordial nucleosynthesis.

In the A decay of Li to Be, the
daughter nucleus €Be is proton

unstable and disintegrates to SLi

and 'H (see Fig. 3). The num-
o s + € +Ve + 7MeV
ber of produced 5Li nucleiis given
—— -~ e
by N(Li) = N(6Li) - X - t, where 61 6Be
Y= B? is the decay constant L
1
for 8 decay to non-Paulian nu- +'H
clei, A is the A decay constant éT_"

(A! &~ 400 s) and t is the time

from the nucleosynthesis till to-

day, t = 10'° y. From this, we

obtain 3%/2 < 5-107%. .
Fig. 3: B-decay of Li to non-Paulian ®Be and
disintegration of ®Be in 5Li and p
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In the primordial nucleosynthesis, 8Li and 5He would be produced by the reactions 9):

2H + IH
'H ¥
SH + ?H
SHe + 2H
iHe + ?H
iHe + 2H

—

N

3He
3H
iHe + n , °H F ?H — 9He + n
He + 'H , ®He ¥ ?H — 4He + 'H
i + n, *He ¥ ?H — i + n
fHe + 'H , *He I *H — SHe + H

The symbol ¥ means that the two reacting protons or neutrons are in the symmetric state.

From estimations of the reaction rates 9, the following limits of having two identical nucleons

in the symmetric state are deduced: %/2 < 2 - 10~ for protons and §%/2 < 3 - 10~*® for

neutrons. These values can be compared with the ones for conducting electrons (42 < 2-10-28

#)) and for protons by considering hydrogen burning in the sun (4%/2 < 2 - 1075 19)),

3. SUPERFICIAL VIOLATION OF PEP AND THE SIZE OF THE ELECTRON

In a recent publication, Akama et al. V) pointed out that in case the electron is a composite

particle made out of a fermion w and a Boson C (Fig. 4) PEP is violated superficially for

electrons though it holds for the constituent fermion w and atomic transitions from states

with Fermi-Dirac statistics to states with a small violation of PEP for electrons can occur.

electron

fermion w

boson C

Te

Fig. 4: The electron made hypothetically out of a fermion w and a boson C.

With the atomic number Z and the radius r. of the electron, the decay constant X for such a

transition compared to the normal electromagnetic decay constant Aeg, is given by %);

X/ dem = 1.7-107%%(Z - 1,{107®m])®.
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The non-Paulian atoms Ne and At would be produced according to
N(Ne) = N(Ne)- A -t and N(At) = N(Ar)- A -t

where t is the average time from the nucleosynthesis till the formation of galaxies, t~ 4.5 - 10°
y 3. From this, we obtain A=! > 2-10% y for Ne and A~* > 4 - 10?7 for Ar 3. From
X//\em = f2/2 and with the life times Al of 2.6 fs and 1.0 fs for a K hole in Ne and Ar,
respectively, we obtain 4%/2 < 4 -107%% (Ne) and 82/2 < 8 - 1075! (Ar). With the above
equation for r, 1), the following limits for the radius r. of the electron are deduced:

re <4-1072° m (Ne) and re < 5-1072° m (Ar). These results can be compared with limits

for r. in the range of 1078 m obtained from (g - 2) experiments for electrons 2.

4. CONCLUSION
It has been shown that accelerator mass spectrometry is a very powerful tool to set sensitive

limits on the validity of the Pauli exclusion principle and on the size of the electron.
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LASER COOLING AND TRAPPING OF NEUTRAL ATOMS

Claude Cohen-Tannoudji
College de France et Laboratoire de Spectroscopie
Hertzienne de I'ENS™*, 24 rue Lhomond, 75231 Paris Cedex 05

ABSTRACT

An atom. put in quasiresonant light wave, absorbs and reemits the photons associa-
ted with this wave. The exchanges of energy and momentum, which result from these
absorptions and emissions of photons by the aton, give rise to radiative forces, which
act on the atom, and which allow one to control, with laser beanis, its position and
its velocity. A new resarch field, called laser cooling and trapping of atoms, has thus
appeared during the last few years and is expanding very rapidly. The first part of the
lecture presents a tutorial review of this field, and introduces the basic concepts. The
reader is referred to the general references!’~® given at the end of this abstract.

The second part of the lecture deals with two more recent developments dealing with the
quantum nature of atomic motion. After a brief description of the so-called “Sisyphus
cooling” scheme%) | and of its quantum lirnits™®) recent experiments are described
giving evidence for a quantization of atomic motion in a light wave®~1%). Extensions
of these experinients to 2 and 3 dimensions have recently been performed, allowing one
to bind atoms in regular 2-D or 3-D lattices'!' ') The second development described
in the lecture deals with the possibility of achieving a gravitational cavity for neutral
atoms'®), Recent experimental observations of a multiple reflection of cold cesium atoms

. . . : 15
on a parabolic electromagnetic mirror formed by an evanescent wave are described®),
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QUANTUM BEHAVIOR OF LASER COOLED ATOMS

William D. Phillips
National Institute of Standards and Technology
PHYS A167, Gaithersburg, MD 20899

ABSTRACT

We have used atoms, laser cooled to a few microkelvin, in experiments
demonstrating quantum behavior. When confined in small potential wells, the
motion of the atoms, as deduced from the radiated spectrum, is seen to be
quantized. In another experiment, we have transferred eight quanta of photon
momentum to laser cooled atoms, in a manner that avoids spontaneous emission
and preserves the atomic coherence. This short account of the presentation made
at the 1993 Moriond Workshop is not intended as a comprehensive report of that
talk, but only as a guide to the literature on the subject, so that the interested
reader may more easily find the relevant information.
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LASER COOLING AND TRAPPING

Laser cooling and trapping of neutral atoms is reviewed in a number of collections
of papers [1-4] (see also the presentation by C. Cohen-Tannoudji at this meeting).
Among the key technologies are optical molasses [2,5], a technique whereby atoms
are cooled at the intersection of pairs of counterpropagating laser beams, and the
magneto-optical trap (MOT) [6], whereby atoms are both cooled and trapped by a
similar configuration of laser beams along with a particular magnetic field
configuration . We use atoms trapped to densities on the order of 1010 cm-3 in a
MOT and cooled to a few microkelvin in optical molasses for our experiments.

QUANTIZED MOTION OF TRAPPED ATOMS

Interfering light beams induce spatially varying light shifts in atoms. These act as
an array of sub-wavelength-size potential wells in which the atoms may be
trapped. By observing the fluorescence (emission) spectrum of atoms trapped in
such wells, we see the effects of the oscillatory motion of the atoms, as well as the
effects of the quantization of the energy of the trapped atoms [7]. We are able to
determine the temperature of the atoms, and the fact that they are localized to
within 1/15 of the optical wavelength. Similar experiments measuring the
absorption spectrum of such atoms have been performed in Paris and Munich [8].

ATOMIC BEAMSPLITTER

Another application of laser cooled atoms to the investigation of quantum
behavior is in atom interferometers [9]. In such devices, atoms are made to
interfere, exhibiting their wavelike character in much the way that light does in a
conventional interferometer. One would like to have the atomic equivalents of
beamsplitters and mirrors to make such interferometers work well. A recent
suggestion [10] is to have an atomic state adiabatically follow a varying light field
in such a way that momentum is given to the atom without any photons being
emitted spontaneously. Such an emission would lead to loss of coherence of the
atom, and therefore to loss of the interference. The idea relies on the atom
remaining in a "dark" state, one that does not absorb the laser light [11]. Recently
successful experiments in our laboratory [12] in which eight photon momenta
were coherently transferred to laser cooled Cs atoms were inspired by similar
experiments elsewhere [13,14] in which population but not momentum was
transferred by adiabatic following.

This work was supported in part by the U. S. Office of Naval Research
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QUANTUM MEASUREMENT IN QUANTUM OPTICS

H.J. Kimble
Norman Bridge Laboratory of Physics 12-33
California Institute of Technology
Pasadena, California 91125

Abstract

Recent progress in the generation and application of manifestly quantum or nonclassical
states of the electromagnetic field is reviewed with emphasis on the research of the Quantum
Optics Group at Caltech. In particular, the possibilities for spectroscopy with nonclassi-
cal light are discussed both in terms of improved quantitative measurement capabilities
and for the fundamental alteration of atomic radiative processes. Quantum correlations
for spatially extended systems are investigated in a variety of experiments which utilize
nondegenerate parametric down conversion. Finally, the prospects for measurement of
the position of a free mass with precision beyond the standard quantum limit are briefly
considered.



350

I. Introduction

Over the past fifteen years, a major area of activity in optical physics has been the
generation of states of the electromagnetic field with manifestly quantum or nonclassical
characteristics.['=5] One example of a nonclassical field is a squeezed state for which the
variance in one of two quadrature amplitudes of the field drops below the level associated
with the vacuum state.!=3 A second example is a field with subPoissonian photon statis-
tics for which the fluctuations in photon number are smaller than those for the Poisson
distribution of a coherent state.!*~5! In each case, nonclassical fields are those for which
a quantized theory is essential; classical stochastic descriptions are not sufficient. These
new states of the field have been applied both to solve questions that date to the origin
of the quantum theory and to open new frontiers in optical physics. However, apart from
a fundamental significance, these activities in quantum optics are relevant to a number of
potential applications since they confront basic issues involved in the measurement and
information sciences and attempt to formulate and implement strategies to go beyond the
usual quantum limits.

Rather than to attempt an overview of these developments, the purpose of this brief
contribution to the Proceedings of the 1993 Moriond Workshop is instead to summarize
some recent research in the Quantum Optics Group at Caltech. One source for extended
tutorials and a broader view of the diverse activities in the field is the recently published
Les Houches 1990, “Fundamental Systems in Quantum Optics” ¢!

I1. Spectroscopy with Squeezed and Nonclassical Light

Two principal motivations for investigating spectroscopy with nonclassical light are (1)
the possibility for enhancements in measurement capabilities beyond the usual quantum
limits and (2) the potential for new optical phenomena associated with the fundamen-
tal alteration of atomic radiative processes. With regard to the first possibility, we note
that squeezed light has been successfully employed to achieve sensitivity beyond- the usual
vacuum-state (or “shot-noise”) limit in Mach-Zehnder"# and polarization!® interferom-
eters and for the detection of directly encoded amplitude modulation.['? Likewise, twin
photon beams have been utilized for enhanced measurement capabilities where the avail-

ability of an independent copy of the quantum noise is exploited for improvement of the
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signal-to-noise ratio.!"’=14] While these proof-of-principle demonstrations have made clear
that the usual, naive limits on quantum measurement associated with the zero-point fluc-
tuations of the electromagnetic field can be surpassed (albeit by initially modest values of
V/2 in minimum detectable signal amplitude), in each case the choice of experimental setup
has been driven principally by considerations relating to the convenience of the generation
scheme for the particular nonclassical field rather than by the requirements of a specific
application. However for spectroscopic investigations,'S] clearly a frequency tunable source
of nonclassical light is required. Indeed, although tremendous progress has been made on
both theoretical and experimental fronts in the understanding of the generation and ap-
plication of nonclassical light, there have been until quite recently no frequency tunable
sources suitable for spectroscopy. Note that throughout its history, spectroscopy has been
carried out with “classical” sources (typically lasers or thermal sources) in that the field is
describable in terms of a (possibly stochastic) superposition of the radiation from classical
sources. (1]

Within this context, we have developed a frequency tunable source of squeezed light in
the Quantum Optics Group at Caltech and have employed it to demonstrate improvement
in measurement capability beyond the usual quantum limit for precision spectroscopy.['7:18]
More specfically, we have achieved a directly observed quantum noise reduction 6dB below
the vacuum-state limit in a balanced homodyne detector, corresponding to a four-fold drop
in detection noise below the “shot-noise” limit. Relative to the standard quantum limit
in FM saturation spectroscopy, enhanced sensitivity of 3.1dB has been demonstrated for
the Doppler-free detection of the 6Sy,5, F = 4 — 6Py, F' = 5 transition of the D, line
of atomic Cesium at 852nm. We are continuing this work to explore in both experimental
and theoretical detail the ultimate sensitivity limits for quantitative spectroscopic analysis
with squeezed light.

While for the above discussion the nonclassical field serves as a passive probe of a
frequency dependent atomic response, the second principal motivation for our work is to
go beyond this circumstance to investigate fundamental alterations of the atomic radiative
processes brought about by coupling to a nonclassical field. If we recall that the Einstein A

cooefficient I'| and the Lamb shift can be given an interpretation in terms of a decay rate
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and a level shift induced by the fiuctuations of the vacuum field, then from the simplest
possible viewpoint the theme suggested in 1986 by Gardiner!! is to replace the “ordinary”
vacuum by a squeezed vacuum. This replacement then leads to fundamental changes in
the structure of the atom-field equations associated with the nonclassical character of the
squeezed “reservoir” to which the atom is coupled. In particular, the Bloch equations for an
atom in free-space are modified so that the decay of the atomic polarization now proceeds
at two rates F(f), with F(f) > T'; because of enhanced fluctuations and FS__) <TIy
due to diminished fluctuations of a squeezed state relative to the vacuum state of the
field. Here I'y is the usual transverse decay rate for radiative coupling to the vacuum
(L =T /2). From this beautiful insight offered by Gardiner seven years ago has arisen a
small theoretical industry devoted to the analysis of diverse problems in optical physics in
the presence of squeezed light. These analyses reveal not only changes in decay rates, but
as well concomitant modifications of essentially the whole spectrum of atomic dynamical
processes, which derive from the phase sensitivity imprinted by the squeezed reservoir in
which the atom is embedded.

Our research in this area is currently directed toward an investigation of two-photon
excitation of the 651/ — 615/ transition in atomic Cesium. For excitation with squeezed
light, correlated pairs of photons should lead to an increase in population of the excited
state with a linear dependence on intensity, which is in stark contrast to the usual quadratic
dependence for a two-photon process.[2%21]

IT1. Quantum Correlations via Parametric Down Conversion

The process of parametric down conversion involves the simultaneous creation of a
correlated pair of photons. For nondegenerate down conversion, the fields thus generated
are distinct modes that can be spatially separated and employed to investigate quantum
correlations for extended quantum systems. Our own efforts in this regard have been
diverse. In the first place, we have carried out an experiment to demonstrate the Einstein-
Podolsky-Rosen paradox for continuous variables(?»23! and have attempted to explore the
question of nonlocality for quantum systems with dynamical variables having a continuous
spectrum. We have as well studied the quantum fluctuations in optical amplification with

a nondegenerate optical parametric amplifier whose internal idler mode is coupled to a
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squeezed vacuum.!?4] Reductions of the inherent quantum noise of the amplifier have been
observed with a mimimum noise level 0.7 dB below the usual noise level of the amplifier with
its internal idler mode in a vacuum state. Beyond its relevance to the issue of fundamental
fluctuations in quantum amplification, this research is significant in that it represents an
attempt to investigate nonlinear optics with nonclassical light. Yet a third experiment has
explored possibilities for quantum communication with correlated nonclassical fields and has
demonstrated the ability to transmit information with both immunity to interception and
signal-to-noise recovery beyond that possible with arbitrary classical sources.!?’! Finally, we
have exploited the down conversion process in concert with a linear mixing of polarization
states to demonstrate back-action evading measurement and a quantum optical tap.

IV. The Standard Quantum Limit (SQL) for the Position of a Free Mass

Perhaps the best known problem in the theory of quantum measurement is that of the
Heisenberg microscope, whereby one attempts to ascertain the location of an otherwise free
particle. Until recently it had been thought that the resolution for such a measurement of
the position of a free mass m is limited by the standard quantum limit ézsqr = \/fm,
with 7 as the time between measurements. However, in an interesting series of publications
in the 80’s, it was determined in quite general terms that the SQL can in fact be breached
by way of physically realizable (that is to say, Hamiltonian) interactions.[26--29]

The objective of our current discussion is to specialize this “in principle” situation
to the particular case of an optical interferometer by following the work of Unruh,3% of
Jaekel and Reynaud®! and of Cavesl32 who suggested that the SQL could be surpassed
by a suitable injection of squeezed light into the interferometer. Of course Caves had
first proposed using squeezed light to reduce the phase fiuctuations (or sensing noise) in
interferometry, albeit with a corresponding increase in the fluctuations in radiation pressure
(or the back-reaction noise).[33 In this canonical form, the quadrature-phase amplitudes
for the principal axes of the squeezed-vacuum field are chosen to coincide with those of the
coherent field that excites the interferometer. A consequence of this choice is that amplitude
(back reaction via radiation pressure) and phase (sensing) fluctuations give statistically
independent contributions to the uncertainty in the length of the interferometer. However,

if one instead makes a “judicious” choice for the orientation of the squeezing ellipse relative
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to the complex amplitude of the coherent field, then the “sensing” and “back-reaction”
noises become correlated with a nonzero cross correlation that can lead to measurement
sensitivity below 6zgqy.120-32

Of course in practice thereare a number of sources of technical noise that can overwhelm
the fundamental uncertainty associated with ézsqr. In Figure 1 we summarize the situation
with respect to several possible sources of thermal noise. Here the basic model system is
a quartz mirror of mass m = 1 gin suspended as a pendulum from a thin quartz fiber of
length ! = 1 cm and diameter d = 20 pm. For frequencies above the resonance frequency
fo = 5Hz for the harmonic motion of the pendulum, the response of the mirror “test mass”
will approximate that of a “free mass”. The displacement noise 6g,(f) in the position of
the mirror due to the kT of energy excited in the pendulum motion is determined by the
exact form of damping for this degree of freedom. For Figure la, we follow the work of
Saulson!®*! and introduce a complex spring constant k,(f) = ko(1 + idp(f)), with ko = &7
for a “pendulum spring” and with dissipation determined by ¢,(f) which for simplicity
(and due to a lack of detailed emphirical knowledge) is taken to be constant. In particular,
we set ¢, = Q;‘ with @, as the quality factor for decay of an initial excitation near fo.
The resulting displacement noise ég,, then follows from equipartition of energy and is given
by Eq. (16) of Reference [34], suitably specialized to the pendulum mode of oscillation.

In a similar fashion, one notes that the position of the test mass will be uncertain
because of thermal excitation of the eigenmodes of the test mass itself and because of the
“violin” modes of the suspension fiber from which the mass is suspended. In Figure 1a the
corresponding displacement noises are denoted by 6¢..(f) and g, (f), respectively, and are
determined from a suitable adaptation of Eq. (38) of Reference [34] with loss coefficients
ém = Q' and ¢, = Q;! taken to be independent of frequency. For comparison in Figure
1b we plot the various displacement noises 6g,, 8¢m, and 8q, for the more familar case of
velocity damping. Note that the quality factors for the various curves in Figure 1 are all
exceedingly large; @, = 10%, @, = 107, and Q, = 10%. However, the work of Braginsky and
colleagues 135361 offers the hope that these values are within the realm of the possible. For
example, Reference [35] reports a pendulum with @, > 108, while Reference [36] describes

observations of Q,, = 107 for the internal @, of quartz at IMHz. While these remarkable
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FIGURE 1 - Spectral densities of displacement noise for a suspended mass. ézsqL rep-
resents the standard quantum limit for measurement of the position of the mass at frequen-
cies above the pendulum resonance. [6q,,, 6qm, 6q.] are the displacement noises associated
with thermal excitation of the pendulum motion, of the internal test mass oscillation, and
of the “violin” modes of the suspension fiber, respectively. For (a), damping as described
in Reference {34] is assumed, while the more familar velocity damping is employed in (b).
In each case, the resonance quality factors are [Qp, Qm, Q] = [105,107,10°].
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values are thus quite encouraging, we emphasize that there is a paucity of information
concerning the form of ¢(f) for high Q materials as would be required for a system as in
Figure 1.

To complete this discussion, we must compare these various sources of “extraneous”
noise with the fluctuations associated with §zsgr. Such a comparison is made in Figure 1
by noting that the frequency revolved response of a free mass scales as 1/f, with the exact
form for 6zsqr in terms of a spectral density of amplitude noise given by 6zsqr(f) =
\/W expressed here as a noise in m/vHz. 13 Although the situation is not
one of extreme comfort, there do appear to be windows in frequency space (for either
type of damping mechanism in Figure 1a and 1b) where it might be possible to reach the
standard quantum limit (that is, to have 6zsqr much larger than the other sources of
noise). In qualitative terms, a cavity would be formed by two mirrors each with thermal
noise as in Figure 1. As the light intensity employed to interrogate the length of this cavity
is increased, the phase sensitivity (and hence the inference of length) would improve as
1/+/N until such time as the back-reaction associated with radiation presence (and scaling
as v/N) begins to dominate. For excitation with a coherent state, the crossover point is
the standard quantum limit and represents an optimal comprise between the sensing noise
and the measurement-induced back-reaction noise. By contrast, a “judicious” choice of
squeezed excitation of the interferometer should lead to sensitivity beyond the standard
quantum limit, at least over some frequency intervals. For the situation depicted in Figure
1, the noise floor for the measurement beyond ézsq. would be set by one of the various
thermal noises. Note that by making use of very high reflectivity mirrors (R=0.9999984
has been demonstrated in Reference [38]), the laser power required to reach ézsqr could
be below ImW.

Finally, it is a pleasure to acknowledge the essential contributions of many colleagues.
The research .described in Section II has been carried out by E.S. Polzik, J. Carri, N.
Georgiades, and H. Mabuchi, while that discussed in Section III has been accomplished
by Z.Y. Ou and S.F. Pereira. J. Kyung and M.P. Winters contributed to the analysis
presented in Section I'V. This work was supported by the Office of Naval Research and by

the National Science Foundation.
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DISSIPATIVE FORCE ON A SPHERE
MOVING IN VACUUM

P.A. Maia Neto, S. Reynaud
Laboratoire de Spectroscopie Hertzienne de I'ENS

and

M.T. Jaekel
Laboratoire de Physique Théorique de 'ENS

ABSTRACT

We derive the spectrum of fluctuations of the vacuum radiation pressure on a spherical
perfectly-reflecting mirror, written as a partial-wave series. We study the two opposite limits
of large and small spheres. From the fluctuation-dissipation theorem, we obtain the
dissipative force exerted upon the mirror when it moves in vacuum. These results are
connected to the problem of the ultimate sensitivity limit in a measurement of a length.
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Although the zero-point energy of a quantum field diverges, the energy shift when a
set of boundaries is introduced may be finite. When two mirrors are set together in vacuum,
the zero-point energy shift is negative, giving rise to an attractive pressure between the
mirrors [1].

The Casimir pressure may also be obtained as the difference between the mean values
of the Maxwell Stress tensor calculated at each side of one of the mirrors. This method,
shown to have a widespread class of applications, will be adopted throughout this work.
In this local approach, the Casimir radiation pressure clearly appears as a fluctuating
quantity.

When there is a single mirror in vacuum, the stresses on each side of the mirror
obviously cancel each other, but only in theaverage. It thus remains a fluctuating radiation
pressure (2], to which corresponds the noise spectrum defined as [3]

Crrlel = [ dte((FOF©) - (F?), 1)

where F(t) is the force on the mirror at rest at time ¢ (i.e., the surface integral of the
stress tensor over the probing surface). The average is taken over the vacuum state of the
field.

The mirror’s position cannot he considered as a randomless classical variable, for it
will take on the fluctuations of the field to which it is coupled, in the same way that a
system coupled to a reservoir at a given temperature is thermalized. At zero temperature,
the mirror takes on the quantum fluctuations from its coupling to vacuum fields [4]. We
may draw a simple picture of this effect by writing the equation of motion of a mirror of
mass m coupled to the vacuum fluctuating force F\,:

mq”(t) = Fvac(t)‘ (2)

From Eq. (2), we may guess the quantum fluctuations of position of the mirror. At low
frequencies, the noise spectrum C[w] is then given by:

Crrlw]

miwt

Coglw) = (3)
This effect may be relevant in the problem of the ultimate uncertainty limit in the mea-
surement of a length [4, 5].

As well known, the interaction of a system with a reservoir provides as well a damping
process: fluctuations and dissipation are closely related via the linear response theory (6].
When a mirror moves in vacuum, it modifies the zero-point electromagnetic field, which
then reacts back by exerting a force. This force works against the mirror’s motion, in
order to compensate the energy radiated.

The force on a moving mirror may be written in the spectral domain as

6F [w] = x[w]&(w), (4)

where &g[w] is the Fourier transform of the mirror’s dispalcement, and x[w] is the suscepti-
bility function to be derived. The linear response relation for the dissipative susceptibility
is (6]

1
2h°
Eq. (5) was explictly shown to hold in the case of a two-dimensional spacetime [3].

Imx[w] = 57 (Crelw] — Crr(=w]). (5)
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Since the field annihilation operators correspond to positive frequencies, one easily
derives from Eq. (1) the representation (8]

Crr(wl = 73 6(w — wy — wr)[(A, NIF|0)]%. (6)
I%Y
The sumin Eq. (6) extends overall the field normal modes; |A, ') is a Fock state containing
one photon in the mode A and one in the mode . The field annihilation operator cor-
responding to the normal mode A oscillates at the (positive) eigen-frequency wy. Finally,
|0) stands for the vacuum state.

From Eq. (6), we see that the noise spectrum vanishes at negative frequencies and is
positive otherwise. It then follows from Eq. (5) that the (odd) function Imx[w] is positive
when w > 0, or in other words that the motional force in vacuum works against the mirror,
as expected. However, the required property of stability of the mirror’s motion does not
follow from this property of the noise spectrum. Actually, the motional force derived in
the simplest case of a perfect reflecting mirror leads to ‘runaway solutions’ well-known in
classical electron theory.

Those unphysical solutions are probably a consequence of neglecting the recoil effect,
which becomes appreciable at very high frequencies. Stability is restored (at least for a
two-dimensional spacetime) by taking into account that the mirror becomes transparent
at high frequencies, which allows one to consistently neglect the recoil effect [9]. We
will assume nevertheless a perfect reflectivity (at all frequencies) throughout this work.
Eq. (6) shows that the response at a given frequency w is related to the pairs of field
normal modes whose eigen-frequencies add to give w. The model of perfect reflection may
thus be adopted provided that the mirror bounces slowly enough in order that the much
faster mirror’s internal degrees of freedom could be adiabatically eliminated. The results
we will present for Crp{w] correspond to the quasi-static limit and should be regarded as
low-frequency approximations.

The simplest non-trivial boundary condition for the electromagnetic field (now in
the real 4D spacetime) corresponds to a plane infinite mirror. From Eq. (6), we obtain the
spectrum of fluctuations of the force (z-component) on a piston at rest and immersed on
the infinite plane of the mirror [7] [8]. Both low and high frequency limits don’t depend
on the shape of the piston.

For a piston©f-area A, we have, when %\/Z L1,

R2A? 7
Crrlw] = ma(“’)w ) (7
whereas the result in the opposite (large-size) limit is
KA
Crrlw]) = W@(w)ws. (8)

Then, we may write the dissipative force on the moving piston by using the
fluctuation-dissipation connection provided by Eq. (5). When the mirror moves slowly as

compared to g, we have (small-size limit):

O Fransll) = o2 (1) (0
damp\®) = 073 ’
whereas in the large-size limit the force is
hA
8F qamp(t) = &(t), (10)

7 607t
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where &("(t) stands for the n-derivative of the piston’s displacement &g(t).

We now consider a spherical perfectly-conducting mirror in vacuum. Here the normal
modes correspond to a multipole expansion of the electromagnetic field. Eberlein [10]
obtained the correlation functions of a time-averaged force operator on a spherical mirror.
We calculated the noise spectrum of the vacuum force on a sphere of radius R from Eq. (6).
The result is written as a partial-wave expansion (8]:

Crrle] = g 029( )E{ ll:f)Jfowd“’ wilw = w’)Am(—)A 1(_(w DR
W (w — W c(+1)y272 o' -
+[ ( I(Lji(/)R 1 Bﬁ11(TR)Bf1(_( - )R)]+
211111 [ dn o - wanypp =t (1)
where 1
A = R T @R (12)
and
Bri(z) = ! (13)

(&xi(2)? + (foy(2))?
are the functions describing the penetrability of the centrifugal barrier for the polarizations
TE and TM, respectively; j(z) and y;(z) are respectively the Spherical Bessel functions
of the first and second kinds.
Asin the problem of a flat piston, the small and large-size limits correspond to small
and large values of the parameter
wR
B=-— (14)
In classical scattering theory, an input [-wave w1th momentum k corresponds to a ray of

impact parameter
I 1
b= — =—. 15
K~ w (15)
When 8 < 1, the coupling with the [-waves is increasingly weak as [ increases (note that
there is no s-wave coupling in vector field scattering), and it is sufficient to take the { =1

term in Eq. (11). We then get

K43 o
CFF[Ld] = —Wﬂ(w)w N (16)
where
A= 7R (17)

is the cross-sectional area of the sphere. Using Eq.s (5) and (16), we obtain the dissipative
force on a sphere of small size:

§Faamp(t) = &;(9 (). (18)

6481r“c8

In the large-size limit, we may replace the sum over [ in Eq. (11) by an integral over
a continuous variable, provided we use the analytical continuations of the Bessel functions
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in the complex plane of the index. Finally, by using the Debye asymptotic expansion of
the Bessel functions, we find

2h%A

4572ct

Crrlw] = O(w)w’. (19)
This result is closely related to the geometrical optics limit. When § is very large, the
radius is much larger than the wavelength of the relevant normal modes - which are
selected by the delta function in Eq. (6). We may thus replace each small region of the
sphere by its local tangent plane, and then find a noise spectrum given by the product
of a geometrical factor, that takes into account the projection of the normal stress tensor
along the direction of motion, and the result for a infinite flat mirror, given by Eq. (8).
The comparison between Egs. (8) and (19) confirms this general result [2]. Finally, we
find the dissipative force to be

§F damp(t) = — &(1) (20)

45m2ct
in this limit.

As a final remark, we stress that the results presented in this paper concern only the
dissipative part of the force on a moving mirror. Although not relevant for the problem
of ultimate sensitivity limits, the analysis of the dispersive part of the force is also an
interesting problem. As may be guessed by dimensional analysis, no finite dispersive
component may exist in the large-size limit, and indeed a divergent dispersive force was
found in the case of a scalar field [11].

Oneof us (PAMN) thanks the Brasilian Agency CNPq for a grant.

References
(1] H. G. B. Casimir, Proc. K. Ned. Akad. Wet. 51, 793 (1948).
(2] G. Barton, J. Phys. (London) A24 , 5533 (1991).
(3] M. T. Jaekel and S. Reynaud, Quantum Optics 4, 39 (1992).
[4] M. T. Jaekel and S. Reynaud, J. Phys. (Paris) I3, 1 (1993).
(5] M. T. Jaekel and S. Reynaud, Europhys. Lett. 13, 301 (1990).
(6] R. Kubo, Rep. Prog. Phys. 29, 255 (1966).

[7] G. Barton, “New aspects of the Casimir effect: fluctuations and radiative reaction”,
preprint 1992; to appear in Cavity Quantum Electrodynamics , ed. P. Berman (Sup-
plement: Advances in Atomic, Molecular and Optical Physics , Academic Press).

(8] P. A. Maia Neto and S. Reynaud, Phys. Rev. A47 , 1639 (1993).
[9] M. T. Jaekel and S. Reynaud, Physics Letters A167, 227 (1992).
(10] C. Eberlein, J. Phys. (London) A25 , 3015 (1992).

(11] L. H. Ford and A. Vilenkin, Phys. Rev. D25 , 2569 (1982).






365

THE SINGLE-PHOTON TUNNELING TIME

AM. Steinberg, P.G. Kwiat, and R.Y. Chiao
Department of Physics, University of California, Berkeley, CA 94720, USA

We have measured thetime delay for a photon to tunnel across a barrier consisting of a 1.1-um
thick 1D photonic bandgap material (a multilayer dielectric mirror). The peak of the essentially
undistorted photon wavepacketappears on the far side of the barrier 1.47 £ 0.21 fs earlier than if
it had travelled at the vacuum speed of light c. Although the apparent tunneling velocity (1.7 +
0.2) c is superluminal, this is not a genuine signal velocity, and Einstein causality is not
violated. The measured tunneling time is consistent with with the group delay (“phase time”), but
disagrees with the “semiclassical time.” Interpretational issues are discussed briefly.
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Every quantum mechanics text treats the calculation of the tunneling probability. And yet,
the issue of how much time it takes a particle to tunnel through a barrier, a problem first
addressed in the 1930’s, remains controversial to the present day. The difficulty arises because
the momentum in the barrier region is imaginary. The first answer, the “phase time” (i.e., the
group delay as calculated by the method of stationary phase), can in certain limits be paradoxically
small, implying barrier traversal at a speed greater than that of light in vacuum 1,2) It has
generally been assumed that such velocities cannot be physical 3), but in the case of tunneling, no
resolution has been universally accepted. This apparent violation of Einstein causality does not
arise from the use of the nonrelativistic Schrodinger equation, since it also arises in solutions of
Maxwell’s equations, which are fully relativistic. Questions have been raised as to the validity of
this time, as well as to its interpretation. Alternate definitions of the tunneling time have also been
proposed 4). Some experiments have already been done3-7), but more are needed in order to
clarify the meanings and ranges of validity of the different tunneling times.

We have recently completed an experiment 8,9) that offers a relatively direct measurement
of the time delay in tunneling (which may not necessarily be identified with an “interaction
time”). We employed the process of spontaneous parametric down-conversion, in which pairs of
photons are emitted essentially simultaneously (to within tens of femtoseconds). After one
particle traverses a tunnel barrier, its time of arrival can be compared with that of its twin (which
encounters no barrier), thus offering a clear operational definition of the tunneling time. The
magnitude of this time is so small as to be inaccessible to electronic measurement, but a two-
photon interference effect 10) can be used to study the overlap of the two photons’ wavepackets
when they are brought together at a beam splitter, with sub-femtosecond resolution. We have
previously used this effect to confirm that single photons in glass travel at the group velocity, and
demonstrated that it benefits from a peculiar cancellation of the effects of group-velocity
dispersion 11). Since this technique relies on coincidence detection, the interpretation of the
experiment is simple: Each coincidence detection corresponds to a single tunneling event. The
particle aspect of tunneling can thus be clearly observed.

In our current apparatus, the tunnel barrier is a multilayer dielectric mirror, which possesses
a one-dimensional photonic bandgap 12) that extends approximately from 600 nm to 800 nm; the
transmission reaches a minimum of 1% at 692 nm. A particle travelling at ¢ would require 3.6 fs

to cross the 1.1 pm-thick barrier. However, over most of the bandgap, the calculated group delay
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is less than this, and remains relatively constant near 1.7 fs. Itis interesting to note that one of the
alternate tunneling times, the semiclassical time of Biittiker and Landauer, also dips below 3.6 fs,
but only over a narrower range of frequencies; at the center of the bandgap, this time actually
vanishes13). This time is obtained by dividing the thickness of the barrier by the velocity (fix}/m
for a massive particle) corresponding to the magnitude of the imaginary momentum of the particle
in the barrier region, neglecting the effects of coherent reflections between the extremities of the
barrier. While in itself, this last approximation is reasonable for barriers much wider than the
incident wavepacket, the identification of fiij/m with an actual velocity is not obvious. Indeed,
while the semiclassical time grows linearly with barrier width, for very wide barriers the group
delay saturates at a finite limit.

Our apparatus is shown in Fig. 1. A KDP crystal with a x(z) nonlinearity is pumped by a
cw uv laser at 351 nm. Conjugate pairs of photons are emitted simultaneously in the process of
spontaneous parametric down-conversion. We select out nearly degenerate pairs centered at 702
nm, with an rms bandwidth of approximately 6 nm. One photon of each pair travels through air,
while the conjugate photon impinges on our sample. This consists of an étalon substrate of fused
silica, which is coated over half of one face with the 1.1 um coating described above, and
uncoated on the other half of that face. This sample was periodically placed in each of two
positions: In one position, the photon must tunnel through the 1.1 pm coating in order to be
transmitted, while in the other position, it travels through 1.1 pm of air. In each position, it
traverses the same thickness of substrate. The two conjugate photons are brought back together
by means of mirrors, so that they impinge simultaneously on the surface of a 50/50 beam splitter.
A coincidence count is recorded when detectors placed at the two output ports of the beam splitter
register counts within 500 ps of one another.

If the two photons’ wavepackets are made to overlap in time at the beam splitter, a
destructive interference effect leads to a theoretical null in the coincidence detection rate. Thus as
the path-length difference is changed by translating a “trombone” prism (see Fig. 1), the
coincidence rate exhibits a dip with an rms width of approximately 20 fs, which is the correlation
time of the two photons. The rate reaches a minimum when the two wavepackets overlap
perfectly at the beam splitter. For this reason, if an extra delay is inserted into one arm of this
interferometer (e.g., by sliding the 1.1 pm coating into the beam), the prism will need to be
translated in order to compensate for this delay and restore the coincidence minimum.

In our experiment, we found that inserting the barrier into the beam caused the center of the
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dip to be shifted to a position in which the prism was located farther from the barrier. This
determines the sign of the effect: The external delay had to be lengrhened, implying that the mean
delay time experienced by the photon inside the barrier was less than the delay time for
propagating through the same distance in air (see Fig. 1). We performed 12 one-hour runs and
one four-hour run, alternating the direction in which we translated the prism in case the direction
had a systematic effect on the result (none was observed). In each run, the data with and without
the barrier were fitted to separate Gaussians, and the relative shift At between their centers was
calculated. By averaging the results of all these runs, we found that At = —1.47 + 0.21 f5s,
including estimated systematic errors. The measured delay time is smaller by 7 standard
deviations than the time it takes to traverse the barrier width at ¢. (Taking into account the width
of the wavepackets, this implies that about 52% of the time, a photon which tunnelled would
arrive sooner than one which travelled at c¢.) Itis consistent with the group delay prediction, At
= -19 fs, but differs greatly from the semiclassical time, At = -3.0 fs.

The normalized data from the 4-hr run are presented in Fig. 2. Each data point with the
barrier in the beam has been averaged for 70 seconds, and each point with no barrier for 7
seconds. Since the transmission probability was nearly constant over the bandwidth of our
photons, the form and width of the dip were not appreciably changed by the insertion of the
barrier, aside from the overall reduction of the count rate. For this reason, there is physical
significance to following the peak of the photon wavepackets. Furthermore, unlike in the
electronic case, the shift cannot be understood as arising from the higher speed of the
preferentially transmitted energy components before they reach the barrier. The transmission is a
weak function of energy near the middle of the bandgap, and photons of all energiestravel at the
same velocity, except in a few dispersive optical elements. Even the small dispersive effects of
those elements, however, have been shown to cancel out in this type of experiment 11,14),

To study the energy-dependence of the delay time, we “tuned” the barrier by rotating the
sample about the vertical axis, thus shifting the center of the bandgap. For the p-polarized
photons we employed, this also reduces the bandgap width. A 45° rotation placed our photons
close to the band edge, where the semiclassical time diverges, and the transmission probability
rises to about 10%. Our results at 23" and at 45° again supported the group delay prediction.

The analogy between quantum mechanical tunneling and evanescent wave phenomena in

electromagnetism is well known 6 8, 15), but there is an important difference between classical
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wave propagation and single-particle tunneling. In classical optics, the existence of group
velocities greater than ¢, and even negative ones under certain conditions, is known and has been
observed experimentally 16). This phenomenon is understood as a “pulse reshaping” process, in
which a medium preferentially attenuates the later parts of an incident pulse, in such a way that the
output peak appears shifted towards earlier times. Einstein causality is not violated in this
process; the output peak arises from the forward tails of the input pulse in a strictly causal
manner, and no abruptdisturbance in the input pulse would propagate any faster than ¢ 3).

In the case of a single-particle wavepacket in standard quantum mechanics, there is no
meaning to the question of which “part” of a minimum-uncertainty wavepacket gives rise to a
given detection event. If the peak of such a wavepacket is shifted forward in time, this implies
that the mean delay between the single-particle emission event and the corresponding detection
event may be smaller than d/c, whenever the particle is transmitted. The source of this anomaly
is that the incident particles are transmitted with low probability. It has been shown by Aharonov
and Vaidman 17) that when a “weak measurement™ (one with a sufficiently large uncertainty as to
leave the state on which the measurement is performed essentially unperturbed) is made on a
subensemble defined both by state preparation and by a post-selection of low probability, mean
values can be obtained which would be strictly forbidden for any complete ensemble. This has
been observed experimentally 18), We believe that a similar effect is occurring here.

In tunneling, the anomalously large value of the effective velocity of the peak is related to
the fact that in the opaque limit, the group delay becomes independent of d. That is, the
tunneling process seems to be described not by a characteristic velocity, but rather by a
characteristic time. We interpret this to mean that tunneling is a transient effect: For early times,
the charging fields inside the bandgap material have not yet built up to their steady-state values,
and thus do not suppress transmission as strongly as they do at later times. The relevant time-
scale can be estimated from the time-energy uncertainty relation as the reciprocal of the frequency
difference between the incident light and the nearest frequency at which transmission is allowed.

Within the conventional interpretation of quantum mechanics, it has so far proven
impossible to go beyond a mere calculation and understand why the group delay should be so
small. It may be that the Bohm-de Broglie pilot-wave interpretation 19) will prove useful in this
connection. Insofar as it gives individual particles deterministic trajectories, thus making it
possible even before the wave packet encounters the barrier to speak of which subset of the

ensemble will be transmitted, this picture is not unrelated to the weak measurement idea. Leavens
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has applied this model to the tunneling problem 20) since the durations of these definite
trajectories can be easily calculated. Bohm trajectories have the property that they may never
intersect one another, and in one dimension, it follows trivially from this that all transmitted
particles must originate earlier in time than all reflected particles. At the present time, this is the
closest there is to an explanation of why only the early part of an incident wavepacket traverses a
tunnel barrier.

In conclusion, our measurements indicate that the peak of the essentially undistorted (but
greatly attenuated) single-photon wavepacket appears on the far side of a tunnel barrier earlier
than it would were it to propagate at the speed of light. There is no genuine violation of Einstein
causality, as explained above. This tunneling time does not appear to be a strong function of the
angle of incidence, and the data indicate that in our experiment, the group delay (or “phase time”)
gives a better description of the physically observable delay than does the “semiclassical”
interaction time. In future experiments, we plan to study the dependence of this delay time on
barrier thickness by using the phenomenon of frustrated total internal reflection. We are also
looking into the possibility of anomalous delay times off resonance in inverted media, that is, in
regimes where the transmission is essentially 100%.

This work was supported by ONR Grant No. N00014-90-J-1259.
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CONTROLLING THE QUANTUM FLUCTUATIONS OF LIGHT
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ABSTRACT

We describe different possibilities for reducing the quantum fluctuations of a
given light beam, using : (i) twin beams and various opto-electronic techniques,
(ii) a Kerr medium in an optical cavity made of laser cooled and trapped atoms,
(i) an empty cavity with a moving mirror.
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1. INTRODUCTION

In optics, the measurement sensitivity is limited by the noise of the
photocurrent. This noise is in most cases mostly due to imperfections in the
experimental set-up. When this "technical" part of the noise is reduced, one
reaches a noise level which originates from the proper quantum nature of the
electromagnetic field. For example, an intensity measurement is limited by the
shot noise, due to the corpuscular nature of light. Optics is a privileged domain in
physics, because the quantum noise level can be reached rather easily using high
efficiency photodiodes and low noise electronics. It is then possible to
experimentally study the quantum fluctuations of an observable, which enables us
firstly to get a deeper insight on the process of quantum measurement, and
secondly to tailor them, of course within the limits imposed by the Heisenberg
inequality. For example, one can reduce the intensity fluctuations below the shot
noise level only by increasing the fluctuations on the conjugate variable, i.e. on
the phase of the light field. Squeezing of light quantum fluctuations has been the
subject of numerous theoretical studies!, and more recently of experimental
investigations?. The purpose of this talk is to describe different ways of
controlling the quantum fluctuations of a light beam, and to present some
experimental results.

2. ACTIVE CONTROL OF LIGHT FLUCTUATIONS

2

(1) (; (3) Twin M

Laser Beam

(a) (b)

Figure 1

A widely used technique for reducing the fluctuations of a light beam is to
actively correct them by some optoelectronics control mechanism. Machida and
Yamamoto* have in particular shown experimentally that one could reduce these
fluctuations well below the shot noise level by monitoring the whole beam
intensity and using this information in a feedback loop acting on the
semiconductor laser injection current (Fig 1a). However, this configuration does
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not produce a usable beam of "quiet" light. If one inserts a beamsplitter in the
light beam (Fig 1b), it is easy to show that the fluctuations of the output beam will
not be reduced below the quantum level. This is due to the fact that the
beamsplitter randomly distributes the photons into its two output ports (3) and
(4), and therefore that the resulting photon distributions in beams (3) and (4) are
not correlated : the control loop is effective in reducing the quantum noise in
beam (4), not in beam (3). As an alternative explanation, one can say that the
beamsplitter couples into the system a new noise source, namely the vacuum
fluctuations entering through the unused input port (2) (dashed line), that the
feedback loop is not able to control.

In order to reduce by active control the intensity quantum noise of a light beam,
one can for example use, instead of a beamsplitter, a Twin Beam Generator? (Fig
1c), which produces two beams having perfectly correlated intensity fluctuations
at the quantum level. Measuring one beam provides a perfect information on the
quantum fluctuations of the other, which can by used in a control device acting
either on the twin beam generator, in a feedback loop configuration (Fig 1c), or
on the other beam itself, in a feedforward configuration.

O.P.O. INTENSITY NOISE SPECTRUM
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Figure 2

Parametric splitting of light in a nonlinear crystal provides twin photons in the
signal and idler modes, i.e. photons which are exactly created at the same time.
When such a crystal is inserted in an optical cavity resonant for the signal and
idler modes, one gets an Optical Parametric Oscillator (OPO) which produces
above some pump threshold intense coherent beams having intensity fluctuations
correlated at the quantum level. This was experimentally confirmeds! and the
measured level of quantum correlation between the twin beams turns out to be
very large (up to 0.866)). Fig 2a shows a sketch of the experiment using twin
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beams and active control to produce intensity squeezed light”. The OPO contains
a KTP crystal as a nonlinear parametric splitting medium and produces c.w. twin
infrared beams (1) and (2) of power 1 mW and wavelength close to 1.06 um
when pumped by a frequency doubled YAG laser at 0.53 um. Twin beam (1) is
measured by the photodiode PD, and the resulting photocurrent is used to drive
an electro-optic modulator EOM used as a variable attenuator, which corrects the
intensity fluctuations of beam (2). Figure 2b shows the intensity noise spectrum of
beam (2) with the electronics gain optimized for optimum correction at a
frequency equal to 5 MHz : One observes that the noise level is lowered by 24 %
below the shot noise level around this frequency. The value of the noise minimum
is in agreement with the theoretical calculations taking into account the electro-
optic modulator losses, beam 2 excess noise and imperfect quantum correlation
between beams 1 and 2 (so lid line in Fig 2b).

Other active correction schemes may be used to control the light fluctuations.
A very promising one consists in using the information of the idler beam intensity
fluctuations to correct the signal beam fluctuations by adjustable delays instead
of adjustable attenuation. The photon distribution is thus rearranged without
introducing any detrimental losses in the beam. This scheme has been
theoretically studied using a Monte-Carlo simulation®. One shows that it reduces
very efficiently the high frequency part of the intensity fluctuations (above the
loop bandwidth, but of course inside the correlation bandwidth). This somewhat
surprising result stems from the fact that it is easier by adjusting the delay to
modify the photon distribution in short time intervals, which correspond to high
noise frequencies.

3.ALL-OPTICAL CONTROL OF LIGHT FLUCTUATIONS

This last technique suggests another possibility for controlling the light
fluctuations by a kind of self-control mechanism : If one inserts in a light beam a
Kerr medium, i.e. a material having an intensity dependent index of refraction, the
propagation time in this medium will depend on the instantaneous intensity of the
beam. This will modify the photon distribution in the beam, and in some cases, it
may reduce its dispersion. Available Kerr media have unfortunately very weak
nonlinearities. The effect can be enlarged by inserting the Kerr medium in an
opﬁcal cavity. One then obtains a bistable device which has been shown
theoretically to strongly reduce the quantum fluctuations of the incoming light
beam when the system operates close to the turning points of the bistability
curve’l
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A fairly good Kerr medium is provided by a set of two-level atoms irradiated
close to resonance : the Kerr coefficient varies as 83, where 9 is the frequency
detuning between the field and the atomic resonance, whereas the response time
of the system scales as &2 Excess noise is coupled to the field of interest through
spontaneous emission, when the upper state is populated. Precise theoretical
calculations'® taking into account the atom dynamics and the effect of
spontaneous emission show that one gets a significant quantum noise reduction
on the cavity output beam when the detuning & is on the order of 10 y, where vy is
the excited state natural linewidth. This means in particular that it will not be
possible to observe this effect with Doppler-broadened atomic lines, i.e. using
atoms in gas phase at room temperature. One then needs to work either with
atomic beams!Y, or with cold atomic samples.
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Figure 3

We have chosen to experimentally study this effect using atoms which ‘are
trapped and cooled by laser beams. Our nonlinear medium consists in a cloud of
108 Cesium atoms trapped and cooled in a magneto-optical laser trap!2l. When
inserted in an optical cavity, this medium turns out to have a strong nonlinear
behaviour even with very low input powers. Figure 3 gives the intracavity power
as a function of input power for different numbers of trapped atoms. One can
observe either a bistable behaviour (Fig 3a) or single-mode instabilities (self-
pulsing) on the upper branch of the bistability curve (Fig 3b) for very low input
powers (the maximum input power in Fig. 3 is 30 uW). We have also observed a
spontaneous laser emission out of the cavity without any input beamt3!. We are
currently studying the noise properties of a beam having interacting with the cold
atoms in the cavity.
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4. OPTO-MECHANICAL CONTROL OF FLUCTUATIONS

Intensity noise spectrum

i

0 Frequency
(a) (b)
Figure 4

There exist other kinds of effective Kerr media. One of the most promising
turns out to be one of the simplest : it consists in an empty cavity with a moving
mirror, as sketched in Figure 4a. The mirror is bound by a harmonic force with a
mechanical characteristic frequency w,,, and damped with a decay constant T,,.
The radiation pressure force due to the intracavity electromagnetic field is
responsible for the coupling between the cavity length L and the field variables.
In particular, in the c.w. regime, L depends linearly on the mean intracavity
intensity, exactly like in a cavity containing a Kerr medium. This gives rise to a
bistable regime!l. One can also show that this system can be unstable and enter a
self-pulsing regime. Let us mention that the mirror-field opto-mechanical coupling
always leads to a small but non-zero damping force’!, so that such a system is
intrinsically lossy. Its noise properties can be theoretically studied using a semi-
classical treatment of its quantum fluctuations!®, taking into account the fact that,
at finite temperatures, the mirror experiences a Brownian motion which
introduces excess thermal fluctuations in the system. Figure 4b gives calculated
intensity noise spectra in the vicinity of a turning point of the bistability curve.
The lowest curve gives the noise spectrum at zero temperature and shows that
one obtains a very large amount of squeezing, not only for small frequencies, like
in a Kerr medium, but also around the self-pulsing frequency w,. The other
curves correspond to increasing values of the temperature (number of thermal
phonons in the mirror mode respectively equal to 0, 100, 200, 300, 400, 500 from
bottom to top) and for a high mechanical quality factor w, /I, =10°. One observes
that the squeezing effect is not completely washed out at low temperatures,
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especially in the low frequency region. This means that there is some reasonable
hope of experimentally observing such a mechanical squeezing.

5. CONCLUSION

We have shown that there are many different possible ways of controlling the
quantum fluctuations of light, using either microscopic devices, such as the
nonlinear properties of cold atoms and molecular crystals, or, perhaps more
surprisingly, macroscopic devices, such as electronic components or moving
Mirrors.
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ABSTRACT

Using systems of trapped ions one can perform interesting experiments illustrating
basic quantum mechanical principles. We describe how a controlled decoherence
experiment could be conceived using Be™ ions in a Penning trap. We also analyze
how a similar setup could be used to exhibit violations of temporal Bell inequalities.
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1. INTRODUCTION.

Recent developments in ion trapping techniques offer the possibility of performing
interesting experiments illustrating basic quantum mechanical principles. An important
advantage of these systems is that, being suspended in space by a electromagnetic fields,
trapped ions are well isolated from their external environment. Other useful features are
the possibilities of manipulating the level structure by applying external static fields and
of coherently driving the population by applying resonant laser fields (see [1] for examples

of recent experiments).

In this paper we discuss two illustrative experiments that could be performed using
trapped ions. In Section 2 we describe a controlled decoherence experiment where the inter-
action between a quantum system (ions in a trap) and its external environment (photons)
is induced in such a way that its strength can be controlled. In this way, one could study
the decoherence process, responsible for the classicalization of the system. In Section 3 we
describe a similar setup that could be used to exhibit non—classical effects by demonstrating
the existence of violations of “temporal Bell inequalities” (TBI). The above experiments
could be naturally combined and used to show how quantum features are gradually sup-

pressed due to the interaction between the quantum system and its environment.

2. CONTROLLED DECOHERENCE

In recent years there has been a renewed interest in the study of the fuzzy interphase
between the quantum and the classical regimes. The process of decoherence (2] is of funda-
mental importance in this context since it explains how a quantum system can effectively
behave classically. By this process, quantum coherence is dynamically suppressed due
to the continuous buildup of nonseparable correlations between the system and its envi-
ronment. The environment is therefore responsible for the existence of a superselection
rule preventing the stable existence of the system in the vast majority of the states of its
Hilbert space. As shown in many recent papers (2], the decoherence process can be very
effective in suppressing interference between distinguishable states of measurement appa-
ratus (pointer states) explaining also the classical behavior of objects of “everyday life”
(dust grains, cats, etc). However, to our knowledge, there are no laboratory experiments
in which decoherence is illustrated and studied in a controlled way. A reason for this seems
to be the limited control one usually has over the parameters governing the interaction
between the quantum system and its environment. In a controlled decoherence experiment

one should probe the quantum and the classical regimes by varying the strength of the
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system-environment interaction. The ideal situation is to have a switch governing the
strength of such interaction: when it is strong we observe classical behavior, when it is

weak the system behaves quantum mechanically.

Using a system of trapped ions, a controlled decoherence experiment seems possible.
Let us start by describing the quantum system (with no environment): an ensemble of
trapped ions. For concreteness, let us think of  Be® ions in a Penning trap (1]. Only a few
energy levels are available to the ions, for 9Be* they are the ones forming the hyperfine
structure of the 23231/2 shell (labeled by the eigenvalue of the z-component of the nuclear
and electronic angular momentum |[M;M; >). Let us numerate a few of them (in order
of increasing energy) as [0 >= [3/2,1/2 >, 1 >=[1/2,1/2 >, |2 >= |- 1/2,1/2 > and
[3 >=1-3/2,1/2 >. This system is well isolated from all external environment, at least
for a reasonable timescale. Thus, as the hyperfine sublevels are relatively stable (electric
dipole forbidden transitions) there is no spontaneous decay and no irreversible behavior
is present in the system. If experiments are performed using this system, characteristic

quantum features can be observed (see Section 3).

In order to introduce a controllable interaction with an external environment, we can
“open” the system by inducing a coupling with an unstable level [u >. For this, we
use a laser field, resonant with the transition from the state [l > to Ju >. For 9Be,
[u >= (2p2P3/2) (a 313 nm transition). This laser is continuously on for the duration of
the experiment. Now, the ensemble of ions is interacting with the environment formed by
the modes of the quantized electromagnetic field. The strength of this effective interaction,
which grows with the intensity of the driving field, can be easily calculated by using simple
analytic models based on Bloch equations. A simple estimate is obtained in the limit
I' » v > Q where: I' is the spontaneous decay rate [u >— |1 > (the only relevant
decay), v is the Rabi frequency between |1 > and |u > (proportional to the intensity of
the laser field) and 2 is any other frequency present in the system (associated with other
driving fields, for example). Thus, the decokerence rate (at which any initial density matrix
approaches diagonality in the basis of the states |i >, 1 =0,...,3) is

2
5
Pgec ox 2? & Idriving“):'u)‘ (1)

Therefore, the intensity of the driving laser determines the decokerence rate and can be
used as the switch controlling the decokerence process. To study such process we must now
fix the decoherence rate and perform an experiment looking for characteristic quantum

features. Repeating the same experiment for different values of the decokerence rate, we
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should be able to see the transition from the quantum (I'gee — 0, no driving) to the
classical regime (T'ye. — T, strong driving) {3] What kind of experiment do we perform
for each value of the decoherence rate? In the next section we describe one in which one

looks for a peculiar non—classical feature (other alternatives are obviously also available).

3. QUANTUM BEHAVIOR AND TEMPORAL BELL INEQUALITIES

The drastic differences between quantum predictions and those derived from other
probabilistic theories based on “common sense” assumptions are clearly seen in the usual
Bell inequalities [4]. In recent years, another class of inequalities has been proposed to
confront quantum mechanics with a class of theories based on two assumptions: (macro)
realism and non invasivemeasurability (5]. The inequalities, involving two—time correlation
functions, may also be violated by quantum correlations. Detection of these violations
implies the incompatibility of quantum mechanics with the above hypothesis, which are
part of our common-sense—based representation of the macroscopic world. Let us present
now a short derivation of “temporal Bell inequalities” (TBI) and discuss the measurement

strategy that could be used to find their violations with a system of trapped ions.

3.1 The inequalities.

To obtain a TBI let us consider a system with a coordinate Q. We assume that
trajectories Q(t) exist (realism), that by repeating an experiment we deal with an ensemble
characterized by a probability P[Q(?)] and that measuring the coordinate Q at t; and 9

results in Q(t1) and Q{t9) (non-invasiveness). The two time correlation function is

Kip = K(ty,tg) = / (DQIPIQ(IQ(t)Q(t2), (2)

where the integration is over all trajectories Q(t). The inequalities follow from (2) if the
coordinate @ is bounded (a condition satisfied by any spin-like variable). The derivation

is straightforward: four numbers Q; (¢ = 1,...,4) such that |Q;| < 1, always satisfy:

-2<Q1Q2 + Q2R3+ Q3Qs -~ Q1Q4 < 2. (3)

Identifving Q; with the results of four possible measurement of Q (i.e., Q; = Q(¢;)) and
integrating (3) over all trajectories (weighting with P[Q]), we obtain one of the TBI:

[K19 + Kog + K34 — K14 < 2. {4)

This is analogous to a Bell inequality derived by Clauser et al (4]. The role played here
by t; corresponds to that of the angles of the polarizers in the EPRB case. Quantum
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correlations may violate TBI: for an oscillating two-level system with states |+ > (where
5|+ >= |+ >), the correlation function K (t1,t2) = 251,52=i s189P(s1,t1.89,t2), is

1 - PTG
K(t1,t2) = 5 < 9(t1)d(t2) + 3(12)6(t1) >= cos 202p(ty ~ ta). &)
This violates the inequalities for some values of the time differences.

3.2 Trapped ions and violations of TBI.

To find violations of TBI, a subtle measurement strategy is required. The correlation
functions are obtained from the joint probabilities P(a,t1;0',t3), which must be measured
by a process that: i) does not introduce noise and dissipation (affecting the coherent
evolution between t1 and t2) and ii) resembles a classically non-invasive interaction. The
basic idea is to create temporal slits allowing the free evolution of the system when it
is in a particular state while stopping it otherwise. The possibility of satisfying such
requirements has been debated in the context of the SQUID experiments proposed by
Leggett [5] to test the existence of macroscopic quantum coherence. The favored strategy,
proposed by Tesche, [5] consist of creating records of the state of the system at t; and t;
without making a real measurement. For the SQUID (and in other cases discussed in [6])
these records are created by controlling non-dissipative interactions with auxiliary devices.
Here, we use a similar idea with a system of trapped ions. The experiment we propose is

thus the simplified version of Leggett—Tesche’s SQUID experiment.

Consider the system described in Section 2 (no environment, for the moment). We
prepare all ions in level |1 > and induce coherent Rabi oscillations between |1 > and 2 >.
The ions in these two levels play the role of “the system”. The records of the state of
the system at time t) is created by applying a short 7 pulse connecting |1 > with {0 >
(the pulse should be short so that the system is effectively “frozen” [6]). Thus, if at ¢ the
system is in |1 > it will go to |0 > and the oscillations will stop. On the other hand, if
the ion is in |2 >, nothing happens and the oscillations continue. In this sense, when the
electron is shielded, the scheme is non invasive. The same idea is used at time ¢ when a

7 pulse connecting {2 > and [3 > is applied (see Fig.1).

After this pulse sequence is applied, we measure: 1) the probability of finding an ion in
i1 >, which is identified with the joint probability P(|2 >,t1;|1 >, t2); ii) the probability
of finding an ion in |3 >, which is identified with the joint probability P(|2 >, t1; [2 >, t2).
These joint probabilities can be used to construct the correlation functions that enter in

the temporal Bell inequality. The other joint probabilities (P(|1 >,t1; ¢ >,t2)) should be
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3> determined by applying the same pulses
’i’r"pulse At in reversed order. If the correlation K; is
2> ,/" measured in this way (repeating the same
< > coherent Rabi oscillations measurements for all pairs of times), vio-
> lations of TBI can be observed. This in-
\‘~.‘Z‘:“lse attl dicates the existence of non-classical ef-
[ . e . .
. 0> . fects: the impossibility of a microscopic
Figure 1: Pulses used for a non inva- L
sive measurement of population correla- description based on an ensemble of non-

tion w hich test violations of TBI. invasively measurable trajectories.

4. FINAL REMARKS

We discussed two simple illustrative experiments that could be performed using ion
traps. When combined, they could allow us to examine some aspects of the quantum to
classical transition. Violations of the TBI's should be observed only when the decohkerence
rate is small enough. When the experiment is repeated increasing the rate, the violations
will disappear. This is a symptom of classicality although a rather weak one: as happens
with the ordinary Bell inequalities, only violations are an unambiguous signal (compatible

only with quantum mechanics).

It is a pleasure to thank Giinter Mahler for discussions and the organizers of the

Rencontre for providing partial support.
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NEW CONSTRAINTS ON COMPOSITION-DEPENDENT INTERACTIONS
WITH RANGES DOWN TO 1 CM
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ABSTRACT

We report the first results from a new torsion-balance that uses a .3 ton Uranium source mass
which slowly rotates around the pendulum. The highly symmetric pendulum consists of a
Pbh-Cu composition dipole suspended from a thin torsion fiber. The counter-balanced source is
shaped to 1minimize gravity gradients. Our instrument has sensitivity for forces with Yukawa
ranges down to A = 1 cm. and achieves optimal sensitivity for A > 10 cm. We set improved
limits on interactions coupled to N — Z (isospin) for ranges between A = 1 cm and A = 1000 km.
The results indicate no such new interaction. For interactions coupled to baryon number our
result improves limits in the short-range region as well as for A = 10 — 200 km.
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1. Introduction

The existence of previously undetectable macroscopic-ranged interactions with strengths weaker
than gravity has been suggested theoretically as well as investigated in various experiments.[1]
Such an interaction would arise from the exchange of ultra-low mass scalar or vector bosons,
and is expected to be composition-dependent i.e. to violate the universality of free fall. The
potential energy of such an interaction between two point masses can be written as

Via(r) = a (%)1 (i)sz_ﬂ@e—A/r

p r

where « s the coupling constant relative to gravity and ¢/p is the test-body charge-to-mass
ratio. Forc an interaction mediated by vector bosons, the charge ¢ could, for instance, be the
baryon number, B, the lepton number, L, or any linear combination thereof such as B — L.
The Yukawa range A = hc/m, arises from the rest mass of the mediating boson, ms. Several
exotic mechanisms, for instance ones involving gauge symmetry breaking, have been discussed
as early 1955 by Lee and Yang [2]. Other exotic scenarios which include a color-singlet two-
gluon exchange could also lead to macroscopic range forces which could fall off as a power law
as for example 1/r? [3]. Substantial motivation has been brought to the ficld by Fishbach et al.
[4] through the 5th force hypothesis. In addition, there may be spin-dependent forces that arise
from the exchange of CP-violating pseudoscalar-scalar axion-like particles. These would lead
to an interaction of the form[5] Vi3(7,7) o (@ - #)(ms/r + 1/72)e™™" as well as to a spin-spin
coupling. Astrophysical considerations limit the mass of the axion to the Turner Window of
107% < ma < 10-% eV (2 mm< A < 20 cm) [6].

The E6t-Wash group has previously carried out high-precision searches for new interactions
using as source masses local geologic features (A = 1 m-10 km) [1}, the entire Earth (A =
1000 km-108 km) [1], the Sun(X > 108 km), and lately even the Galaxy[7]. However, interactions
with ranges below 10 cm, that are of particular interest as argued above, are best probed with
laboratory-source experiments. Such experiments offer several advantages:

1. the source geometry can be selected to minimize systematic errors from gravity gradients
and yield a well-known strength,

2. the source material can be selected to maximize the charge of interest, and

3. the source field can be easily modulated so that the pendulum orientation does not need
to be changed.

The main disadvantage, however, is that source strength is limited by the apparatus size.
Naturally, moving-source experiments are very insensitive as equivalence-principle (m;/m,)
tests.

2. Description of the Experiment

We built a compact, stationary torsion-balance about which a massive source is continuously
rotated. A torque on the dipole, related with the proper phase to the position of the source
and not explainable by by conventional physics, constitutes our signature of a new interaction.
In order to maximize this signal the source was constructed from 3 tonnes of depleted Uranium
(**8U). Uranium was selected because of its high density and large neutron excess (this makes
our source complementary to the geologic source which has essentially no net neutron excess).
To enhance our sensitivity to short-range forces, the source is arranged approximately in a semi-
cvlinder with an inner radius of only 10 cm. It is built from 120 machined traveziodal pieces of
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U placed on a high quality turntable. To eliminate floor tilt, this turntable is counterbalanced
by an 800 kg half-ring of Pb with a radius of about 1 m. The turntable is continuously rotated
at a rate of about 27/2600s (1w). To check for possible systematic errors due to the magnetic
fields or seismic disturbances due to the bearing, the mass and it counterbalance can be rotated
with respect to the turntable on a non-magnetic bearing.

The highly symmetric torsion pendulum is suspended from a 0.8 m long, 20 #m dia. W
fiber. The pendulum itself consists of an 8 g Be tray with machined positions for four test
masses of 10 g each. For the measurements reported here, two of the test bodies were made
of solid Cu and the other two from a Pb-Sn alloy with a hollow center. To reduce effects
of gravity gradients the test body shapes were selected to have vanishing mass quadrupole
and hexadecapole moments. The testbodies can be easily and reproduceably interchanged on
the pendulum tray, or replaced with different ones. Any one of the four small right-angle
mirrors on the pendulum can be used by an autocollimator to read the angular deflection of
the pendulum. The pendulum was operated in a gas atmosphere of 1 torr to damp the swing
and compound modes of the pendulum. In addition, the thin torsion fiber is attached to a
cylindrically symmetric eddy current damper disk which is hung from a 100 gm thick fiber.
This damper is essential for the planned operation at high vacuum (10~7 torr) for which our
apparatus is equipped with a small 8 1/s ion pump.

The leading systematic errors in our experiment are due to:

1. gravity gradients of the source coupling to pendulum imperfections,
2. thermal variations,

3. apparatus tilt, and

4. electromagnetic effects.

The dominant systematic effect arises from gravitational gradients of the source mass. The
gravitational torque can be expressed as a multipole expansion.

L& 1 +1 —im
Tgray = —4T lGé a1 Y m@mQume ¢

m=-1

where ¢, and Qy, are the mass spherical multipole moments and fields of the pendulum and
the source mass respectively. Any torque with m=1 occurs at the same frequency (1w) as the
signal of a new interaction and must be minimized by careful control of the pendulum and
source shapes. We designed the pendulum as well as the source mass with a high degree of
symmetry to minimize the low-order multipole moments; the lowest nominal order lw coupling
occurs at {=7. However machining imperfections in the pendulum and especially in the source,
produce lower-order gravitational couplings; in practice the dominant unwanted coupling is
through ¢2;@21. We use special gradiometer test bodies to produce a pendulum with a large
known g2; moment to measure the Q; field of the source and then add Pb trim masses to the
source that minimize @;;. A non-magnetic bearing, which bisects the Uranium source allows
us to rotate the upper half by 180deg to generate a very large known @ gradient and hence to
measure the gz; moment of the normal pendulum. From the residual ¢;;Q21 coupling we expect
a 12 nrad deflection (for the data reported here). We use a similar technique to determine
higher order m=1 (lw) couplings.

Due to the 4-fold symmetry of the pendulum, we find torques occurring at 4 times (4w)
the rotation frequency. We minimize this coupling using small trim masses on the turntable to
reduce its strav Qu. field. If the pendulum is not exactlv centered on the rotation axis of the
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turntable a gs5 moment arises which is proportional to the displacement. The m=35 torque due
to the coupling of the gss moment to the Qss field of the source is used to center the pendulum
on the source rotation axis to better than 20um.

We developed a sophisticated computer code to compute all the aspects of gravitational
coupling and to design the test bodies and source.

Thermal effects can lead to a coherent pendulum rotation, either through the temperature
dependence of fiber properties, effects associated with the residual gas, or dimensional changes
of the apparatus. An actively controlled thermal shield isolates the torsion pendulum vacuum
vessel from the rotating source mass. A hollow Al mock-up of the Uranium helps symmetrize
any convection currents in the air between the source and the heat shield, improving the symme-
try of the system. Furthermore the entire experiment is located inside a constant-termperature
enclosure. We continuously measure the apparatus temperature at various locations and we
found 1o resolved temperature modulation at 1w on the vacuum chamber (< 16 pK at 1w). We
forced strong rotating temperature gradients across the apparatus and modulated the absolute
temperature. Linear extrapolation to the measured temperature variation leads us to believe
that there are no thermally- induced 1w torques (real or apparent) above our current noise
level.

A tilt of the fiber suspension point causes the pendulum to rotate by 3 percent of the tilt
angle. Because a turntable unbalance would deflect the floor we counterbalanced the turntable.
We continuously monitor the tilt of the floor and of the torsion balance itself and determine
that systematic errors from floor tilt are neglegible. The pendulum is pulled sideways by the
gravitational attraction to the source. This bends the fiber at the suspension point by 170 nrad
and should produce a lw pendulum rotation of 5 nrad.

3. Data Taking

The ability to interchange the test masses on the pendulum (A and B configurations), and
to rotate the source on non-magnetic bearings to the opposite side of the turntable, allows us
to discriminate most of the above discussed systematic effects from new physics. During one
month of data taking we performed the latter flip once and measured with the test masses in
the A and B configurations for each source position. @3 and g2; were measured whenever the
pendulum masses were interchanged or the source position changed. The experiment is highly
automated and a datapoint is recorded every 25 seconds using a PC-type computer.

4. Data Analysis

The data were subdivided into segments of 4 source revolutions each and fitted to

0(4(1)) = men " 2( unsin(ng) + ag™ cos(ng))

where © is the angular deflection of the pendulum, and ¢ denotes the angle of the source.
The polynomial terms account for a slow drift of the fiber. A new force would manifest itself
in the a{® amplitude. Our limits for the strength of a new interaction are then derived from
the differences of a$% for the source in 0° and 180° positions on the turntable, and from the
differences of the A and B testbody configuration:

signal = [a%(A 0°) — ¢ (B 0°) — a%(A 180°) + a{>(B 180°)}/4
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Fig. 1 Our 20 limits on a new interaction coupled to ¢ = (B — 2L)//5 (< isospin)

are displayed. Interactions with a coupling stronger than the thick line are excluded. The

previous best limits (1) by Hoskins et. al.[8] and (2) Nelson et. al.[9] are also shown.
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Fig. 2 Our2olimits (thick line) for interactions coupled to baryon number. We set new
constraints for ranges between 10 cm and 1 m, and also for ranges between 10 km and

200 km where torsion balance experiments using the Earth as a source are insensitive.
The scatter of the individual fits determines the statistical error. The average of the

coefficients for the A and B configurations shows a systematic ‘offset’ that is not assoc

with the composition dipole itself, but depends on the orientation of the pendulum body
respect to the source.

5. Results

With 24 days of continuous data using the Pb-Cu test masses we find a deflection of the
position dipole due to the Uranium source of a{® = 6 + 8 nrad with the Pb mass being
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attracted to the source. The quadrature signal is also unresolved (a2 = —4 + 8 nrad). The lw
‘offset’ which does not change with a test body interchange, but rotates when the pendulum
is rotated to a different mirror or when the source is rotated with respect to the turntable, is
76 nrad. Its maximum points at 70 deg away from the center of the source. We are still inves-
tigating the origin of this offset, which appears to arise from gravitational coupling of source
imperfections to a small misalignment of the pendulum tray (which is not as well controlled as
the testbodies themselves).

Assuming a charge g5 = (B — 2L)/+/5 (proportional to the third component of isospin), our
preliminary result corresponds to a coupling strength « = —0.7 + 09 at A = 1 cm and
a = (—7+£9)x107% at A = 1 m. The corresponding 20 limits are indicated by the thick
line in fig. 1. For this charge our measurement represents a factor > 30 improvement over
existing limits for A > 1 m. Our limit for A < 1 m is particularly interesting because it covers
the astrophysically-allowed Turner axion ‘window’[6]. Our measurement also sets improved
constraints on interactions with ¢s = B and ranges between 1 m and 10 m. More importantly,
however, our well-characterized source allows us to set new limits for 10 km < A < 200 km
where torsion balance experiments using the Earth as source are difficult to interpret.

6. Outlook

We plan to improve the statistical uncertainty of our current data by running with a high
vacuum to reduce Brownian noise. Systematic errors are undergoing continued investigation
and minimization. A set of Al-Be test bodies will be used for improved sensitivity to baryon
number. Furthermore we will test for macroscopic C P-violating forces of the type suggested by
Moody and Wilczek([5]. To this end, we are developing a spin-polarized test pendulum. In order
to minimize magnetic fields the pendulum is toroidal with the flux-return using magnetism from
orbital angular momentum.

I would like acknowledge my coworkers whose work and intellect were important to the
success of this experiment: Eric Adelberger, Michael Harris, Blayne Heckel, Greg Smith, and
Erik Swanson. This work is supported by NSF grant PHY-9104541.
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Abstract

Our interest in torsion balances started in 1981 when we designed the sensitive mass
to be a ‘gravitational monopole even though it was a compositional dipole’ for studies of
new composition dependent forces feebler than gravity. Here we report our most recent
results obtained with laboratory source masses whose locations can be changed at will
to nullify the hypothesized force field while keeping the gravitational field due to them
unchanged. Our bounds on the strength of forces coupling to nuclear isospin and B-L
respectively are —5.9 x 107° < oy < 3.4 x 107° and —23 x 107* < ag_ <1.4 x 107* in
units of gravity per atomic mass unit.
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Introduction

Seven years ago Fischbach et ¢ revived the hypothesis of the existence of a new
macroscopic force feebler than gravity which couples to some composition dependent
quantity such as the nuclear isospin or baryon number. On the bases of the residual
torques in the experiments of E6tvos, Pekar and Fekete? and the differences in the value
of the Newtonian constant of gravity, G, as measured with the Airy method in mines®
and that measured in the laboratory, they suggested that there existed a new “fifth-force”
which coupled to baryon number with a strength of ~ 10~2 of gravity per a.m.u. and had
a range of ~ 100m. The potential energy of two macroscopic objects of mass m; and m,

separated by a distance r is then conveniently parametrized in the form :

Gmim, r

V= [1 — agig exp( /\)] (1)

Here « is the new coupling in units of gravity (o = f2/4nGm}% where my = mass of the
hydrogen atom) and q the baryon number or any such new charge per unit mass. Keeping
in mind the very accurate experiments on the Equivalence Principle by Dicke? and by
Braginsky®), gravity itself is assumed to be independent of the composition of the masses
m; and mj,.

This suggestion of Fischbach et al stimulated great interest in the scientific community
and belped us direct our new torsion balance to study such composition dependent forces.
Our interest in the field started in 1981 when we realized that a torsion balance can be
made to respond specifically to composition dependent forces alone by making the mass
distribution of its bob spherically symmetric while still keeping its composition bi-modal®).
In other words, the bob is a gravitational monopole even though it is a compositional
dipole. The monopole nature would prevent the balance responding to various gradients of
the ambient gravitational field, while the composition dipole D couples to any composition
dependent force field E generating a torque Ex D. After this initial realization of the basic
concept, a torsion balance was built and its sensitivity was increased progressively during
a series of experiments; these are described in detail in several of our publications™®®).

Here we will describe the experimental setup briefly and present our latest results.

Experimental Apparatus

The concept of the balance described above is realized by having the pendulum bob
in the form of a ring, fabricated by joining together two semi-circular rings, one of copper
and the other of lead. Grooves are cut into the lead half so that its mass and first two

moments are identical to that of the copper half. Such a ring of total mass ~ 1500g and
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radius ~ 9cm is suspended with its plane horizontal by means of a tungsten fibre ~ 110
pum thick and ~ 2.5m long. Because of circular symmetry about the suspension axis, its
coupling to gradients in gravity and to the gradients in the environmental parameters such
as pressure and temperature is reduced substantially, leaving the errors in the fabrication
and tilts of the ring from the horizontal as the dominant contributors to the unwanted
torques. This balance is suspended inside an ultrahigh vacuum chamber and is shielded
from magnetic disturbances. The whole apparatus is operated at the bottom of a well,
about 25m deep, to insulate it from thermal disturbances. The balance executes torsional
oscillations with a period of about 795.6s, and the angle of the balance is measured by
means of an accurate autocollimator, with a resolution of ~ 10_9rad/\/ﬁ2.

In order to further minimize the coupling of the balance to gradients in gravity (caused
by tilts and fabrication errors), the masses constituting the source are configured in a very
special way. There are eight mass piles, four of lead and four of brass, each weighing ~
160 kg. These are suspended with multiple gimbals from a truss so as to occupy the
corners of a square parallelopiped with sides nearly 1.4m, and a height of nearly 1.8m.
The ratio of the height to the dimension of the sides of the square is chosen to nullify to
a high order, the effects of the gravity field on the balance, which is kept at the centre of
the mass configuration. When one of the vertical planes of the parallelopiped is occupied
by the lead masses and the opposite one by the brass masses, there would be an isospin
field normal to these planes. The truss is attached to a bearing and can be rotated at
will, for example at the natural period of the balance to drive it in resonance and thereby
causing a linear increase in the amplitude of the balance. The lead and the brass masses
can be exchanged to nullify the composition asymmetry in the source without altering the
gravitational fields appreciably. We have checked that subsequent to any such interchange
of the masses, the gimbals keep their centres of gravity unaltered to an accuracy of at
least 300pum. This allows us to carry out a “difference experiment” where the signal is
defined as the difference between the growth rates in the amplitudes seen in the two
aforementioned mass configurations.

We also carried out a series of diagnostic observations applying strong thermal gradi-
ents, gravity gradients and magnetic fields in resonance and ensured that their contribu-

tions are negligible under the conditions of our experiment.

Results

Before presenting the results from our most recent difference experiments we recapit-
ulate the results we have published”®). The materials Cu and Pb which we have used

in the sensitive mass and in the source masses differ substantially in (N —Z) = I (nu-
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clear isospin) and consequently we have focussed our attention of forces that couple to
this quantum number. Our first publication in 1988 yielded the 2¢ upper bound” (in
standard notation)

ar<3x1073 (2)

This clarified the confusion that then existed, based on experiments which relied on geo-
physical sources, where claims!®!?) and counterclaims') were made about the existence of
a finite coupling at the ~ 5x 10~3 level. The next improvement in our work was published
in 19909 :

~23x 107 < a; < 2.7 x 1075 (3)

where the negative sign is for attractive couplings and the positive sign is for repulsive
couplings. In the most recent set of experiments the rate of growth of amplitude that was
expected was

Atheo = a1 % (5.95 x 10)rad/cycle (4)

which is to be compared with the experimental value

Aezpt = (=0.73 £ 1. lMguatisticar £ 0.55ystematic) X 10~°rad/cycle (5)

The 300xm uncertainty in the relocation of the source masses contributes dominantly
to the systematic error. To derive the upper bound on a; we take £2 X osiatisticar and

+1 X Osystematic, as the latter is the maximum possible offset, and get the result
-59x 107° <a; <34 x107° (6)
In terms of the (B-L) quantum number this result translates into
—23x107* < app <14 x 1074, (7

while for the phenomenological spin-dependent charge introduced by Hall etal'® our

bounds are
—14x10¢<as<84x1077 (8)

These results are valid for all values of A >>1m. It should be noted that the results of
Boynton etal'¥) improve on these limits for A >300m and those of Adelberger eta! in this
conference yield still better limits over the full range of A.

We conclude by pointing out that our measurements correspond to an acceleration
sensitivity da ~ 10™*3cm s~2, and we measure amplitude changes corresponding to a rate
of change of energy of the balance of ~ 10-6¢Vs™!. Our immediate future plans include

a torsion balance test of the Principle of Equivalence to an accuracy of 1 part in 103,
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GAUSS’S LAW TEST OF GRAVITY AT SHORT RANGE

M. V. Moody and H. J. Paik
Department of Physics and Center for Superconductivity Research
University of Maryland, College Park, Maryland 20742, USA

ABSTRACT

A differential equivalent of the inverse-square force law is Gauss’s law for the
field, V- g = —4nGp, where g = -V¢. Thus, by summing the outputs of an in-line
gravity gradiometer rotated into three orthogonal directions, one can perform a near
null test of the inverse-square law. The primary advantage of this type of experiment
is its reduced sensitivity to the density and metrology errors of the source. We have
developed a three-axis superconducting gravity gradiometer and carried out such a test
using a 1500 kg lead (Pb) pendulum to produce a time-varying field. This experiment
places a new (26) limit of o = (0.9 + 46) x 107 at A = 1.5 m, where @ and A are
parameters of the generalized potential ¢ = ~GM/r (1 + c.e™™). This result represents
an improvement of an order of magnitude over the best existing limit at A = 1.5 m.
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Introduction

Various light-mass bosons have been proposed to explain inconsistencies in particle
physics and gravity. The existence of these bosons would give rise to a Yukawa-type
potential and appear as a violation of the inverse-square law. Numerous experiments
have been performed to search for such a violation."” This experiment is unique in that it
employs a new instrument, a three-axis superconducting gravity gradiometer (SGG), and
is based on a new approach, a test of Gauss’s law for gravity.

Gauss’s law for the field, V- g = ~4nGp, where g = -V¢, is a differential equivalent
of the inverse-square force law. Therefore, summing the outputs of an in-line gravity
gradiometer rotated into three orthogonal directions produces a null test of the inverse-
square law. The primary advantage of this experiment is its relative insensitivity to the
source density and metrology errors.”

We have performed a laboratory test of the inverse-square law and improved the limit
in the resolution of o by a factor of 10 at the range of 1.5 m. The full advantage of the
new approach will be realized in a geological-scale experiment, which usually involves a
natural source whose density and shape are irregular. The experiment reported here is a

stepping stone toward more advanced laboratory and geological-scale experiments with

the SGG.

=
!
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Figure 1. The source-detector configuration in the experiment. Here s is 4.234 m, h is
4.583 m, and the gradiometer baseline, /, is 0.1905 m.
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Description of the Experiment

The source used in this experiment was a 1498 kg lead (Pb) pendulum confined to a
single plane of motion by a shaft and bearings at the pivot. The length of the pendulum
is 3.300 + 0.005 m. Figure 1 shows a schematic of the experiment.

Each axis of the SGG consists of two spring-mass accelerometers in which the proof
masses are confined to motion in a single degree of freedom along a common axis, and
are coupled together by superconducting circuits. Platform motions appear as common-
mode accelerations and are canceled by adjusting the ratio of two persistent currents in
the sensing circuit. The sensing circuit is connected to a commercial SQUID amplifier to
sense changes in the persistent currents generated by differential accelerations, i.e.,
gravity gradients. The design and analysis of this gradiometer have been published.”

A three-axis gravity gradiometer is formed by mounting six accelerometers on the
faces of a precision cube. The accelerometers on any two opposite faces of the cube
form one of three in-line gradiometers. Aligning the diagonal of the cube with the
vertical equally biases the three gradiometer axes with respect to the Earth’s gravitational
acceleration. This orientation also permits the cyclic interchange of the gradiometer axes
by a 120° rotation about the vertical.

To increase the resolution of the inverse-square law test in the laboratory, the source
should be brought close to the gradiometer. However, as the ratio of the gradiometer
baseline to the source-detector separation increases, the finite baseline effect, which
results from higher moments of the gradiometer coupling to higher-order field gradients,”
becomesr significant, and metrological errors become more important. This effect, then,
along with the knowledge of the source metrology, establishes a lower limit on the

source-detector separation.

Discussion of Errors in the Null Experiment

An ideal gradiometer does not couple to acceleration; however, in reality,
misalignment of the sensitive axes of the component accelerometers results in residual
coupling to platform motion. A misalignment in the parallelism of the accelerometer
sensitive axes couples to translational acceleration, and a misalignment in the

concentricity of the sensitive axes couples to angular acceleration.” The errors in
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sensitive axes alignment also cause a misorientation of the gradiometer axes. This
misorientation gives rise to an error in orthogonality among the three in-line gradiometers
and among the cyclic orientations for an individual gradiometer axis. The orthogonality
error results in coupling to cross-component gravity gradients.

One can show that, after summing over the three cyclic orientations, only the vertical

components of these error terms remain.”

Then, the orthogonality error couples to the
vertical component of the gravity gradient, I',,. For the pendulum source, the
fundamental component of I',, was made to vanish by choosing the source-detector
orientation shown in Figure 1.

By confining the data analysis to the fundamental of the pendulum frequency, the
error due to direct coupling of the gradiometer to the source-generated linear acceleration
of the building was also eliminated. This error removal was possible because the vertical
component of this acceleration is limited to the second and other even harmonics. For
the fundamental and odd harmonics, the acceleration of the building, which is in the
horizontal plane, canceled upon summation over the three cyclic orientations.

To remove the angular acceleration error, the vertical component of angular
acceleration and the corresponding error coefficient must be measured. A ring laser gyro
(RLG), mounted directly to the turntable with its sensitive axis aligned with the vertical,
was used for the acceleration measurement. The error coefficient was measured by
shaking the SGG about the vertical axis.

An error in the experiment also arises from a displacement of the center of mass of
the SGG upon the 120° rotations, dr. This error can be minimized by choosing an
optimum value for the initial SGG azimuthal angle. This error and the error due to an
uncertainty in the azimuthal angle of the gradiometer can be reduced to second order
effects by independently summing the signals of the three gradiometer axes, i.e., by
performing three concurrent measurements of V- g.%

The final error we need to discuss is centrifugal acceleration. The SGG, like all
gravity gradiometers, is inherently sensitive to this error. However, the centrifugal ac-
celeration generates a velocity term, which is in quadrature with the acceleration terms.

This error term is rejected by phase-sensitive detection.
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Experimental Results and Discussion

For the experiment, the three gradient and three acceleration outputs from the SGG
were recorded along with the pendulum position for 33 nights. The turntable was
automatically rotated 120° twice each night. After time-averaging the 33 data sets, the
data is Fourier-transformed to identify the fundamental component. Because of a faulty
superconducting joint in the circuit of one axis, the analysis of the data was limited to the
other two axes. Subtracting the term due to torsional motion of the floor and the finite
baseline term gives our final result of (0.58 + 3.10) x 10 E .

The error budget for this result is given in Table I. The random noise comes from
the scatter of the YI'; data. The gradiometer rotation axis error represents an upper limit
corresponding to the worst case in the direction and magnitude of 8r. The axis non-
orthogonality error is calculated by assuming the maximum error in the polar angle, 0.001
rad. The residual torsional acceleration error comes from the scatter of the RLG data.
The source metrology error arises from the uncertainties in the geometric parameters of
the experiment. -

Figure 2 shows the 20 limits on positive and negative o versus A. The strictest limits
are 0. = (0.9 + 4.6) x 107 at A = 1.5 m, which represents an improvement of more than
two orders of magnitude over our previous result® and an order of magnitude over the
best existing limit.”®

Table I shows that the total error could be reduced by a factor of 3 by improving the

Error Source 20 Level
Random 2.48x10* E
Gradiometer Rotation Axis <0.95x10* E
Gradiometer Axis Non-orthogonality <0.40x10* E
Residual Torsional Acceleration 1.12x10* E
Source Metrology 1.08x10* E
Magnetic Coupling <10” E
Total 3.1x10* E

Table 1. Dominant Errors
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random noise of the gradiometer and the
gyro. A much more substantial
improvement on the result can be
achieved with the construction of an
improved source.

We are in the process of designing a
cylindrical source with proper mass
distribution and symmetry to null the
first six terms in the multipole
expansion of the field at the center and
near the end of the cylindrical shell. By
modulating between these two points,

we expect to achieve a resolution of 10

LIMITS ON @ (20)

—_ —_
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-
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Figure 2. 20 limits on the Yukawa
coupling constant set by this experiment.

inaat A= 02 m. We are also planning a tower experiment for the SGG, which should

improve the resolution in o to 10° at A = 100 m.
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THE SECOND COMING OF TOWER GRAVITY: AN UPDATE

Donald H. Eckhardt, Anestis J. Romaides, Roger W. Sands, and Christopher Jekeli
Phillips Laboratory, Geophysics Directorate (AFMC), Hanscom AFB, MA 01731

Ephraim Fischbach, Carrick L. Talmadge, and Harry Kloor
Physics Department, Purdue University, West Lafayette, IN 47907

ABSTRACT

The Phillips Laboratory and Purdue University are conducting a tower
gravity experiment near the town of Inverness, MS. Gravity is measured at six
elevations on the 610 m WABG-TV tower as well as on the surface in an 8 km
radius about the tower. These data are combined with archived data extending to
300 km. Using previously devised techniques, the surface data are analytically
continued and compared with the observations. The current difference at the
highest tower elevation surveyed so far, 493 m, is 34 pGal.
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INTRODUCTION

In December 1991 the Phillips Laboratory (PL) Geophysics Directorate
(formerly AFGL) published the final results of a search for non-Newtonian
gravity. The experiment conducted on the WTVD tower in Clayton, NC, led to a
null result. Many difficulties were encountered in the North Carolina experiment,
not the least of which were systematic effects due to improperly modeled terrain.
This led to a bias which resulted from the fact that the gravity survey elevations
were not representative of the actual terrain. These problems were compounded
by the sparsity of gravity data between 5 and 10 km from the tower, and by the
inaccessibility of those areas due to dense regions of trees. Because there were
some lingering uncertainties involving the final WTVD results, we embarked on a
follow-on tower experiment in an area where all known uncertainties could be
minimized.

After a lengthy search, PL selected the 610 m WABG-TV tower located
northeast of Inverness, MS. Invemness is about 50 km east of the Mississippi River
and about 350 km north of the Gulf of Mexico. The area surrounding the tower is
extremely flat out to a distance of 40 km. Also, the area is free of any type of
forests, permitting gravity measurements to be made at most desired locations.
Furthermore, the existing gravity data in the area are much more extensive than
that in Clayton, NC. We believe that, given these advantages, we shall be able to
resolve many, if not all, of the previous difficulties.

SURFACE GRAVITY SURVEY AND ANALYTIC CONTINUATION

Based on existing data in the tower area, supplied by the Defense Mapping
Agency (DMA), an inner zone survey out to 8 km was deemed sufficient. The
survey plan called for a set of concentric rings with up to ten points in each ring.
The ring spacing was such that each of the inner ten rings contributed nominally
equal weight in the analytic continuation at the top of the tower. This led to ring
radii of 150, 300, 450, 600, 800, 1050, 1400, 1900, 2600, and 3600 m from the
tower. The remaining rings were placed at distances of 4900, 6400, and 8100 m.
PL and Purdue began the near-tower gravity survey in the fall of 1991. The
points were positioned using a combination of the Global Positioning System (GPS)
and trigonometric leveling using an Electronic Distance Meter (EDM).
Positioning all the points using GPS was not possible due to interference from the
transmitter near the tower!). The EDM points were positioned to an accuracy
(relative) of 1 m in the horizontal and 2 cm in the vertical; the GPS points were
accurate (relatively) to 3 cm in the horizontal and 4 cm in the vertical. A total of
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355 observations contained in 25 survey loops resulted in 123 gravity points
surveyed in the region over a period of six months. A least-squares adjustment
was performed on the data along with corrections for earth tide, gravimeter drift,
and scale factor. The resultant rms error is 13 pGal with no individual errors
greater than 30 pGal.

LATITUDE (KM)

LONGITUDE (KM)

Fig. 1 Survey determined elevations minus digitized elevations
contoured at 0.5 m. Dots represent locations of survey points.

The next phase was the removal of the high wave number component of the
gravity field from the surface measurements. Using U.S. Geological Survey
topographic maps, with a reported accuracy of 76 cm, we digitized the elevations
inside a 10 x 10 km region. We interpolated the digital terrain to the points of our
survey, determined elevations, and compared the results. The USGS maps are
good, but not perfect; the rms difference between our elevations and those of the
maps is 85 cm (Figure 1). Especially striking is the effect of the catfish farms
(large pools of raised earth where local farmers breed catfish) just south of the
tower that do not appear on the USGS maps and thus show up as large elevation
differences. Using the comparison results, we corrected the digitized elevations
and computed terrain-corrected Bouguer anomalies for all points inside of 10 km.
Due to the benign nature of the surrounding terrain the rms terrain correction to
the Bouguer anomalies was a mere 0.4 pGal. The resultant gravity field is very
smooth with an anomalous horizontal gradient of about 6.7 E in contrast to about
13 E in the North Carolina area (Figure 2).
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LATITUDE (KM)

-4 =2 0

LONGITUDE (KM)

Fig. 2 Terrain-corrected Bouguer anomalies. Dots show the
location of PL survey points and triangles show DMA points;
contour interval is 1 mGal.

We merged our corrected data with archived data obtained from DMA
which were accurate to 1-2 mGal and extended to 300 km from the tower. We
selected 7781 points to be used in the analytic continuation from a total of 50292.
We obtained digital data from DMA for use in terrain correcting all gravity
points, but the voluminous amount of data made for large computational and
storage requirements. So, given that the terrain corrections inside 10 km were
very small, we computed simple Bouguer anomalies for the DMA points that fell
outside of 10 km from the tower. The DMA points within 10 km of the tower
were also terrain corrected using the digitized elevation data.

For points outside 10 km, we used a procedure similar to the one in North
Carolina. There, we found that the DMA data were biased towards the higher
elevations. Given that the bias extended to 20 km from the tower, we assumed a
constant bias of 7 m from 20 km out to 200 km. This led to a constantly sloping
residual of 42 pGal at the top of the tower and zero at the base2). Presumably the
DMA data around the WABG tower also contained some outer zone terrain bias
despite the flat terrain.

Using the USGS and DMA digitized data together, we computed mean
elevations out to 40 km from the tower. We also computed mean elevations of the
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gravity data (€40 km) and compared the results (Figure 3). The figure clearly
shows a terrain bias beyond 10 km; the bias continues beyond the boundaries of the
figure, growing to as large as 5 m. So, as in the WTVD experiment, the data are
biased towards higher elevations even though in the inner survey area (< 10 km)
we were very careful to insure unbiased data. We corrected for the bias out to 40
km based on the results of the comparison between digital elevations and gravity
elevations shown in Figure 3. We then assumed that the 5 m bias at 40 km is
constant out to 300 km (the full extent of the data).

37
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Fig. 3 Azimuthally averaged elevations. Triangles are the
elevations of the gravity points. Boxes are the digitized
elevations of USGS (<10 km) and DMA (10 - 35 km).

We analytically continued the surface Bouguer anomalies using a
combination of a summation of Fourier-Bessel series as a reference field, and a
numerical integration technique for the residuals from the reference field3). We
performed a four-step nested symmetric Bessel function fit. Residuals were
computed after each fit which served as input to the succeeding fit at progressively
smaller distances; this allowed for the resolution of higher wave numbers. Step 1
is a 35 parameter fit extending to 300 km; step 2 is a 6 parameter fit extending to
7 km; step 3 is a 3 parameter fit extending to 1.3 km; and the final step is a 2
parameter fit extending to 0.3 km. Weights were computed for residuals from this
reference field which were then analytically continued. The terrain had been
removed prior to analytic continuation, so its effect was then added to the
predicted values at the various tower elevations.
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TOWER DATA AND PRELIMINARY RESULTS

The tower gravity experiment is currently incomplete. We have measured
gravity at five elevations on the WABG tower using the LaCoste-Romberg
gravimeter, G-152. The data were collected in four loops with a total of only nine
observations. The tower elevations were determined to an accuracy of 2 cm using
an EDM. All measurements have been made in less than ideal conditions with
wind speeds exceeding 15 km/hr. We estimate the accuracy of the tower data to be
in the range 20-25 pGal even though the rms errors are on the order of 10 pGal.
An attempt to measure at a sixth elevation, 571 m above ground level, failed. At
571 m, both the galvanometer and the reading line on the gravimeter were
disabled, for reasons that are as yet unclear. One possibility is the presence of a
very strong magnetic field, although we cannot rule out other effects such as radio
frequency interference (RFI). The WABG preliminary results (shown in Table 1)
are plotted alongside those of the WTVD tower at commensurate elevations in
Figure 4. The agreement is good and, with the exception of the 94 m level, the
two results agree to within 16 pGal.

Table 1. Preliminary WABG Analytic Continuation Results

Elevation Observed Predicted Observed-Predicted
(m above ground) (mGal) (mGal) (mGal)

0.000 9.445+.009 9.434+.054 0.011£.055
93.845 9.379+£.022 9.363+.025 0.016+.033
194.363 9.300+.022 9.305+.019 -0.005£.029
292.564 9.233+.023 9.243+.020 -0.010£.030
388.511 9.148+.023 9.179+.023 -0.031+.033
493.589 9.078+.024 9.112+.026 -0.034+.035

SUMMARY AND FUTURE PLANS

These results leave us with several tasks to perform: 1) obtain more tower
data during better weather conditions (wind speeds <15 km/hr); 2) terrain correct
the gravity data out to 40 km or beyond; 3) continue error analysis and obtain
improved error estimates for analytically continued values; and 4) resolve the
problem at the 571 m elevation so that gravity data can be collected. Previous tests
have shown that RFI disables the galvanometer but has no effect on the reading
line. In addition, mu-metal shielding around the gravimeter should protect it from
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stray magnetic fields. So, either the previous tests are somehow incomplete, or
there is some other yet unknown cause. Once all the above tasks have been
completed to our satisfaction we should be able to present our final results for the
WABG tower and for the topic of tower gravity in general.

I
3 4L 4
3

~ 20 L _

= m

a 0 -

Q M

= -20Q il

| 0

a d

W —-40¢ . B

>

[0

W -60 L | l

&

o =80 | | | |
0 100 200 300 400 500

HEIGHT ABOVE GROUND (METERS)
Fig. 4 Observed minus model results for the two tower
experiments and their associated errors. The boxes are final
WTVD results and the diamonds are preliminary WABG results.
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TORSION BALANCE DEVELOPMENT FOR GRAVITY RESEARCH
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ABSTRACT

The torsion balance, which has proven to be a superb instrument for tests of the equivalence
principle and searches for anomalies in Newtonian gravity, is still far from reaching its full potential
sensitivity. An improved, rotatable torsion balance is being developed at UC Irvine in an attempt to
push the instrument to its full potential. We discuss the performance of this instrument, with
emphasis on several critical features: (1) The design of a highly stable suspended torsion balance
body, which possesses a compositional dipole moment, yet excludes higher order gravitational
moments, and can be trimmed to reduce measured undesired mass multipole moments due to
manufacturing imperfections; (2) A feedback system to make the balance co-rotate with its
housing, so as to minimize inelastic strain of the torsion fiber; (3) Reduction of thermal noise by
maximizing system Q [We currently achieve a Q of 340,000 for a 20 micron bare quartz fiber at
3.6 mHz, corresponding to an amplitude damping time of 1 year. This Q is significantly degraded if
a gold and/or silane coating is applied.}; and (4) Isolation from external electromagnetic, thermal,
and Newtonian gravitational influences. This instrument is to be used initially for an equivalence
principle test, using the sun and earth as a combined acceleration source. The daily and yearly
variation in this combined acceleration affords important constraints on the validity of an observed
signal.
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1. Introduction
1.1 Approaches to an equivalence principle testusing a torsion balance

In all tests of the equivalence principle (EP) using a torsion balance, it is necessary to
modulate the differential acceleration experienced by the test-mass pairs. There are two different
ways in which experiments can modulate this differential acceleration: I) the instrument is fixed to
the earth, with the sun used as an accelerating source while the earth rotates the balance as done by
Dicke! and Braginsky? (fixed earth balance); and II) the earth is used as the accelerating source and
the balance is rotated in the earth's frame as done originally by Eo6tvos and more recently by
Adelberger3 (rotated balance). Fixed earth balances have the advantages that: i) the influence of
the ambient gravitational and magnetic fields is largely constant and much more easily subtracted
from the signals, and ii) the delicate fiber is not stressed by rotating the balance. However, rotating
balances have the advantages that: i) they use the acceleration associated with the earth’s rotation
which is about 2.5 times higher than that towards the sun, and ii) 1/f noise is reduced through a
higher frequency of signal modulation. We plan to operate in a mode that uses both the sun and
the earth as acceleration sources. Using a rotating balance, the accelerations towards the earth and
towards the sun roughly add at night and subtract during the day, so any true signal will have a
daily modulation. Furthermore, the resulting modulation of the horizontal components of
acceleration is a function of the time of year, due to the tilt of the earth's rotasion axis relative to the
ecliptic. This modulated signature of a true signal affords a powerful constraint on the validity of
any observed signal (further detail is described by Newman4).

12 Approaches to a rotating balance scheme

There are two ways a balance can be rotated in the earth’s frame: i) the balance is continually
rotated; or ii) the balance is turned (e.g., 180°) then stopped for data taking (turn/stop mode).
Continuous rotation has the advantage that the fiber is only stressed on startup, but a non-uniformity
in the rotation rate can simulate a signal. The turn/stop mode has the advantage that data are taken
while the balance is at rest, but has the disadvantage that the fiber is stressed as the balance starts
and stops. We plan to use the tum/stop mode, and intend to solve the stress problem by co-rotating
the balance with the housing using a feedback system with a rotating magnetic field to apply the
necessary torque. Another possible method is to make measurements of the torsional period of an
oscillating balance at various orientations of the balance housing, the method pioneered by
Boynton et al5. We use this method to measure the ambient gravitational field gradients.
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1.3 Limits to torsion balance performance

For a torsion balance subject to a dissipative damping torque proportional to velocity, the
thermal limit on the ability to measure a force difference per unit mass, Aa, on test masses may be
written:

Aa,., _ 2k, TxT, /70

vJHz D, 1)

where the composition dipole moment p¢ is the mass dipole moment of one test mass relative to the
torsion axis, ¥ is the torsion constant of the fiber, 1o is the period of the balance, and Q=nt*/1q,
where T* is the amplitude damping time. The parameters of our balance, and our best measured
damping times imply a fiber-imposed thermal limit of Al0ise=10"134 cm/s2 for an observation time
of 107 seconds. Thermal noise associated with gas damping of the balance will be negligible in
comparison with this value for pressures below about 10-6 Pa. Achieving the thermal limit for our
balance parameters requires an angle readout noise less than about 30 nrad/NHz at a frequency of
about 0.3 mHz, which is within the capability of our current optical lever.

2. Experimental apparatus

The experiment is housed in the basement of the physics building at UC Irvine, where for
added thermal and seismic stability, it is installed in 3 meter deep pit, approximately 2m x 2m wide.
The pit is covered by a 0.2m thick styrofoam lid to further attenuate thermal variations. The
balance hangs in a vacuum chamber from a 70 cm long, 20 um diameter quartz fiber which is
connected to a 44 cm long, 0.76 mm diameter phosphor bronze fiber, forming a double pendulum.
Mounted on the upper fiber is a copper disk encased in a cylindrical C-magnet which provides
passive eddy current damping of pendulum modes, while not significantly affecting the torsional
mode. The vacuum chamber is pumped by two 30 I/s and two 8 I/s ion pumps. The entire vacuum
system is suspended by a dual bifilar suspension to minimize the effect of floor tilts. The entire
vacuum housing is rotated by a high precision rotary table, whose angle can be read out by a high
precision encoder. A slip ring assembly makes electrical connection between the rotating frame and
the lab frame. The balance angle is detected by an optical lever, which reflects light off a mirror
on the balance. The light source in the focal plane of the optical lever is the bare 200 um face of an
optical fiber whose other face is illuminated. The vacuum housing near the balance is surrounded
by layers of thermal and magnetic shielding as described later.

3. Balance design

A key feature of our experiment is the design of a highly stable, symmetric torsion balance
which can be trimmed to reduce measured undesired multipole moments. A prototype has been
built and is currently being tested (see figure 1). The balance is made of a cylindrical aluminum
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PETCOV Sergey

body (1.85 cm x 2.39 cm diameter) which
contains 8 through circular holes in which 8 test
masses are press fit. Four test masses are
copper, and four are lead. A shaft (5.2 cm long
x 0.6 cm diameter) with four mirror faces
diamond machined on the top and bottom is
press fit into a through hole in the center of the

Holes to
add trim
masses

body. Sixteen 2 mm holes are drilled into the
body to calculated depths, and small masses can
be placed in these to reduce measured undesired
mass multipole moments. The balance was
designed to have all multipole moments equal to
zero for all £, m through £=4, except for qoo
which is proportional to the mass, and design

. - -cm3
values: q33 0.009 g-cm ’. and aigé?‘?':\sdd Aluminum
q44 = 0.002 g-cm* due to the square mirrors. mirrors body

The mass of the balance is 35 g and its moment
of inertia is 25.1 g-cm2. The measured period
using a 70 cm long 20 pm quartz fiber is

FIG. 1 Torsion Balance

312 seconds. Its composition dipole moment, p¢ is 5.5 g-cm. The test masses account for 56% of
the total mass of the balance. The magnetic moment of the balance has been measured to
26 x 106 erg/gauss, by measuring the angular deflection of the balance in an applied dc magnetic
field.

4.  Co-rotation of the balance and housing using a rotating magnetic field

Our balance will be operated in a mode where the balance housing is rotated to a position and
then stopped for data taking. The process of starting and stopping the balance housing can stress
the delicate fiber, if the balance is initially left behind as rotation of the housing begins. We
minimize the stress problem by causing the balance to co-rotate with the housing using the torque
generated by a rotating magnetic field at the position of the balance. The rotating field is generated
by appropriately phased ac currents in two orthogonal pairs of coils flanking the balance housing.
The rotation frequency of this field is constant, while its magnitude is servoed to an angular error
signal supplied by the optical lever. A typical rotation of the housing involves a period of constant
acceleration, followed by an equal period of constant deceleration. During this process a computer
monitors the value of the optical lever angular error signal and its derivative, and uses this
information along with the known angular acceleration of the balance housing to synthesize the ac
currents in the coils required to maintain the balance in a nearly constant angular position relative to
the rotating housing. Tests of this system have just begun; in a test rotation of the housing by

25 degrees in 500 seconds and using a 50 Hz ac current in the coils, the balance angular position
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remained locked to that of the housing with an rms deviation of approximately 20 prad, and a peak
excursion of less than 100 prad. A potential problem with this scheme is the few nanowatts of heat

generated in the balance, producing a temperature rise of a few microdegrees.

5.  Q-tests

We have made extensive tests of the Q demonstrated by a torsion balance suspended by a
fused quartz fiber, as a function of chamber pressure and coating type. The fibers were obtained
from and are being tested in collaboration with Professor Paul Boynton at the University of
Washington. Fibers of 20 pm diameter were tested in three forms: with no coating, with a silane
coating (which resists the strength-degrading attack on the fiber by water vapor), and with a gold
coating. A simplified 9 g aluminum balance was made with a 5 cm diameter x 0.8 mm thick disk
mounted on a 0.6 cm diameter x 2.5 cm long shaft with two small mirrors. We use an interesting
method to determine the Q-values of our torsion balances. Consider a balance oscillating with a
peak-to-peak amplitude of just over 10 complete revolutions. Towards the peak of an oscillatory
swing, the reflected light beam transits on the optical detector, the balance then reaches its peak and
swings back, causing another transit on the detector, the transit this time being opposite in direction
to the previous one. The short time interval between these two transits is a very sensitive function
of the amplitude of the balance, and a record of several successive transit intervals can be used to
determine the Q. We are able to determine Q's in excess of 3 x 105 to better than one part in 104,
in a total measurement span of just four hours (~ 50 oscillations). Figure 2 shows our Q results for
various fibers vs. pressure. The best Q was for a bare fiber, with a Q of 3.4 x 105 which
corresponds to an amplitude damping time of one year. The effect of gas damping is seen above a
pressure of about 5 x 10-7 Torr. There is also substantial reduction seen in the Q-values with
coatings of either silane or gold. We are continuing experiments with conductive coatings of other
materials with the expectation of finding some which do not cause such a drastic loss in Q.

6. Isolation from external influences

Pressure dependence of torsion balance Q
. . . . 9 gram test balance
6.1 Newtonian gravitational gradients

108 1000
. . . . estimated gas
When rotating a balance in the earth bare fber A ution
. . 108
frame, any gradients in the local 0o T
N o o
gravitational field can couple to 104 slanecoated fber atter bokeout 0 RUN 'L"'e-)
. . In days]
gravitational moments of the balance, ctne coated fbor
.
simulating a signal. Even though the 1o R "
gold coated bare fiber
balance is designed to have nearly
vanishing multipole moments up to qa4, %43 ot P 100 e
manufacturing imperfections will cause Prossura(Tord

some of them to exist. For this reason, it
FIG. 2 Q-Test Results



422

is desirable to reduce gravitational gradients in the vicinity of the balance. This is done by
measuring the background gradients using a deliberately asymmetric balance and rotating the
housing, and then placing masses that cancel these gradients. The torsional period measurement
technique was used to measure the torque on the balance. The lowest order, most troublesome
gradient (dgx/dz, dgy/dz) was nulled to a level of 1.6 x 109 5-2, or 1% of the ambient gradient, by
placing two compensating lead masses, each about 100 kg, about 0.5 m from the balance. These
were positioned to minimize their coupling to the q3; of the balance. The precision with which we
were able to measure torque in this procedure suggests a lower limit on the potential sensitivity of
Aa =4 x 10-1! cm/s2 for an observation time of 107 seconds. However, this is based on a highly
asymmetric balance, limited thermal and magnetic shielding, using a non-conductive fiber, not our
best vacuum, and an unstable clock to make the time measurements.

6.2 Thermal and magnetic shielding

A very effective thermal and magnetic shield has been built and tested, which surrounds the
vacuum housing near the balance. It is composed of 4 layers of alternating Mu-metal, for magnetic
shielding, aluminum and air gap, for thermal shielding. These layers are connected to the housing
and are in the rotating frame, and there is one additional layer in the stationary frame. The rotating
and stationary shield both contain coils for degaussing. The four layer rotating shield was measured
to attenuate temperature differences by a factor of at least 104, and to attenuate magnetic fields
changes by a factor of 100 after degaussing. The stationary shield alone attenuates magnefic fields
changes by a factor of 103 (no significant improvement was seen when degaussing).

7.  Conclusion

We are in the final testing stages of a new rotatable torsion balance, designed in an attempt to
realize the full potential of this remarkably capable type of instrument. With our present apparatus,
an acceleration sensitivity of 10-13 cm/s2 for integration times of 107 seconds appears to be a
reasonable target.
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NO NEW FORCES:
SPIN DEPENDENT EFFECTS IN BUDAPEST AND OTHER PLACES

A. M. Hall, H. Armbruster
Department of Physics, Virginia Commonwealth University
Richmond, VA 23284-2000, USA

ABSTRACT

The spin dependent correlation in the E&tvés data has been
reproduced elsewhere. While the EStvds correlation may be due to
an experimental error, it can no longer be considered an
experimental artifact. If the effect is an experimental error,
that same error exists in other experiments and its origin remains
unknown. It is possible that the effect is not an error and does
in fact represent new physics.
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(I) While a "fifth force" does not appear to exist” at present
experimental sensitivity, the composition dependent E&8tvds data
remain unexplained.

Consider a charge g equal to the mass of a nucleus multiplied
by the intrinsic spin of that nucleus. The total charge Q of a
group of nuclei is then:

Q= ZNMs; (1)
where N is the number of nuclei present, and i is the isotope.
(I1) The EBtvds experiment? expresses its results for two

samples as values of oK. A value of 6Q may also be calculated using

Eq. (1). Figure 1 is a plot of oK vs oQ for the ten samples
measured by Edtvds et al. e e
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(III1) Input data on isotope masses® are not mutually consistent.

Many are mass spectrometer doublet measurements. It is possible to
construct loops of these doublets for which the net mass difference
should be algebraically zero. The measured departure from zero is

called the closure error. The theoretical closure error (including
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the potential effects of the charge gq) can also be calculated for
these loops. Figure 2 is a plot of data taken by Smith® (H through
Ar*%) showing the measured closure error vs the theoretical closure

error calculated using the charge q.

lab b5r data

[ T
H
1
h
H
|
a Y :
;
© :
| '
2 o : o
a 2 - “r []
H h
[s]y] o o
b
g T e
[ o) by o
L . L= IR - =T
2 2 °
3 o o EDT?
kS o
o _,] o o H
o .
h
h
:
)
. -4 T + T
-1 -5 4] 5 1
FIGURE 2 delta Q (q=ms)
(IV) " Typical laboratory balances are either of the triple beam

(a gravitational force compensates the gravitational weight of the
sample), or force restoring type (an electromagnetic force
compensates the gravitational weight of the sample). If the
balances are properly calibrated, the difference in readings between
the balances should be independent of sample composition. A n
experiment was conducted in which a series of samples were made
whose weights were the same to .1g but whose compositions differed.
The composition dependence of the mass measurements could then be
tested by looking at the differential balance signal as a function
of composition. Figure 3 shows this differential signal as a

function of sample composition for Cu (s=1/2) and SiO, (s=0). Other
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elements tested include Al, 2Zn, Sn, In, Bi, and Nb, with results
consistent with the spin dependent charge g and Fig. 3. Possible
error sources tested for and discounted as causative include:
buoyancy effects, electrostatics, magnetic fields, outgassing,
temperature fluctuations, density variations, finite size effects,
balance linearity, and tidal variations.

(V) If these spin-dependent effects can no longer be dismissed
solely as as artifacts of the E&tvos data, they must represent

either a previously overlooked error or new physics.

Balance data (Cu)
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SEARCH FOR ANOMALOUS SPIN-DEPENDENT FORCES WITH A POLARIZED-
MASS TORSION PENDULUM

Rogers C. Ritter
Department of Physics, University of Virginia
Charlottesville, VA 22901, U.S.

ABSTRACT

With special, intrinsically compensated masses having ~1023 polarized electrons, but
having no measurable magnetic moment, it has been possible to investigate the
existence of weak, hypothetical spin-dependent forces. Postulated spin-spin
(pseudoscalar-pseudoscalar) and spin-mass (pseudoscalar-scalar) couplings are tested
with two different versions of a torsion pendulum. Both of these two types of
experiment yield null results, providing limits on the interactions at ranges greater
than about one cm. The spin-spin limit observed is <9 x 1012 of the strength of the
interaction due to the magnetic moments of a like number of polarized, but
uncompensated electrons. A limit on the spin-mass dimensionless coupling constant
is found to be gsgp/hc < 5 x 10-27. This is a new limit on this axionic coupling in the
interaction range of 1 to 100 cm.
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1. INTRODUCTION

Violation of the principle of équivalence by anomalous spin-dependence is
much less tested than violation by composition dependence. There is, nevertheless, a
history of its consideration at least from Cartan?) to the present. Classically, one could
motivate such studies by consideration of the Poincare' Group and its invariants?).
The only invariants are mass and spin (helicity if mass=0). One could consider the
mass-mass interaction as the usual gravitation. Hypothetical G(r) and composition-
dependent forces could also be in this category. Long range (Yukawa) spin-spin and
mass-spin interactions can be postulated as well, and these are the cases we study here.
In 1984 Moody and Wilczek?) set forth a framework specifically considering
anomalous spin-dependence associated with interactions between two fermions.
Their motivation was the detection of the invisible axion, which would mediate the
interaction. Three types of potentials emerge, somewhat in analogy with the above
three classical cases. The virtual axion has vertices which are pseudoscalar at an
interacting polarized particle and scalar at an unpolarized particle. The three
potentials can be written,
VM = (g lg2fhc)e /A, e
VD = (gogp/he)(h2/8mimp) & r (1/Ar + 1/r2)e-17A, ()
and
VT = (gplgp2/he)(h3/mplmp2)[(1/Ar2 + 1/r3) o1 - o2
- (1/A2r + 3/Ar2 + 3/3)(c1 - 1) 02 - 7). (3)
Here, VM, VD  and VT are analogous to the mass-mass, mass-spin, and spin-spin
forces. gsand gp are the scalar and pseudoscalar coupling constants, 4 is the range of
the interaction and my is the mass of the polarized particle.
A torsion pendulum has been set up in two arrangements to probe (2) and (3).
The earlier spin-spin experiment4 used four cylindrical spin masses with polarization
in the vertical direction. The spins of the "attracting masses" external to the vacuum
chamber were alternately set to be parallel, and then antiparallel to spins of the
"detecting masses" on the torsion beam, as shown schematically in Fig. (1a). To first
order in Eq. (3) the terms 61 - r and 62 - r are zero, and the o1 - 62 term changes sign with
the change from parallel to antiparallel. The sought-for signal is a change in the
pendulum period, or frequency, with this reversal.
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1a) Spin-Spin 1b) Mass-Spin

Fiber Fiber
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Figure 1. Schematic diagram of spin arrangements for the two experiments.
Dashed arrows show the reversed directions of o.

In the mass-spin experiment) the masses on the torsion beam are unpolarized
copper, containing ~ 1025 interacting nucleons, and the attracting spin masses have
their spins horizontal, as shown in Fig. (1b). The expected signal in this case would be
the pendulum frequency change which occurs as the spins are reversed in direction
relative to the copper masses, which reverses the sign of 6- rin Eq. (2). Here we will
consider the earlier spin-spin experiment briefly, and the mass-spin experiment in
more detail.

II. THE SPIN-SPIN EXPERIMENT

The primary characteristic of these experiments are the spin masses, of DygFez3,
a “"compensating material" in which the intrinsic spin of the electrons is polarized in
one direction and the orbital spin opposing at room temperature, so that there is only a
small magnetic moment left. The material is well-modelled by two opposing
Brillouin functions, having different temperature dependence, so a key feature is the
resulting temperature dependence of the magnetic moment of the compound. From
temperature dependence of the field on the end surface of the constructed masses, a
slope is determined, which can be compared with the model and with measurements
made on single crystals of the material. The comparison shows that the material is
75% polarized, and from the g-factor, the number of polarized electrons determined?).

Major features of both experiments are similar, and details can be found in 4)
and 5). Inboth cases experimental runs consisted of two halves, each about 3 hours in
duration. In each half-run the pendulum period of about 711 s was measured to a few
ppm by the centroid of the power spectrum®), which also contained many diagnostic
features. The frequency differences for each run pair form the raw data. In the spin-
spin experiment, the geometry was such that a complex series of studies was needed to
determine the limits on systematic errors, which were separated into four categories.

After all corrections and error assessment a limit was assigned for the frequency
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shift which corresponds to a limit on the dimensionless coupling constants of
(gplgpz/hc) < 1.5 x 10-12 for interaction ranges greater than 2 cm. This is to be compared
with a recent Ni result?), about 6 times lower, over the same range. A limit of 1.4 x
10-15 was found by Bobrakov et al8) using the magnetism induced in a sample by the
axionic (or "arionic") coupling. The range and calibration details for this experiment
were not given. In 1979 Ramsey?) analyzed the tensor force between two protons at
ranges >> than nuclear distances but still small by macroscopic scales. This yielded a
limit for the dimensionless coupling constants of an interaction between two protons
of about 10-4. The previously discussed limits were for electrons.

3. THE MASS-SPIN EXPERIMENT

The mass-spin experiment consisted of four separate run series, each of about
two months duration. Two of the series were as depicted in Fig. (1b), but two others
had the spin of one of the masses reversed, so that the signs of 6 - r were opposite for
the two interacting mass pairs at the two ends of the torsion beam. These special runs
should give null results, and therefore served as diagnostic methods for geometric
imperfections. In addition, in one of the regular run series, and in one of the null run
series the positions of the attracting masses were exchanged, to give further
information on the geometric errors. The standard runs should be symmetric under
this interchange, while the null runs should be antisymmetric.

Fig. (1b) suggests that the experiment can have systematic error from an offset
along the axis of the center of mass of the attracting spin-masses. In a subsidiary
experiment we measured this offset with a leveraged balance arrangement shown in
Fig. (2). This result accounts to within 0.010 pHz for a measured 5¢ frequency
difference of -0.160 Hz in the raw data for the main runs.

Stop  Light weight

Analyf'cal Balance M=138.6 gn//beam (balsa)

I 7 1
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:jf% Y w=wMmg T s

X y

Figure 2. Measurement of center of mass axial offset
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The statistical uncertainty of the main runs is determined to be 0.022 pHz, based
on approximately 70 run pairs from each of the four series. Including 9 other
uncertainties), an overall error of 0.047 uHz is assigned, at the 1-c level. The signal is
then |Af | < (-0.010% 0.047) pHz, or a limit Af < 0.060 uHz. When this is put into Eq.
(2) with the geometry5), the dimensionless limit is found: gsgp/hc < 5 x 10-27 for A>3
cm. Weinland et all0) used trapped 9Be ions in an NMR experiment with the Earth as
a source mass, and found an asymptotic (long range) dimensionless limit of 3 x 1033,
referring to the neutrons in the 9Be interacting with the Earth. Venema et alll) used
trapped 199Hg and 201Hg ions interacting with the Earth to raise the sensitivity about a
factor of six, again referred to the neutrons in the sample. Since the Earth was the
source for these NMR experiments, there is a substantial decrease in sensitivity as A
decreases. Adelberger!?) models this case with a spherical source. Under these
assumptions the limits on the coupling constants set by the atomic experiments rise
above the present torsion pendulum result for ranges greater than about 1 m.

Turner!3) and Raffelt!4) have reviewed the axion existence from astrophysical
arguments involving stellar evolution. With an inflationary universe, a window of
untested limits exists for axion masses in the range 10 to 10-3 eV, corresponding to a
range 4 of 0.02 to 20 cm. A search for the heavier axion would require measurements
such as that by Ramsey? or others, with 1 well below one cm.

Colleagues in these experiments are L.I. Winkler, G.T. Gillies, W.-T. Ni, C. Goldblum
and C. Speake.
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CONSTANT OF GRAVITY AND COMPOSITION-DEPENDENT
INVERSE SQUARE LAW TEST ON STEP

Ho Jung Paik
Department of Physics and Center for Superconductivity Research
University of Maryland, College Park, MD 20742, USA

ABSTRACT

STEP will carry a dedicated superconducting gravity gradiometer system to
determine G to 10 and to test the 1/r? law at cm ranges to 10, both two orders of
magnitude improvement over the ground-based experiments. The instrument will consist of
two concentric pairs of test masses, which form two independent gradiometers. A pair of
source masses, moving along the center axis, will generate gravity signals for both
experiments. By making the inner and outer test masses out of different materials and
comparing the corresponding test results, composition dependence of the new force will be
examined.

Metrology and calibration of the gradiometers are the most important error sources.
In order to ensure density homogeneities to better than one part in 10% the test masses will
be made out of single-crystal dielectric materials. Optical measurement techniques will be
employed to determine the shapes to one part in 10°. The gravity gradient signal from the
Earth will be used to calibrate the gradiometers absolutely to the required accuracy.
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L Introduction

The gravitational constant (G) is the oldest known constant in nature, defined in
Newton’s Universal Law of Gravitation three hundred years ago. The attempt to determine
G has become the cornerstone of modern precision experiments. Nevertheless, two
hundred years of dedicated efforts on the part of first-rate experimenters, since Cavendish
"weighed the Earth" using a torsion balance in 1798,” has improved the value of G by only
a factor of 100, with the uncertainty still standing at about 1 part in 10,

The difficulty in improving the value of G arises fundamentally from the weakness of
gravitational coupling. However, modern space technology, coupled with the exquisitely
sensitive STEP accelerometers, gives us an opportunity to improve the value of G by two
orders of magnitude to 1 part in 10° a feat representing two hundred years of progress, if
extrapolated linearly from the history of the G experiments!

Closely related with the measurement of G is the Inverse Square Law (1/r°) nature
of gravity. If the 1/r? law should be violated, G might not be a universal constant, or at
least it should be redefined. STEP will also investigate the distance dependence of the
gravitational force at short range, improving the limit on @ also by two orders of magnitude,
to 10° at A = 1 cm, where « and A represent the dimensionless coupling constant and the
range of the Yukawa potential superposed with the Newtonian term. Terrestrial torsion-
balance experiments have obtained an upper limit of 2 x 10 for a at the same range.>*

In order to perform these experiments, STEP will carry a dedicated gradiometer
system composed of two concentric pairs of accelerometers. The two gradiometers will be
made of different materials for a composition-dependent test of the 1/r% law. This
gradiometer system will also allow high-resolution mapping of the Earth’s gravity.

The density inhomogeneity of materials and metrology errors limit the ultimate

precision of short-range gravity experiments. Single crystals of dielectric materials can be
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grown with density homogeneity as high as 1 part in 10%. For simple shapes with
dimensions of centimeters, standard metrology would determine the shapes to 10°. For
transparent materials, this error could be reduced to 10°® or better by using optical
measurement techniques. We set 10 as a common goal for the G and 1/1* experiments.

In addition to the metrology requirements, the G experiment requires an absolute
calibration of the accelerometers to the accuracy desired for G. In the experiment by
Luther and Towler”, which yielded the presently accepted value of G, gravitational
acceleration was calibrated by measuring the resulting increase in the resonance frequency
of the torsion fiber. They report, however, that the measurement of this frequency shift was
their dominant error source and is one the most difficult to improve.

In space, one finds an elegant solution for acceleration calibration. Modernsatellite
geodesy has advanced the knowledge of the Earth’s gravity to the point of measuring the
geocentric gravitational constant, GMg, to 10°. The Global Positioning System (GPS) can
determine the geocentric position of the spacecraft to 10%. These can be combined, along
with the improved gravity model of the Earth from the STEP geodesy co-experiment, to

calibrate the gradiometers to the required accuracy of 10°°,

1L Principles of the Experiments

Figure 1 illustrates the principle of the STEP G and 1/r* experiments. A differential
accelerometer is formed by two identical cylindrically symmetric test masses separated by
about 0.75 m along their common axis. These act as a gradiometer sensitive to the gradient
of the horizontal component of the Earth’s gravitational field. The orbit frequency or the
second harmonic gradient of the Earth is used to calibrate the gradiometer. In addition to
enabling the absolute calibration of the scale factors, the gradiometer configuration

improves the resolution by 10* by rejecting the spacecraft acceleration by the same factor.
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Fig. 1 Principle of the G and 1/r*

experiment. The altitude variation
of the spacecraft produces a time-
varying gravity gradient force from
the Earth, Fg, on each test mass.
This signal is used to calibrate the
gradiometer accurately. The source
masses (M) moving along the
symmetry axis exert a time-varying
gravitational force Fy, on each test
mass. The absolute value of Fis
used to measure G. Its dependence
on the source position is used to test
the 1/r? law.

Fig. 2 Cut-away view of one half of the G and 1/r? apparatus. The other half of the

apparatus, 75 cm away along the symmetry axis (not shown), contains a mirror image
of the instruments shown here. The inner test masses on the two ends form a
gradiometer. The outer test masses form a separate gradiometer. The source
masses are constrained to move along the symmetry axis by magnetic bearings.
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To measure G and to test the 1/r? law, two identical source masses are accurately
moved through each test mass along the common axis at a frequency of 3 x 10 Hz. The
movements are in antiphase to eliminate the net linear and angular momentum of the
source motion, and to add the gravity signals at the gradiometer. The maximum differential
signal occurs when the source masses are near the ends of the test masses. The source
position is modulated between these points and the resulting acceleration signal is used to
compute G. The 1/ ;,2 test is made by measuring the differential acceleration as a function
of the source mass position.

The cylindrical symmetry employed in the experiment reduces several important
metrology errors. By constraining each source mass to move along the symmetry axis of the
cylindrical test mass and by using the maximum signal, the gravity error arising from the
uncertainty in the position of the source mass relative to the test mass becomes second
order, both in the axial and radial directions. In order to perform a near-null test of the
1/r% law, a particular shape is chosen for the test masses. According to Newton’s law, the
gravitational field vanishes everywhere inside an infinitely long cylindrical shell. In the test
mass, a ring is added on each end of the short cylinder to correct for the missing mass and
and create a small region where the Newtonian field almost vanishes (Fig. 2). This near-
null geometry greatly reduces the scale factor linearity requirement.

In order to provide redundancy and valuable cross checks for the G, 1/r* and
geodesy experiments, a double gradiometer configuration is used. In the design, each test
mass in Fig. 1 is replaced by two concentric test masses (Fig. 2). The inner and the outer
test mass pairs form two separate gradiometers. Cross checks are essential for credibility of
such drastically improved, new scientific results as we are seehing in STEP. Further, by
constructing the two gradiometers with different materials, the composition dependence of

the new force can be examined.
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III. Hardware Description

The gradiometer system is composed of two identical instrument packages separated
over 75 cm along the axis normal to the orbit plane, as shown in Fig. 1. Figure 2 shows a
cut-away view of one of these packages. The source mass is made out of platinum-10%
iridium alloy (density of 21.6 g cm™) and is driven along the symmetry axis to produce time-
varying gravity signals. The inner and outer test masses are made out of single-crystal BGO
(Bi,Ge,0,,, density 7.1 g cm™) and single-crystal sapphire (Al,0,, density 4.0 g cm™),
respectively. These crystals are transparent and their average atomic numbers are well
separated for a composition-dependence test. A single-crystal lead floride (PbF,, density
8.2 g cm™) is another candidate for the inner test mass material.

The source mass is a circular cylinder with a hole through the center to
accommodate a threaded rod for caging. Each source mass weighs 93.6 g and its
dimensions are chosen to make all of its quadrupole moments vanish. It is levitated and
driven magnetically. The axial position of the source mass is sensed electrostatically. The
required position resolution is 0.01 #m for a small +2 mm range from the center and 1 um
for the full range of +6 cm.

There are four test masses in the system. Two inner masses are connected together
and to two SQUIDs (Superconducting QUantum Interference Device)s by a standard
superconducting differencing circuit to form a gradiometer.” The two SQUIDs measure
the common and differential accelerations, simultaneously. The outer masses form a
separate gradiometer. The inner and outer test masses weigh 301 and 334 g, respectively.
Since these gradiometers will also be used to obtain geodesy data with a bandwidth from
near dc to about 0.02 Hz, we keep the axial differential-mode frequencies above the signal
bandwidth, at around 0.1 Hz.

The levitation, sensing, and mode damping schemes for the G gradiometers are
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similar to those for the Equivalence Principle (EP) accelerometers. In order to make the
test mass a one-dimensional system and thus minimize coupling between the axial and
radial degrees of freedom, the radial springs are much stiffer than the axial spring.
Efficient electromagnetic shielding is extremely important to prevent a direct cross
talk between the source and detector circuits. The ability of superconductors to perfectly
screen electromagnetic fields allows us to achieve the requisite high degree of isolation

between the circuits.

IV.  Instrument Noise and Experimental Resolutions

The intrinsic noise of a superconducting accelerometer deteriorates at low
frequencies due to the 1/f noise of the SQUID. On the other hand, the spacecraft
acceleration noise improves as the frequency is lowered toward 10 Hz since the drag-free
controller is optimized for the EP signal frequency. Therefore, there is an optimum signal
frequency one can choose for the G and 1/r? experiments, which is about 0.003 Hz. The
intrinsic noise of the STEP gradiometers at this frequency is found to be 3.0 x 10™ m s?
HzV2 In order to take full advantage of this low intrinsic noise level, we require that all
other disturbances be kept below this level.

The Newtonian accelerations that the near source mass exerts on the inner and outer
test masses are plotted in Fig. 3(a) as a function of the source position. The far source
mass exerts an acceleration about 10° times smaller, which can easily be corrected for. As
the two test masses in each gradiometer experience equal and opposite accelerations, the
peak signals on the inner and outer gradiometers are 5.8 x 10° and 3.0 x 10° m s?,
respectively, twice the values given in Fig. 3(a).

Since one is interested only in the peak-to-peak amplitudes, ideally one would like to

apply a square-wave modulation to the source position. A practical substitute would be a
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truncated triangle-wave modulation with the corners smoothed. If the source mass spends
roughly half of the time making measurements at the two maximum positions, then the
gradiometers can resolve the signals to better than 3 x 107 in only 10* s.

Figure 3(b) expands the central region of Fig. 3(a), within +2 mm of the center, and
also shows the Yukawa components corresponding toa = 10> and A = 2 cm. The test
mass dimensions have been adjusted to make the Newtonian components oscillate about
zero as the source is moved back and forth. Therefore, by modulating the source position
between two carefully selected points, the Newtonian signals can be averaged out, while the
Yukawa components are detected at the modulation frequency. Figure 3(b) shows that the
Newtonian signals must be averaged to 3 x 10* in order to resolve & to 10%,

The strength of 1/r? violation depends on A. For the source-detector geometry
chosen, the Yukawa force becomes a maximum when A is approximately 2 cm. According
to Fig. 3(b), the amplitudes of the differential Yukawa signals for A = 2 cm are 7.0 x 10"
@ and 4.0 x 10" « ms%, respectively, for the inner and outer gradiometers. Assuming an
integration time of 10° s, « can then be resolved to 5 x 107 and 7 x 1077, respectively. For
different values of A, the resolution of @ deteriorates.

The a-A plot for the STEP 1/r? experiment is shown in Fig. 4, along with the existing
limits. Also shown in the figure is the resolution of the 1/r* law at A ~ 300 km which
would result from the analysis of the orbit fundamental and second harmonic components
of the Earth’s gravity in the geodesy co-experiment.

The G and 1/r results obtained with the two gradiometers can be compared to
check the composition dependence of the new force. In the absence of any composition
dependence, the measurements by the two gradiometers must agree within the experimental
error. On the other hand, a disagreement implies existence of a composition-dependent

1/r? law violating force.
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V. Absolute Calibration of the Gradiometers

The gradiometers must be calibrated absolutely to at least 1 part in 10° at the G
signal level. Various options have been investigated. The best option appears to be the
use of the Earth’s gravity gradient as the calibration signal.

The STEP spacecraft will be in a near circular polar orbit at a nominal altitude of
550 km, with residual eccentricity of about 10, The sensitive axes of the gradiometers are
aligned perpendicular to the orbit plane. The resulting variation in the radial position of
the spacecraft, AR = +7 km, will generate an orbit frequency component of the Earth’s
gradient, AT ~ 4 E, where 1 E = 10° m s? m™. The Earth’s quadrupole moment will
contribute a second harmonic component of comparable amplitude. These acceleration
levels coincide with the levels of the G signals and eliminate calibration errors that could
result from nonlinearity of the scale factors.

The calibration signal is contaminated by the errors in the higher harmonic
coefficients of the Earth’s gravity. Fortunately, the gravity model will be improved by STEP
by more than two orders of magnitude. A simulation has confirmed that calibration to 1

part in 10° is indeed feasible.

VI.  Disturbance Control Requirements

The linear and angular motions of the spacecraft couple to the gradiometers through
misalignment of the sensitive axes. With the common-mode rejection to 10, the basic
drag-free and attitude control of the STEP spacecraft satisfies the linear and angular
acceleration requirements.

Angular motion of the spacecraft can also produce errors through modulation of the

Earth’s gravity gradient and centrifugal acceleration. Fortunately, both of these become
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second-order effects due to the orientation chosen for the STEP gradiometers, the inertial
orientation with their sensitive axes horizontal. The reduced pointing and pointing stability
requirements are satisfied by the attitude control of the spacecraft.

The energetic charged particles, which is one of the most important error sources for
the EP experiment, cause significantly less disturbance for the G and 1/r* experiments.
However, the helium tide is a potentially critical error source.

A horizontal component of the helium tide at the orbit fundamental and second
harmonic can contaminate the absolute calibration of the gradiometers. In the worst case,
the helium tide could produce an error an order of magnitude greater than allowed for the
10°° calibration. The source masses also pull the helium around, but the effect is negligible
due to the smallness of the masses and the symmetry of their motion.

There is a simple solution to the helium problem: Conduct the calibration and the G
experiment half way into the mission, at the time when the inner helium tank is full and the

outer tank is empty. This will eliminate any chance of a helium tide.
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Abstract

The aim of the STEP Spin-Coupling Experiment (SCE) is to make use of the low-noise, ze-
ro -g environment on the STEP spacecraft to search for a new interaction between quantum-
mechanical spin and matter. STEP (the Satellite Test of the Equivalence Principle) is a pro-
posed ESA M2 mission to test the Weak Equivalence Principle in a drag-free spacecraft in
low-Earth orbit. If approved, the mission would be launched in 2001, and would last a nominal
six months. The essence of the STEP mission is to detect any change in the rate of fall of dif-
ferent materials in the Earth gravity field. Superconducting differential accelerometers utilizing
SQUID position sensors are at the heart of the instrument.

We present a design of a spin-coupling experiment which shows that a sensitivity of gyg,
(spin-coupling constants) of 1073 at a range of 1 mm is feasible. This represents a seven
order of magnitude improvement over ground-based measurements. The experiment consists of
a superconducting differential accelerometer driven by a polarizable source. Superconducting
shielding is used to screen the source from the accelerometer to eliminate electromagnetic forces.

We are currently investigating ways of increasing the sensitivity of the experiment by two
orders of magnitude. If this can be achieved, the sensitivity will be in the regime required to
place new limits on the constants which describe the spin-coupling interaction of the axion.
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Introduction

Axions or axion-like particles have scalar and pseudoscalar couplings to matter; they couple
both to a “monopole charge” and to a magnetic-like “dipole charge”. Only spin-polarized bodies
would possess a macroscopic charge of the dipole type. Axion exchange results in monopole-
monopole, monopole-dipole and dipole-dipole forces. Moody and Wilczek (1984) have argued
that the monopole-dipole forces are the easiest to detect. They postulate a finite range ()
interaction of the form

Ve =00 (4 &) exlr/) 0

8wm, Ar

where g, and g, are dimensionless coupling constants referring to the scalar and pseudo scalar
vertices, m, is the mass of the fermion within the polarised source (the electron) and 7 is the
unit position vector of the nucleon relative to the fermion. The axion interaction is described
by two quantities; a spontaneous symmetry-breaking energy scale, F, and the magnitude of CP
violation suppression, §. One property of the axion is that its mass is related to the energy
scale F as

m, =~ 10~%eV(10'2GeV/ F) (2)

Alternatively, the range of the axion-mediated interaction is given as
A~ 2 cm(F/102GeV) (3)
Moody and Wilczek’s theory leads to

Gods = % x 6x107% (4)
with A in metres.

There are well accepted limits to the range which suggests that 0.2 mm < A < 20 cm (these
limits are discussed in Kolb and Turner, 1990). Constraints on the value of 8 are derived from
the electric dipole moment of the neutron which is limited to a maximum value of 5 x 10~2°
e cm (Pendlebury et al.,, 1984 ). Values of 8 are model dependent with a2 maximum of about
10~# but the majority of models give an upper limit of 10~°. There have been some attempts
at deriving a theoretical value for 8, notably Wilczek estimates its value as 1074. In practice
it is difficult to examine ranges as small as 0.2 mm so, if we restrict ourselves to a minimum
range of 1 mm, we see that the maximum value that can be expected for the product of the
coupling constants is

959, = 6 x 107%° (5)

This is a fairly new area of experimentation and there are, as yet, only a handful of results
for the limits on the product of g,g,. Experimental results up to the end of 1990 are described
in the comprehensive review of Adelberger et al. (1991). More recently Venema et al. (1992)
employed NMR techniques with mercury atoms to establish an upper limit of 7 x 10735 for an
interaction with a range of 10° m. Ritter et al. (1993) performed a torsion balance experiment
and have placed an upper limit on. g,g, of 5 x 10~27 for ranges larger than 10 cm. One would
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expect a short range test using NMR techniques to be done in the near future with a sensitivity
of about 1072% at 10 cm. It appears then that no experiments have yet approached the sensitivity
required to place restrictions on axion theory.

We now present a design of a spin coupling experiment, as part of the STEP payload, which
shows that a sensitivity of g,g, of 6 x 1073* at a range of 1 mm is feasible. This represents
a seven order of magnitude improvement over the existing ground-based measurements but is
two orders of magnitude away from being competitive with the constraints on 6 derived from

measurements of the electric dipole moment of the neutron.

Experiment design

Moody and Wilczek (1984) proposed an experiment which used a source of high magnetic
permeability which could be polarized with a solenoid. A sapphire crystal placed close to the
source would then resonantly detect a spin-coupled stress due to the modulation at acoustic
frequencies of the spin directions within the source. Moody and Wilczek proposed to use
superconducting shielding to eliminate magnetic forces on the crystal due to the leakage of
magnetic field from the source. The STEP experiment has adopted this basic experimental
arrangement. However, we intend to replace the crystal with a superconducting differential
accelerometer. The differential accelerometers will work at a much lower frequency than the
sapphire and this will not only improve sensitivity but will also enable us to use commercially
available high permeability materials which cannot be polarized at acoustic frequencies. If we
have a polarized source with an electron spin density of p, and a test mass of nucleon density

pn, then we can use Eq. 1 to calculate the spin-coupled force between them as

0 dI
fa= 3 X 7% 10_Glp,p;\rj£ (mks) (6)

where I is the integral from Eq. 1

=g [ [en (i) e () man g
In designing the experiment, we must consider the geometry of the monopole-dipole field, and
configure the three dimensional sources and test masses to provide the largest signal. We have
considered possible designs where the test mass and source were cylindrically symmetric and
coaxial and where the spin alignment axis was parallel to the axis of the cylinders. For these
coaxial geometries, an expression for dI /dz was derived which reduced the six-order integration
to a single numerical integration and this was used to optimise the acceleration signal. As the
dimensions of the source and test mass, and the gap between them, are reduced, the acceleration
increases because the axion coupling constants vary as 1/A2. However, as the size of the test
mass becomes smaller, many experimental problems arise. At present, we believe that the
smallest range which can be designed for is around 1 mm.
Figure 1 shows the design of the instrument. We employ 16 square-section toroidal po-
larizable sources which are each coated with superconductor. On the inside of the source

assembly, there is a test mass comprising 16 annuli mounted on a former which is supported
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Figure 2: Putative spin coupling acceleratior: as a function of range for the exact experimental
geometry. The lower and upper curves represent accelerations, calculated analytically, which would
be expected from an axion spin coupling with values of§ 0f10~° and 10~7, respectively. The diamonds
are values calculated using numerical integrations.

by a superconducting bearing. A similar composite test mass encloses the source, and the test
mass pair forms a differential ‘accelerometer. The upper part of the picture shows a close-up
of one of the annulus/test mass pairs. The annuli and support tubes are manufactured from
platinum-iridium alloy and titanium, respectively. The tubes are completely coated with nio-
bium. Titanium and platinum alloy are chosen because they optimise the ratio of useful test
mass (material within the spin coupling field) to the total mass of the test mass assemblies.
The titanium and platinum have similer integrated thermal expansion coefficients. Supercon-
ducting wires provide current to the sources and a net polarization of spins is created within
the sources close to the test mass annuli. The annuli in each of the inner and outer test mass
assemblies will then experience a force along the axis of the superconducting bearing; but in
opposite directions. The ensuing differential motion is detected by the SQUIDs via two pairs
of pancake coils which face the end flanges of the test mass assemblies. The inductance of
the coil versus the test mass displacement was calculated numerically (Sumner, 1987), from
which we can calculate the acceleration sensitivity of the accelerometer. If the period of the
differential mode of the accelerometer is around 500 s, then we obtain an acceleration noise of
107" m s‘l/\/ﬂ. This noise level is limited by the thermal Brownian motion noise.

Active dynamical charge control is achieved by applying appropriate voltages to capacitor
plates.

In order to discuss the magnitudes of potential noise sources, we will focus on a nominal
noise level goal of 4 x 10°'® m/s?. This corresponds to a sensitivity to the coupling constant
product of 6 x 1073* or a value of 10~7 for 4. Figure 2 shows a plot of the putative spin coupling
acceleration signal as a function of range. We see that, if the axion were to have a range of

1 mm, then we might expect to see an acceleration of 4 x 1072 m s™2 (4 x 107%! g).
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The polarizable source

For a high permeability ferromagnetic material, such as iron, the electronic spin density giving

rise to the magnetisation is given by

Ps = int/(”BI‘o) (8)

where pp = eh/2m, is the Bohr magneton.

For Cryoperm 10 (a product of Vacuumschmeltze), Bi,, reaches a saturation value of 0.8 T
at a magnetic intensity of 8 A/m and the internal field reaches 75% of its saturation value at
an intensity of about 2 A/m. The maximum value of the current turns product for each source

is about 0.2 Amp-turns.

Disturbances

The spin coupling experiment is subject to the disturbances common to all the STEP experi-
ments (ESA/NASA, 1993), plus a few which are unique to this experiment.

The largest source of random noise will be the residual acceleration of the spacecraft.
At a frequency of 2 x 1073 Hz, the acceleration noise of the spacecraft will be about 4 x
107" m s72/+/Hz. If the common mode rejection ratio of the differential accelerometer is 10%,
then this residual spacecraft acceleration should limit the experiment to the nominal accelera-
tion sensitivity of 4 x 107!® m s=2 after about 10° s. Notice that this residual acceleration is
about three orders of magnitude lower than that found in the quietest terrestrial laboratories.

The background spacecraft displacement will produce a background random noise acceler-
ation due to common-mode motion of the test masses relative to trapped flux elements and
patch effect fields. At the signal frequency of 2 x 1073 Hz, the spacecraft displacement noise

10 m after averaging for 5 x 10° s. We note, however, that the

will be approximately 3 x 10~
residual rms SQUID noise after a similar integration time, will be 107'* m. Thus, in principle,
we can extract the forces due to spacecraft displacement by cross-correlating the differential
acceleration output with the large common mode signal.

A more fundamental noise source comes from fluctuations in any damping forces of thermal
origin. Damping due to the residual gas pressure, p ~ 107! Torr (1.3 x 10~° Pa) gives, after
5% 10° s of integration, a sensitivity limit of 8 x 107!° m/s? which is below the target sensitivity.
The @ of the differential mode must be at least 2 x 10°. We believe this is feasible.

Leakage of magnetic field from the source will exert forces on the test masses. The geometry
has been carefully chosen such that the magnetic flux path is closed, thus reducing the leakage
to about 1075 T. A (superconducting) lead coating of 0.1 mm isolates each individual source
from its neighbour and from the test mass. Aditional shielding will be provided by niobium
sheaths, 125 pm thick and separated from the sources by 0.1 mm, which will be mounted
independently of the source assembly. It is well established that superconducting shielding can
attenuate time dependent magnetic fields by factors of 10" (Vitale et al., 1989).

There will be a fractional change of about 2.5 x 1075 in the dimensions of each source

associated with the magnetisation modulation due to magnetostriction. Any flux which is
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trapped on the surfaces of the sources will be displaced by the magnetostriction. The niobium
sheaths will prevent this motion from producing spurious forces on the test mass.

The changes in length of the source structure will also create a differential gravitational
acceleration of about 107'¢ m s~2. This is a factor of 25 times larger than our nominal signal
but should not present any difficulties because it occurs at the second harmonic.
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Abstract

Present limits on the coupling strength of a long-range pseudoscalar interaction are many
orders of magnitude weaker than for scalar or vector interactions, even though all are ob-
tained using similar experimental techniques. Here we explore the reasons for the natural
suppression of pseudoscalar forces, and propose a new mechanism which may circumvent
this suppression and thereby lead to significantly improved laboratory limits.
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1 Introduction

Within the past decade, a significant and successful experimental effort has led to very strin-
gent constraints on new forces mediated by light scalar or vector bosons [1-3]). For such
interactions the present constraint on the dimensionless coupling constant f2 /47 is approxi-
mately 107#! if the range of the force is ~ 1 m. [1]. However, a similar effort utilizing many of
the same experimental techniques has been much less successful in constraining pseudoscalar
interactions [4-6]. In this case, the constraint on the analogous coupling constant for such
a coupling to electrons is of order 107!2 {5, 6], some 29 orders of magnitude smaller than
for the corresponding scalar interactions. The laboratory limits on couplings to nucleons
are weaker still. We will begin by showing why these constraints are so much weaker than
their scalar counterparts, and then suggest ways to circumvent this problem. Finally we
will propose a new mechanism arising from a higher-order 3-body interaction which may
overcome these suppression effects, and which may allow the use of Eotvos-type experiments

involving unpolarized bodies to put new tighter constraints on pseudoscalar forces.

2 Suppression of Pseudoscalar Limits

The simplest interaction of a pseudoscalar field ¢ with a fermion % has the form
L= —igpys, (1)

where g is a dimensionless coupling constant (& = ¢ = 1) . The lowest order potential
obtained from this interaction arises from the exchange of a single massless pseudoscalar
boson (Fig. 1), and leads to the following expression for the potential energy between two

identical point particles:

Vps(r) = % (_1__)2 [3(51 F)(G2T)—G1- 5 . @

2mr r

Here m is the mass, &,,; the spins, and ¥ = 7, — 7 is the separation of the fermions. The
form of this potential can be contrasted with the more familiar one-boson-exchange potential

arising from the exchange of a massless scalar field

-1
Vs = ype (3)
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Figure 1: One-boson exchange diagram.

resulting from an interaction of the form

where f is the dimensionless coupling strength for the scalar field.

We notice two significant differences between the scalar and pseudoscalar potentials.
First, the pseudoscalar interaction is spin-dependent, and hence experiments searching for
its effects must use polarized matter. This introduces severe technical difficulties, since
the pseudoscalar interaction then must compete with the relatively strong magnetic dipole
interaction whose potential has the samefunctionalformas Eq. (2). However, these problems
may be minimized by using materials such as DygFe,3 in which the magnetic moments arising
from the spin and orbital angular momenta cancel.

The second important difference between the pseudoscalar and scalar interactions is that
the pseudoscalar potential is suppressed by a factor of (1/2mr)? relative to the scalar po-
tential. For example, if the fermions exchanging bosons are electrons, and their separation

is 1 meter (the scale of the spin-dependent experiments), then

VVL: ~ (%)2 (ﬁ)z ~ (%)2 x 1072, (5)
Thus, if the coupling strengths of the two interactions are equal (f = g), the pseudoscalar
force will still be 26 orders of magnitude weaker than the scalar force! In other words, the limit
on the pseudoscalar coupling g will be 26 orders of magnitude poorer than for the scalar
coupling constant f using experiments with similar intrinsic sensitivity. This suppression

has its origin in parity conservation: While a scalar boson is emitted by a fermion in an

s-state, the pseudoscalar boson must be emitted in a p-state to conserve parity, and this



458

Figure 2: Two-boson exchange diagrams.

introduces an angular momentum suppression factor. Therefore, if one is to obtain limitson
f comparable to g, the sensitivity of the spin experiments must be increased by at least 26

orders of magnitude, a challenge that will not likely be met in the near future.

3 Overcoming Suppression Effects

3.1 2-Boson Exchange Mechanism

Any hope of setting better limits involves finding a mechanism which will overcome these
suppression effects. One alternative would be to look at higher order potentials. For example,
the pseudoscalar potential arising from the exchange of two pseudoscalar bosons (Fig. 2)

leads to the potential [7, 8):

4 2\ 2 2
1 1
vy =9 _ (% (_> 1
ps(r) 6473m?2r3 4 2mr/ wr ()
While this removes the necessity of using spin polarized matter, the (1/2mr)? suppression
remains. Furthermore, this interaction is suppressed by an additional factor ¢? /47 compared

with the single boson exchange potential. Evidently, all higher-order potentials involving a

single pseudoscalar field will be similarly suppressed.

3.2 3-Body Mechanism

The preceding discussion suggests that we could improve the limits on pseudoscalar couplings

if we could write an effective Lagrangian in a form which simulates a scalar interaction,

Less = —Q(g)hrbe (1)
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Figure 3: A 3-body potential diagram.

where Q(g) is an effective charge depending upon the more fundamental coupling constant g.
If this interaction is to conserve parity and time reversal when ¢ is a pseudoscalar field, Q(g)
must itself be a pseudoscalar quantity. Assuming that such an interaction exists, then the
potential between two bound systems A and B arising from massless pseudoscalar exchange

will have the form

Vi = _41_7r(QA>r<QB) ®)

where (@ 4) is the expectation value of Q(g) for system A, etc. The form of V,s is identical
to that for the usual scalar interaction, ezcept that the charges are pseudoscalar quantities.
If one could identify and calculate the effective charges for a pair of bodies (with the only
unknown being the fundamental coupling constant g), then one could use the limits on scalar
interactions from E6tvos-type experiments to constrain g.

We next show how an effective interaction of the form given by Eq. (7) might arise.
Such an interaction involves the exchange of a pseudoscalar boson in an s-state which is
impossible for a fermion when parity is conserved. However it is possible if the boson is
emitted from a bound system, say a nucleus, which has internal degrees of freedom. To see
this, consider three particles, #1, #2, and #3, interacting via the exchange of pseudoscalar
bosons. In addition to the usual 2-body interactions, one can show that there exist 3-body
(and, in fact, n-body) interactions among these particles (Fig. 3) {9]. If two of the particles,
say #1 and #2, are located close to one another, and both are distant from #3, then the
3-body interaction reduces to an effective 2-body interaction between the pair of particles
(representing a bound system) and the distant third particle (Fig 4). Then Qi2 plays the
role of the pseudoscalar charge Q of our effective Lagrangian L.;s given by Eq. (7) and leads
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r 2 3 1°2° 3’

1 2 3 12 3

Figure 4: A 3-body interaction becomes an effective 2-body interaction if one particle is
moved far away from the other two particles.

to the 2-body potential

8rma 3

V(r) = (@u) ( ©)

where 7 is now the displacement vector between the center of mass of particles #1 and #2,

—93 G3° F)

and the distant mass #3. One first calculates the general 3-body pseudoscalar potential for
a pseudoscalar field and then moves one of the particles far way from the other two, creating
an effective 2-body interaction. Then, by comparing this result with Eq. (9), the charge Q12
can be identified. For a single, massless pseudoscalar field, Q12 for two fermions was found

Que g ( 1 )2 [(51 —52)-1’12] (10)

T 27 \2mry, T2

to take the form

where 72 = 7] — 72. This effective 2-body interaction significantly changes the complexion
of the suppression effects plaguing the usual one-boson exchange potential. While the factor
(1/2mr)? is still present, r is no longer the separation of the two bodies, but rather the

dista.nce between the two bound particles. Thus, for two nucleons in a nucleus,

(557) = <2ml) ~1 (11)

effectively removing the suppression. However, this result was obtained at a cost: The

effective interaction between two nuclei would be of order (g2/47)3, making the effect actually
smaller than the usual one-boson potential.

To yield a significant effect, two distinct pseudoscalar fields are used: One is the massless
pseudoscalar field discussed above, and the other a massive pseudoscalar (say, the pion)

with mass m,. In this way, it can be shown that the pseudoscalar charge Q12 for two bound
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nucleons now takes the form

12 = i ("‘_"')2 1 4+ ! ] Rt (9201 — 9152) - ™12 , (12)
2% \2m par1z (BaT12)? T12
and the suppression factor becomes
) ~ () 07
—_ ~ ~ 10~ 13
(2mr 2my ’ (13)

where m is the nucleon mass, and this is an improvement of ~ 24 orders of magnitude over
the usual one-boson-exchange potential. Furthermore, this interaction is now of order g* /4w
in the pseudoscalar coupling constant, and of order (g2/4w)? in the pion coupling constant.

It is instructive to understand in intuitive terms how the large suppression factor aris-
ing from Eq. (2) has been avoided. From Eq. (5) we see that for the exchange of a light

pseudoscalar by free nucleons the suppression factor is of order

() - ()

where r is their separation, and where we have reinstated the factors £ and c¢. However, for

the emission of a pseudoscalar by a bound system, there is another dimensionless parameter
that can be formed utilizing the factor 1/my that arises from s, namely,

o sy (15
This factor is much closer to unity for typical bound systems as we see from Eq. (13).
Since the same intuitive argument would apply to bound electrons, we can take over the
preceding discussion to bound atomic systems as well, which may be experimentally more
interesting as we discuss below. We note that even for pion-exchange between electrons, the
Q12 mechanism gives a larger amplitude for emission of a light pseudoscalar than does the
emission by a free electron.

To calculate the force arising from this mechanism between two macroscopic bodies,
one still needs to calculate their total charges. Since Q;; is a pseudoscalar quantity, the
expectation value (Q);) for a test mass will vanish in general unless both parity (P) and
time reversal (T') symmetries are broken. While the weak interaction is available to break P,
T violation has only been observed indirectly in the neutral kaon system, and its connection
to ordinary, non-strange matter is not evident. A solution to the problem of obtaining a
non-zero expectation value for a pseudoscalar operator in ordinary matter may lie with the

so-called Zeldovich moment.
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The electric dipole moment dofa particle is odd under P and even under T as can be
seen from its definition:

d= e (16)

However, in quantum mechanics, we know that d must be proportional to the spin angular
momentum § which is even under P and odd under T. It follows that d = 0 unless both P
and T are violated, i. e., parity-violating weak interactions alone are insufficient to produce
an electric dipole moment. Zeldovich has shown that while these conditions apply to stable
particles, the situation is more complicated for unstable particles [10, 11]. Bernreuther and
Nachtmann [12] have explicitly demonstrated that the interference of phases arising from
the weak interaction and the coupling of the atom to the electromagnetic vacuum leads to a
non-zero expectation value of the electric dipole moment for an excited deuterium atom.
The same mechanism that produces the Zeldovich moment should yield a non-zero ex-
pectation value for the pseudoscalar charge @12 for unstable systems. Since some fraction of
ordinary matter is thermally excited, these effects may be detected in a sensitive E6tvos-type
experiment. This would lead to new constraints on pseudoscalar interactions from laboratory

experiments.

4 Conclusions

We have seen that the one boson exchange potential for a pseudoscalar interaction is highly
suppressed compared to its scalar counterpart. This suppression may be circumvented by
considering an effective 2-body force emerging from a higher order 3-body interaction. Cal-
culations presently underway suggest that this mechanism may allow the use of conventional
E6tvos-type experiments to set more stringent constraints on pseudoscalar couplings. Com-

plete details of these results will be published elsewhere.
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STRING THEORY AND THE EQUIVALENCE PRINCIPLE
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ABSTRACT

By means of two examples (concerning the antisymmetric tensor field B,,, and
the dilaton field ® or its four-dimensional avatars) the types and levels of violation of
the Equivalence Principle that could follow from String Theory are discussed.
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Thanks to the work of Feynman, Weinberg, Deser and others!), it is known
that General Relativity (and in particular its historical basic postulate termed the
“Equivalence Principle”) follows uniquely from the assumption that the gravitational
interaction is mediated only by a massless, spin-2 field, plus the usual requirements
of consistent field theories (causality, absence of ghosts, ...). On the other hand, most
attempts at unifying gravity with the other interactions predict the existence of “part-
ner” fields to the usual gravitational spin-2 field. In String Theory the original (ten-
dimensional) tensorial gravitational field G, has two partners: a scalar field ® (called
the dilaton) and an antisymmetric tensor field B,,. One does not know at present
how to connect in detail the field content of string theory to the four-dimensional
“low-energy” world described by the Standard Model and General Relativity. In par-
ticular, one of the least understood issues is that of the generation of mass for initially
massless fields (such as G,,, ® and B,,). The purpose of the present contribution
is to discuss, by means of two examples, what types of observable violations of the
Equivalence Principle could arise if  and B,,, survive down to the low-energy world
as massless or nearly massless fields.

Consider first B,L,,Z). Because of its original gauge invariance, 6B,, = 9,4, —
0;4,,, the only macroscopic couplings that the B field could be expected to have are
of the Pauli type: field-strength coupling H.j, where Hy, = 03By +9,Bua+ 9, Bap-
Introducing the dual of the 3-form J*** ( a 1-form J,), and integrating by parts, this

coupling can be rewritten as

1
5 164 B, 94 Jp, (1)

where f is a dimensionless coupling constant. It is well known that if B,, remains
exactly massless, it describes only one scalar degree of freedom (the coupling (1) then
translates into a coupling to the divergence of J,). It has been recently pointed out?
that a more interesting situation arises if B,,, somehow acquires a (very) small mass p
(corresponding to a macroscopic range). In that case one can show that B, describes
a massive vector degree of freedom (a “fifth force”) coupled to the “current” J, with
the strength

g5 = kuf, (2)

where « is the gravitational coupling constant (k2 = 47G). Besides the usual

composition-dependent interactions mediated by the coupling (2), such a “string-
inspired” massive B field could also exhibit many novel matter couplings and thereby
provide a useful phenomenological foil to the standard theories of gravity.

If we turn our attention to the dilaton field @ (or, in fact, any massless scalar field
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surviving in 4 dimensions) the situation can be even more interesting. Indeed, it has
been recently noticed® that massless scalar fields exhibiting generic field-dependent
couplings to matter have a natural tendency to relax, during the cosmological expan-
sion, towards a state where they decouple from matter. The work of Ref. 3) considered
the case where the scalar field is coupled to the trace of the energy-momentum tensor,
i.e. where scalar interactions do not violate the Equivalence Principle. More recently,
it has been realized®) that this mechanism can be extended to the physically inter-
esting case of the dilaton or its four-dimensional avatars. A long-standing problem
of String Theory is to “get rid” of all the massless scalar fields coupled to matter
with gravitational strength which seem to lead to unacceptably large violations of the
Equivalence Principle and variations of the gauge coupling constants. The mechanism
of Refs 3), 4) might succeed in solving this problem without requiring all the poten-
tially dangerous fields to acquire a mass. As discussed in Ref. 4), one (or several)
massless scalar fields, with Equivalence-Principle-violating couplings could exist now,
and have been driven by the cosmological expansion to a very weakly coupled state.
In fact, some natural numerical estimates lead us to expect that these fields would

cause a non universality of the acceleration of free fall at the level
6a/a$1074273/2 ~ 6 x 1071, (3)

where Z ~ 1.34 x 10* is the redshift separating us from the end of the radiation
era. The estimate (3) is tantalizingly close to the present experimental limits, and
provides a new, strong motivation for experiments (notably STEP®)) pushing beyond

-the precision of Equivalence Principle tests.
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SPACE EXPERIMENTS WITH HIGH STABILITY CLOCKS

ROBERT F. C. VESSOT
Smithsonian Astrophysical Observatory, Cambridge, Massachusetts, 02138, USA

ABSTRACT

Modern metrology depends increasingly on the accuracy and frequency stability of
atomic clocks. While accuracy of measurement with respect to the defined second of
time is important for many aspects of metrology, the precision of experimental
measurements depends very much upon the stability of the clock during the data-
taking process. Today’s atomic hydrogen masers produce signals with fractional
frequency stability better than 1 x 10-15 over intervals of 103 to 105 seconds Applications
of such high-stability oscillators (or clocks) to experiments performed in space are
described and estimates of the precision of these experiments are made in terms of
clock performance. Use of multi-link microwave systems to cope with the Doppler
effect of spacecraft motion and of signal propagation through the earth’s troposphere
and ionosphere are described, including methods using time-correlation to cancel
localized disturbances in very long signal paths. Analyses of proposed tests of
relativistic gravitation, of operation of a very long baseline interferometry (VLBI)
system operated in space, and of a possible measurement of the quadrupole moment ot
the sun’s mass distribution are discussed. A proposed space borne four-stationVLBI
svstem is described that could compare, with a precision of 3 x 10-15 rad/sec, the
rotation of a local inertial frame based on the velocity of light with the inertial frame
defined by distant radio stars.
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1 Introduction

Just as the invention of the telescope was a major factor in the revolution in
science during Renaissance times, advances in clock technology will continue to
revolutionize science. One of the most powerful devices in support of science in our
era is the uparalleled precision of measurement made possible by atomic clocks.
Modern metrology increasingly depends on precise measurement of time and
frequency.

This discussion is meant to provide a picture of where we stand in the present
state of clock development, a review of the techniques for clock-related space
experiments, and of some space experiments that are now technically feasible

2 Present State of Clock Technology and Systems for Space Experiments

An estimate of the progress of clock development is shown in Figure 1, which
shows that the frequency stability of highly stable oscillators has improved by a factor
of about 10 every decade since the 1960 era, when atomic clocks were first introduced.

The most commonly used definition of frequency stability is the Allan
deviation, oy(1). This is the one-sigma expectation of the fractional frequency
difference Ag’/ f (designated by the subscript y), between time-adjacent frequency
measurements, each made over time intervals of duration, 1. The functional
relationship of 6y(1) versus (1) depends on the Fourier spectrum of of the phase
variations.!)

An estimate of the time dispersion of a clock or oscillator for a future time
interval, 1, can be obtained from the relation

Ope(T) ~ T Oy(T) (1)

Oscillator performance given by oy(1) can provide statistical estimates of the limits
imposed by clock performance on the precision of measurements.

Figure 2 shows o(1) versus 1 plots for recently developed stored ion devices?2)
atomic hydrogen masers®, and for the binary pulsar4) This figure also includes the
Allan deviation of disturbances caused by the earth’s troposphere and ionosphere on
signals traversing vertically. In the following discussions of experimental techniques,
the H maser performance data in Figure 2 will be used as a basis for numerical
examples.

2.1 Measurements using Electromagnetic Signals

2.1.1 The effects of oscillator instability on measurements of distance and of range-rate
using Doppler data.

In the case of distance measurements made from the one-way propagation of
light we can obtain an estimate of range dispersion from time dispersion given in
Equation 1, by writing

OarlT) = ¢ T oy(T) (2)
where c is the velocity of light.

The one-way Doppler frequency shift of signals from an oscillator transmitting
at a frequency, f, moving with velocity v, toward the receiver is
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The contribution of the oscillator to the imprecision of determining range rate,
v,, during measurement intervals, 1 , is given by

Oy (1) = c O (T) (3)

Figure 3 is a nomograph of range-rate error and range distance error based on
the H-maser data in Figure 2. On the left hand axes are scales for 6y(t) and the
corresponding one-way Doppler frequency range-rate measurement error, G,(t). On
the right hand axes are the scales for time dispersion, 6(1), and the corresponding
one-way range measurement error.

2.1.2 A Systems or Cancelling First-Order Doppler and Signal Propagation

The concept of one-way and two-way Doppler measurements leads naturally to
the three-link Doppler-cancelling system used in the 1976 SAO/NASA test of the
gravitational redshift, now referred to as Gravity Probe A (GP-A).5). This “Doppler
cancellation” scheme was pivotal to the success of the experiment. By measuring the
Doppler effects in a separate two-way system and subtracting one-half the number of
two-way cycles from the phase of the received signal in the one-way microwave link
connecting the space vehicle clock to the earth station, the propagation effects were
systematically removed.

Figure 4 schematically describes the phase-coherent analog system that was used
in the 1976 SAO-NASA test of the gravitational redshift. (Today’s technology permits
digitally recording the one - and two-way signals and processing the data in a
computer.) With this system, the fractional output frequency variations obtained by
subtracting one-half of the two-way Doppler cycles from the one-way cycles received by
the earth station is given in the expression:

fsfe _ (95-0¢) B VeVsi2 T 2 @
fo - & 2¢2 c?

Here the total frequency shift is fs-fe and fg is the clock downlink frequency. The
term (Qg-e) is ‘tkle Newtonian potential difference between the spacecraft and earth
station, ¥, and Vg are the velocities of the earth station and the spacecraft, rg, is the
vector distance between the spacecraft and earth station, and a, is the acceleration of the
earth station in an inertial frame. For the 1976 test, an earth-centered frame with axes
aimed at the fixed stars was sufficiently “inertial” to satisfy the requirements of the the
two-hour experiment.

The first term is the gravitational redshift resulting from the difference in the
Newtonian gravitational potential between the two clocks, the second term is the
second-order Doppler effect of special relativity, and the third term is the result of the
acceleration of the earth station during the light time, r/c, owing to the earth’s rotation.
During the two-hour near-vertical flight, the first-order Doppler shifts were as large as
#2 x 10~ and the noise from ionospheric and tropospheric propagation effects was at a
level of about 1 x 10712 at 1 ~100 sec, as shown in the top left curve of Figure 2. After the
frequency variations predicted in Equation 4 were fitted to the data, we concluded that
the error in the fit of the data was within (+25 + 70) x 10" of Einstein’s prediction.6) The
residuals were analyzed after subtracting the predicted frequency variation over the time
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of the mission. The resulting Allan standard deviation of the frequency residuals is
shown in Figure 5. Here we see that the stability of the frequency comparison made
through the three-link system over signal paths of 10,000 km, in the presence of Doppler
shifts of magnitude + 44kHz plus the ionospheric and tropospheric noise shown in
Figure 2, is comparable to the frequency comparison made between the two reference
masers in the same room, reaching 6 x 107> stability at about 10° sec.

A closer look at the system in Figure 4 is provided in Figure 6 to show how
phase coherence throughout the system was provided by ratio frequency synthesizers.
We see that there was a considerable difference in the S-band (2 GHz) frequencies,
owing to the transponder’s turn-around frequency ratio, 240/221. Because of
variations in the ionospheric electron content in the signal path, there would have
been serious problems from variations in phase delay owing to the frequency
differences in the three microwave links?). This error was removed by choosing the
frequency ratios so that the dominant ionospheric effects in the three signal paths were
cancelled at the output of mixer M3 in Figure 6. 8)..9)

2.1.3 A Symmetrical Four-Link System to Provide Time-Correlated Doppler Data

The three-link system can be made symmetrical by providing a transponded
signal back to the spacecraft as shown in Figure 7. Here one-way, two-way, and
Doppler-cancelled data are recorded at both stations of the system. Each record is made
in terms of the proper time scale kept by the station’s clock. In cases where the stations
are widely separated so that the light time between stations is long compared to the
intervals required for measurements, a dominant, spatially localized noise process can
be cancelled systematically by time-correlating the data from the two stations. To
illustrate this process, Figure 8 shows the continuum of space-time paths of the four
signals in Figure 7. Here the dots signify the clocks, and the arrows, Eq(t) and E(t),
signify signal outputs representing earth-based one-and two-way data at a particular
epoch in the continuum. S¢(t) and S;(t) represent one- and two-way data recorded in
space. By time-correlating the Doppler responses we can systematically cancel a strong
localized noise source such as the earth’s troposphere and ionosphere.10¥11)

For example, let us consider the frequency variations in Doppler outputs Eq(t),
E;(t), S1(t), and S)(t) shown in Figure 6. We see that the iono-tropo noise pattern
received from the the spacecraft transmitted at time t; and received at earth at time
tj+R/c is the same as the noise received at the spacecraft at time (t;+2R/c). By
advancing E(t) by time R/c with respect to 5y(t) and subtracting the two data sets we
can systematically remove the noise in the S;(t;+#2R/c) — Eq(t;+#R/c) combined data set
at the small expense of increasing the random noise in the data by ¥2 . In situations
where the localized dominant noise is substantially larger than the nonlocalized
random noise, this process can be highly effective.

2.1.3.1 Relativistic Doppler Shifts and Redshifts with the 4Four-Link System
The Doppler-cancelled signal outputs Sy(t) and E(t) in Figure 7 contain

relativistic and gravitational information that can be time correlated. Equation 4 is
repeated below as E(t), along with its counterpart expression at the spacecraft, Sy(t):
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Figure 7. A four-link Doppler cancelling system that allows time
correlated data to be obtained both at the earth and space terminal.
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ERROR ANALYSIS OF A PROPOSED ORBITING REDSHIFT TEST
AND COMPARISON WITH THE 1976 NASA-SAO GP-A ROCKET PROBE
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EXPERIMENT
GP-A TEST PROPOSED ORBITING TEST
2 HOURS 1 ORBIT 30 ORBITS
RANDOM NOISE -- af/f
H-MASER AND MICROWAVE SYSTEM NOISE  13x10°'3 <1x10716 <1x10°16
UNCANCELLED ATMOSPHERICNOISE 2.5x10°13 2.5x10713 0.50x10°!3
UNCANCELLED IONOSPHERICNOISE 5.0x10°!3 2.0x107!3 0.37x10°13
RSS 14.2x10° 1.2x10"8 0.58x10°1
POSSIBLE SYSTEMATIC BIAS ERRORS --Af/f
GROUNDSTATION CLOCKS 3.0x10°13 1.0x10°13 1.0x10°'S
SPACE QLOCK 4.5x10°13 1.0x10°13 1.0x10°13
SPACECRAFTTRACKING ERROR 3.3x10°13 1.0x10°'3 1.0x10°"%
RSS Q‘}le'” 1 leQ-IS 1 Z“g-ls
RSS COMBINED RANDOM AND SYSTEMATICS --Af/f 15.5x107}3 3.6x10°13 1.8x10°1%
VARIATION OF Af/f = A®/c? + 172 V2 glc? 22x10°10 9.6x10°10 9.6x10°10

FRACTIONAL ACCURACY OF TEST

RSS COMBINED RANDOM AND SYSTEMATICS = 70x10°® 3.8x10°6 1.9x10°¢
Ad/e? + 172 Vet

TABLE 1
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Osde | vs-vel? Tse.ae

Eo(t) = CZ - 2C2 - c2 (5)
05 | Ve-vs 12 Tec.a
S(t) = ¢eC2'¢s ~ Vezczs B ezz 3 (6)

By adding these two time-ordered data sets we cancel the first term and double the
magnitude of the second term representing the second-order shift. Conversely, if we
subtract the data sets, we double the first-term representing the gravitational red (blue)
shift and cancel the second term. In both instances we must account for the acceleration
of the earth and space stations along the line of sight in a suitable inertial frame.

3 Future Tests of Relativistic Gravitation with Clocks
3.1 A Test of Relativistic Gravitation with a Clock in a 24-Hour Eccentric Earth Orbit

The original concept for testing the Gravitational Redshift called for operating a
spaceborne clock in a spacecraft placed in a highly eccentric 24-hour earthorbit.12) Low
inclination orbits with eccentricities as high as 0.6 can produce apogee-to-perigee
redshifts of about 4.8 x 10710, and still keep the spacecraft in view of an earth station
with a minimum elevation angle greater than 15 degrees. Accompanying the redshift
there is a second-order Doppler shift of comparable magnitude, which produces a
combined frequency variation of 9.6 x 10-10 in the Doppler cancelled data described in
Equation 9.

Table 1 shows an error analysis of the combined gravitational redshift and
second-order Doppler test made in 1976 using a near-vertical trajectory.1® The
improvement from 70 parts per million to 2 parts per million in the proposed test
results partly from improved clocks, but mostly from the longer averaging intervals
and estimates of the smaller systematic bias errors made possible by having time for
adjusting and tuning the space maser before taking data.

3.2 A Proposed Extension of the GP-A Experiment to Test General Relativity with a
Solar Probe

A series of studies is in progress of relativistic gravitation tests with a clock in a
space probe in a polar orbit approaching within 4 solar radii of the sun’s center.!¥ The
14 hour time of travel from pole-to-pole is in the region of best performance of the
hydrogen maser. This test is intended to reveal the behavior of the second order in the
redshift, [A¢/c?]2.

Durmg the 10 hours before and after perihelion, the value of ®/c? varies from
5.3 x 107 at perihelion to 2.0 x 107 at times +10 hours from perihelion. During the
same time interval, the second-order redshift {®/ cZ]2 varies from 2.81 x 10713 o
4 x 1074, as shown in Figures 9 and 10. Taking the Allan standard deviation of today’s
H-masers over 10 hours averaging time as 6 x 10716, the inaccuracy of measurement
imposed by the maser instability for the first-order measurement is 1.8 x 107, the
corresponding inaccuracy for the second-order measurement is 2.5 x 107,

The sun’s gravitational potential is complicated by having a number of
multipole components. The largest of these is the solar quadrupole moment, J, which
must be accounted for in the measurement of the second order term in the redshift.
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Measurements of J, have been made from solar oscillations,!3) and we can estimate the
effect of the uncertainty in these measurements from the behavior of the J, signature
in the data during the 14-hour pole-to-pole passage.

At order ¢ the first-order redshift has the following behavior:

¢ n [ 3cos?0-1 Db Dy
2=t rj]szsunT =2*t2 (11)

where p= GMg,p/c® Assuming J, = 1.7 x 107 £0.17 x 107, then at perihelion,
r=4Rg,, 9= 1/2, and ,/c?=-2.8 x 10°15.

At about £7 hours from perihelion, 9=0, r = 8Rg,,, and 0211'2/c2 = +7.0 x 10716,

The frequency variation caused by the J, contribution to the sun’s redshift is
shown in Figure 11 before and after perihelion Its peak-to-peak magnitude is
3.5x 107>, If wehavean error of 10% in the estimate of J,, the uncertainty in its
contribution to the redshift over this interval is about 35 x 10716 comparable to the
instability of the clock. The error contribution will have a dlstmctlve (3cos?d-1)/r
51gnature in contrast to the very smooth 1/r dependence of the first-order redshift and
the 1/r? dependence of the second-order redshift, as shown in Figures 9 and 10. To
achieve the precision of measurement of B and J, the position of the probe must
determined to 1 m rms. and its velocity to within .005 cm sec’l. This is within the
tropospheric constraints shown in Figures 2 and 3.

An important feature that makes this experiment possible is the ability to take
Doppler-cancelled data at the probe. In Figure 8, we have shown how the localized
noise near earth can be cancelled by correlation. While the spacecraft Doppler
cancellation system can systematically remove the effect of the tropo-iono noise when
it produces the S,(t;+2R/c) data, this is not the case for the earth station Doppler-
cancelled output E,. In the earth station cancelled Doppler there would be about 1000
sec of time delay between the uplink transmission and reception from the
transponder. During this interval the combined atmospheric and ionospheric delay
could have varied considerably.

- A joint study by NASA’s Jet Propulsion Lab and the Smithsonian Astrophysical
Observatory is in progress to evaluate the feasibility of this experiment.16)

3.3 Detection of Pulsed Gravitational Radiation using Doppler Techniques

During the long travel time to the sun there will be an opportunity to search for
gravitational radiation using Doppler techniques.1”#18) While evidence for such
radiation has not been observed directly, the orbital decay of a binary pulsar has been
observed since 1975 and its rate continues to follow closely the predicted behavior for
loss of energy by gravitational radiation.1?

When a gravitational wave intercepts an electromagnetic wave, it distorts the
frequency of the wave by an amount h=Af/f. It should be possible to detect gravitational
waves by observing Doppler shifts of a signal that is transmitted by a highly stable
microwave (or laser) transmitter and detected by a receiver located at a distance that is
greater than about one-half the wavelength of the gravitational wave.

An example of possible Doppler detection2? of a pulsed gravitational wave using
the four-link Doppler measurement system is shown in Figure 12. Here the wavefront
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of the gravitational pulse is assumed to intercept the earth-probe line at an angle, 8 = 60
degrees. The effect of the pulse would be observed three times in the Earth 2-way
Doppler trace as follows:

df (1- t 1 L
7= —‘B;L(I‘Q -y [t -L( ZH) ]+ (T+pwitr-2 ) (13)

* by a Doppler shift of the gravitational wave disturbing the earth station at t=t;,
while it is receiving a signal transmitted earlier by the spacecraft.

* by its “echo” when the earth station receives a transponded signal at t = t; +
2R/c.

*by the disturbance when the gravitational wave arrives at the spacecraft at time
tp and reported at earth at t = to+R/c.

The spacing of the pulses, their time signature designated by the parameter y(t),
and the relative magnitude and sign of the signature are described by a single parameter,
f = cosB 21)22) | Here tR signifies arrival time at the first station. The one-way
transmission from the spacecraft would show the pulses at t; and at t; + R/c.

A similar set of five observations of the same gravitational pulse is available at
the spacecraft. In this case i = cos (1t+6) and another set of five manifestations of the
pulse appears in the spacecraft data. While only four of the ten pulses, i.e.,those from
the two one-way Doppler signals, are unique, the other six are obtained from other paths
through the electronics system and provide redundancy to help prevent interpreting
noise as gravitational wave signals.

If one of the stations is on earth, noise from the earth’s troposphere and
ionosphere would be the main limitation to the sensitivity of detection. Reduction of
ionospheric noise is possible by operating at higher frequencies than the currently used
S-band (2 GHz) and X-band (10 GHz) systems. Future tracking systems are planned to
operate at 33 GHz and even higher.

However, tropospheric noise cannot be reduced by such techniques and will
substantially degrade the stability of a signal. Studies show that the Allan deviation of
the tropospheric noise for signals passing vertically has a 1 "> behavior for intervals
between 20 and 200 sec, with Gy (100 sec) = 8 x 10°'13, as shown in Figure 223) . While it is
possible to model the tropospheric frequency shifts using other data, such as the
columnar water vapor content and the local barometric pressure, tropospheric
propagation variations will nevertheless severely limit the detection of gravitational
radiation with transponded two-way Doppler signals.

By implementing the process shown in Figure 8, nearly complete rejection of
such spatially localized sources as near-earth tropospheric and ionospheric variations
and earth station antenna motion noises could be obtained. With both clock systems
operating in space and at frequencies where the noise from the solar corona ionization
is not significant, the principal nongravitational noise sources will likely be from the
buffeting of the space vehicles by nongravitational forces such as light pressure, particle
collisions, and sporadic outgassing of the spacecraft. Here, again, since these
disturbances are localized at the ends of the system, the time signatures of the noises are
separated by R/c, and can be distinguished from the patterns expected from pulsed
gravitational waves, which have signatures that depend only on the parameter | of
equation 13.
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4  HighResolution Very Long Baseline Interferometry (VLBI) Astronomy in Space
4.1 The Effect of Osciliator Instability on the Measurement of Angles

High precision measurement of the angle between the propagation vector of a
signal and the direction of a baseline, defined as the line between the’ phase centers of
two widely separated radio telescope antennas, can be made with VLBI techniques
shown in Figure 13.29) Here, two radio telescopes, separated by a distance, L, each
detect the arrival of radio noise signals from a distant radio star. After heterodyning to
a lower frequency the noise signals are recorded as a function of time and the two sets
of noise data are subsequently time-correlated. The observable quantities from the
correlation process are the correlated amplitude and the relative phase of the signals
detected at the widely separated points on the wavefront. VLBI measurements have
been used in light deflection tests of relativistic gravitation.25)

The stability limit on the successive measurements of angle imposed by the
oscillator instability on successive measurements of angle taken 1 seconds apart is

c10,(1)

, 14
L sin@ b

GAQ(T) ~

where 6 is the angle between the propagation vector and the baseline. The result of
correlating the noise data obtained from a common source by the two stations is the

production of fringes. The spacing between the fringes is A/L Sin6 , where A is the
average wavelength of the signals arriving at the antennas. The visibility of the
fringes depends on the extent to which the signals arriving at the antennas are
correlated.

The angular resolution of the interferometer is given by the change of fringe
phase, 0, with 6

do 2nL
o _ (15)
de A
The error in successive angular measurements owing to the instability of the
clocks in a terrestrial system with L = 6000 km, assuming oy, (103 sec) = 1 x 1071, and
8 = /2, is given by

Oag (103 sec) =5 x 107! rad or 2  arcsec.

However this is far smaller than the present actual limit of 100 p arcsec level
from terrestrial stations with an 8000-km baseline operating at 7 mm wavelength.26)
The effects of tropospheric and ionospheric fluctuations impose limits that are far
more serious than clock instability.

By operating VLBI stations in space, limits in angular resolution owing to
tropospheric and ionospheric propagation and baseline distance, imposed by the size of
the earth, can be overcome . A successful demonstration of a spaceborne radio
telescope operating as a VLBI terminal was made in 198627) using NASA'’s orbital
Tracking and Data Relay Satellite System (TDRSS) system as a spaceborne radio
telescope in conjunction with a number of radio telescopes on earth.
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Figure 14. An array of four spaceborne radio tel each d to
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As an example of the limits that a spacebome two stanon system could achleve,
let us consider a spaceborne system where L =5 x10° km, Oy (10% sec) = 4 x 10-1%, and
8 =m/2. In this case,

G (10%) = 2 x 10713 rad or 0.05 parcsec .

For A= 1 mm we have A/L =2 x 1073 rad and we see that the limit imposed by
clock stability with 10 sec integration time is capable of resolving frmges at 1-mm
wavelengths in a spaceborne system with baseline distances of 5 x 10% km. The
numbers in this example are chosen to be close to present estimates of the limits for
having reasonably well correlated flux at the two stations at the distances chosen.28)

Terrestrial VLBI systems are now used to record polar motion and rotation of
the earth and to monitor the movements of the earth’s tectonic plates. While relative
positions of radio stars, and features of their brightness distribution, can be made with
a precision of a few tenths of a milliarcsecond, the absolute directions in space of the
baselines between VLBI stations depend on the choice of a frame of reference. This
reference is usually taken from the positions of very distant radio sources.

42 A Spaceborne Four Terminal (VLBI) Array that Establishes an Inertial
Reference Frame, a “Gedanken” System to Exercise our Imaginations.

Having already stretched the VLBI technique to baseline distances of 5 million
kilometers, let us go several steps further and postulate the existence of an array of four
such stations in the form of a tetrahedron that defines a three-dimensional figure in
space that is in an orbit about the sun. (The station separations need not be equal.)
Figure 14 shows such an array. Each station contains a clock that is synchronized to a
coordinate time scale and is connected to its three neighbors by the four link system
shown in Figure 729 The six baseline distances can be precisely measured, using one-
way and two-way Doppler techniques discussed earlier, and thus precisely define the
configuration of the array as a function of time.

Defining the orientation of the array of six baselines poses an interesting
problem. Distant radio stars define the conventionally used inertial frame. By
invoking the Sagnac effect,3? we can define another inertial frame based on the
velocity of light, and it should be possible to compare the orientation of the array
determined in terms the two reference frames.

To describe the application of the Sagnac process, we visualize the arrival times
of light signals sent in opposite senses about a closed path on a surface rotating at Q
rad/second. If the projected area of the closed path, perpendicular to the rotation axis,
on that surface is A, then the difference in the arr1va1 times of light signals going
around the path in opposite senses is AT = 4QA/3 By measuring the difference in
arrival times of signals going in opposite senses about a triangle defining one face of
the tetrahedron, we can obtain the component of rotation normal to that face. From
the four triangles that define the tetrahedron we have an overdetermination of the
rotation and can make an estimate of the accuracy of its measurement.

For the array shown in Figure 14, the limitation due to the accuracy of the
detection of changes in rotation rate, AQ, is 1.2 x 10 15 rad/sec. If the array is located at 1
AU from the sun, such a rotation measurement would include the Einstein—deSitter

precession of 2 x 10'2 arcsec/ yr (3 x 10 15 rad/ sec) owing to the bending of space-time by
the sun’s gravity.
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This array could compare with very high precision the frame of reference
defined by the most distant radio sources with an inertial frame defined by the local
isotropy and constancy of the velocity of light. The measurements could be
accomplished in a short period of time. (This period would probably mostly be taken
up in steering the array’s antennas to a series of selected radio sources.)

WHAT COULD THIS SYSTEM TELL US ABOUT OUR UNIVERSE ? Could it
provide a way to observe some aspects of the behavior of the missing matter? Perhaps
theorists could be tempted to speculate about scenarios that could be revealed with this
system.

5 Conclusion

Since the mid 1960s the frequency stability of atomic clocks (or oscillators) has
been improving by a factor of about ten every decade, so far with no end in sight. The
units of time and frequency, and the now redefined unit of distance through the
velocity of light, are solidly based on atomic frequency standards. This metrology, in a
local sense, has been made consistent with present concepts of gravitation and
relativity. We now make measurements of astronomical and astrophysical objects
near the edge of our universe with clocks that operate using quantum processes whose
dimensions encompass staggeringly smaller distance scales. As the performance of
atomic clocks improves and their uses are extended in astrophysical measurements,
perhaps there will be some surprises about the nature of our universe.
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ABSTRACT

VIRGO is a French-Italian project of optical gravitational
radiation detector. We outline the goals, the technological aspects
and the scientific context of the project.

INTRODUCTION

Exotic astrophysical objects like pulsars, close and compact binary
stars or supernovae have been theoretically shown to radiate gravitational
waves. A first direct detection of such waves predicted by the General
Relativity theory is a crucial experiment, and beyond, will provide a new
observational window opening on strong gravitational field events. The
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extreme weakness of radiative gravitational effects on earth-based devices
(relative light distances distortions as small as 10-22) implies special
technological efforts and improvements in several domains.

1 SOURCES OF GRAVITATIONAL EVENTS

To emit significant gravitational radiation power, a matter distribution
must have a large dynamical quadrupole moment either transient or steady.
Only astrophysical objects like stars, or binary stars contain a mass in
relation with the requirements of Einsteins's equations. Three classes of
sources are currently discussed in relativistic astrophysics :

- stable rotators like white dwarfs binaries are numerous monochromatic
very low frequency sources ( < 50 mHz ) . More interesting, in terms of
frequency are the asymmetrical pulsars. The gravitational frequency can
reach the kHz region but the amplitude depend on the asymmetry. They
allow however an arbitrary signal integration time, reducing the effective
noise of the detector.

- end of unstable rotators : Very close compacts objects have unstable
orbits as they radiate gravitational energy. Finally they are expected to
coalesce, emitting a final chirp of gravitational radiation of characteristic
signature. The gravitational amplitude has been estimated as 3.10-2! for
1.5 solar masses elements in the Virgo cluster ( about 15 Mpc) D),
Accurate knowledge about the wave form allows a huge enhancement in the
signal to noise ratio for such events.

- transient quadrupoles : In supemnovae explosions, during the resulting
collapse, asymmetry in the matter flow may induce rapidly varying
quadrupole moments. The corresponding gravitational wave is a short
isolated pulse. Typically, the expected peak amplitude for a supemova at 15
Mpc is 10-23 for a collapse of an iron stellar core to a neutron star, and 3
1021 for a collapse to a black hole D),

Discussion of the occurence rate of each type of events can be found in
more detailed works . But our conclusion is that the VIRGO system must
have a noise spectral density equivalent to 3 10-23 Hz-V/2 in order to detect
at least several events per year.
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2 THE VIRGO SYSTEM

2-1 The interferometer

The main subsystem of VIRGO is a Michelson inteferometer with
arms containing 3km long optical resonators.

M2
10W Ml 10kW
light power light power
INJECTION
BENCH splitter Mi M2
[ v
LASER .
SOURCE BN 3km long CAVITY
mode
cleaner
DETECTION
S00W BENCH
light power

Gravitational waves produce a differential phase change in the optical
amplitudes reflected by the two orthogonal cavities, phase change which is
converted in a detected power variation after interference 2). A recycling
mirror is used in order to achieve a resonance which increases the light
power reaching the beamsplitter. A mode cleaner filters residual direction
fluctuations of the laser beam.



494

2-2 Supermirrors

Stringent requirements have been found for the mirror quality. In
order to achieve recycling, the wavefront must remain clean after reflexion
on each cavity at resonance. It has been found that the mirror surface
aberrations must be less than A/100 (peak to peak) .

Moreover, the global efficiency of the mirror is essential. If a fraction
of the incoming light power is converted into heat, temperature gradients
appear, resulting in index gradient, and thermoelastic distortions. The
dissipative losses must be smaller than a few ppm. If now a fraction of the
incoming ligth power is scattered, the light scattered under angles larger
than a mRd will interact with the walls of the vacuum vessel (see below) ,
then recombine with the main beam, introducing noise. The scattering losses,
must therefore be smalleer than a few ppm.

The beam geometry requires a 10cm diameter mirror as M1, and a 30
cm diameter mirror as M2. These dimensions are unusual for the preceding
figures. But in fact, the dimensions of the substrate will be much larger
because a large mass is needed. It is well known that the eigenmodes of an
isolated solid resonator are excited by thermal (brownian) forces, so that
each has an energy kT. The corresponding motion of the mirror faces is
proportional to M-1/2 this is why we must have a large mass (> 50 kg ).

The brownian motion of the faces is also proportional to Q-/2 where
Q is the quality coefficient of the mode. Q is directly related to the
dissipation of sound waves. We shall use a kind of silica with acoustic losses
giving a Q of 109,

2-3 the laser

The light source must be a highly stable and still powerfull laser. The
challenge is to reach a power > 10W with a frequency noise spectral
density < 104 Hz Hz'V/2 at 10 Hz. We develop a diode pumped Nd:YAG
laser (slave) injected by a smaller, ultrastable similar laser (master).
Injection technique allow to associate the stability of the master and the
power of the slave 3). The wavelength is 1.06 pm , corresponding to the
near infrared.
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The master laser is locked on a prestabilization reference cavity of
high finesse, isolated from thermal and mecahnical noises. The beam cleaner
is one more filtering process.

2-4 The seismic isolation

In order to isolate the mirrors (test masses ) from the ground
vibrations, we have developped 4) a multistage gas spring attenuator which
provides a ( tested ) attenuation of 10710 at 10 Hz. This is an essential feature
of VIRGO, which decreases the lower bound of the detection band, giving
access to a wider class of sources.

2-5 The vacuum system

The whole optical system and its suspension must be operated in a
vacuum to reduce pressure and corresponding refractive index fluctuations.
A pressure of 107 torr would be sufficient, but in order to have a
reasonable life time for the pumps, a mean operation pressure of 10 has
been fixed (see at the end of the paper the configuration of the vacuum
vessel). The large dimensions of the cavities (3km long and 1.2 m diameter)
the size of the seismic attenuators ( 7 m high ) result in a very large (
more than 20,000 m2) internal area for the vacuum vessel. The outgassing
rate of the walls must remain very low, and we test stainless steel processing
which guarantee a tolerable residual outgassing.

3 THE VIRGO TEAMS

The total manpower amounts to about 50 engineers and 50 physicists
(Italians and French ). Four Italian ILN.F.N. teams are involved, at
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Frascati, Napoli , Perugia and Pisa . France provides five C.N.R.S teams at
Annecy (LAPP), Lyon (IPN) , Paris (E.S.P.C.I. ) and Orsay (LAL and
LOA-polytechnique). But the tasks are numerous : infrastructure, seismic
isolation, vacuum system, automatic alignment, data acquisition, thermal
noise studies, interferometry, laser systems, general control and command,
vacuum system, supermirror realization and supermirrors metrology, data
acquisition, management and analysis...

4 THE VIRGO CLUSTER

A number of laboratories neither directly nor mainly involved in
VIRGO have nevertheless wanted to mark their common interest for the
project by creating a working group. The represented teams come from
astrophysics, cosmology, and quantum optics (Groupe d'Astrophysique
Relativiste at Meudon Observatory, Laboratoire de Gravitation et
Cosmologie Relativistes and Laboratoire de Spectroscopie Hertzienne at
University of Paris),. A number of cooperations are initiated with Australian
groups ( the AIGO teams ) and with Indian groups (the IUCAA at Puna ).
Cooperation with LIGO has begun in the domains of supermirrors,
development of software for optical studies, and scattered light reduction.
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OPTICAL CONFIGURATIONS FOR THE VIRGO INTERFEROMETER

Patrice Hello *
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ABSTRACT

We present, in this paper, the potential optical configurations for the VIRGO
interferometer, as well as for other similar antennas (LIGO...), and the
implications for its sensitivity for the detection of gravitational waves
(GW's). The dual recycling arrangement may particularly relax the severe
optical specifications required in a power recycling interferometer. Finally,
we present a new idea to improve the symmetry of the interferometer.

* : E-mail : HELLO@FRLALS1.BITNET
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1. DETECTION OF GW'S BY THE VIRGO INTERFEROMETER

First of all, VIRGO is basically a Michelson interferometer; the principle of
GW detection is based on the fact that an incident GW differentially changes
the lengths of the arms (due to its quadrupolar nature), and so changes the
interference field. It can be easily shown that maximal sensitivity is achieved
when the interferometer is tuned at a dark fringe. Practically, a high power
laser is needed in order to decrease the shot noise and kilometric arms (3 km
for VIRGO) are required to decrease the influence of other noises (mainly
seismic and thermal noises) on the signal to noise ratio. Use of Fabry-Perot
cavities as arms is for optimising the storage time of the light in the arms
with respect to the GW period.

End
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e Mirror
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Mirror

-| Fabry-Perot cavity |-|

| 1

| ——
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. Dual Recycling
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Detection
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Fig.1 : recycling configurations for the Virgo GW detector
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2. POWER RECYCLING AND THE QUALITY OF OPTICS

The idea of the power recycling (PR) is due to R. Drever 1; this technique
(see Fig.1) consists in increasing the circulating power in the interferometer,
by adding a new mirror before it, in order to make a resonant Fabry-Perot
cavity (the "recycling cavity").

A shot-noise limited recycling interferometer could in principle reach the
strain sensibility level of h = 3 1023 Hz"V/2, which is the goal of VIRGO.
However, the power in the recycling cavity, thus the sensitivity, can be
directly reduced by defects of optics or asymmetry of the interferometer. We
have then built simulation tools in order to determine the effect of a large
class of optical imperfections and fix the tolerances 2,3). Non linear effects
of high powers stored in the arm cavities have been also studied : effect of
the radiation pressure 4 or thermal effects due to optical power absorption in
the mirrors 3. The found tolerances are rather stringent 6) (e.g. a surface
quality requirement about A/ 100 peak-valley in the beam zone) and imply a
wide technological effort.

3. DUAL RECYCLING AND LOST LIGHT RECOVERY

While the effect of the PR is to reduce the shot-noise level, the signal
recycling, due to Meers 7, 8), tends to increase the signal level. Indeed, from
the point of view of the light, the effect of a GW is to add two sidebands at
frequencies v £ Vg , to the carrier laser frequency vy if we add a mirror at
the output port of the interferometer (see Fig.1), we form an other cavity
which may enhance the detected signal, one sideband being resonant. The
combination of the PR (recycling of the carrier) and of the signal recycling
(recycling of one of the sidebands) has been called dual recycling (DR) by
Meers.

One very important consequence of the DR is that we can relax the optical
tolerances, because of the recycling of the lost light ("bad" light) leading to a
reduction of the total losses. This effect has been experimentally proved 9,
and numerically checked 10), An illustration is given on Fig.2, where we
can see the recovery of the power in the PR cavity, use of the DR technique
(simulation made at Orsay in collaboration with David McClelland, using
fast numerical methods !V ).
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Fig.2 : the power in the PR cavity as a function of the reflectivity
of the DR mirror for various curvature mismatches.

4. IMPROVEMENT OF THE SYMMETRY OF THE INTERFEROMETER

Ore important figure is the symmetry of the interferometer. Non perfect
symmetry particularly makes the detection highly sensitive to the laser
frequency noise. State of the art (asymmetry = 1073 between the two arms)
prescribes a laser frequency stabilization at the level Av = 100 Hz. Hz' V2, in
order to reach h = 3 1023 Hz'1/2. A mean of symmetrization is going to be
tested at Orsay; the idea is simple : since the optical index depends on
temperature, we can change the optical path in a mirror by heating it, and
thus control its apparent reflectivity, taking advantage of the Fabry-Perot
effect between the coated face (R = 90 %) and the uncoated face (R = 4% for
Silica); if the mirror is, say, the input mirror of a Fabry-Perot cavity, we may
change the reflectivity of the cavity itself. We may finally compensate for a
lack of symmetry between the two arm cavities.

5. CONCLUSION

In spite of the severe optical specifications for the VIRGO detector ), as
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well as for LIGO, we can be optimistic : even with not as good optics as
required, VIRGO/LIGO GW detectors should achieve the planned strain
sensitivity about 3 1023 Hz 12 by use of "advanced" techniques, such as the
dual recycling, or other to be tested.
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ABSTRACT

We consider here the singularity problem in general relativity with a special reference
to those forming in gravitational collapse. The relevance of recent results on collapse
models involving perfect fluid, dust and imploding radiation shells is examined in con-
nection with the fundamental problem of cosmic censorship. It is pointed out that the
occurrence of naked singularities in gravitational collapse need not depend on geometric
symmetries of the space-time assumed such as self-similarity, or the specific equation of
state used. Such an analysis of gravitational collapse would be useful for any possible
rigorous formulation and proof of the censorship hypothesis. It is argued that to begin
with, a physical formulation for censorship should be developed which captures the basic
spirit of the hypothesis, and some possibilities are indicated.
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The singularity theorems in general relativity?) establish the occurrence of space-
time singularities in gravitational collapse and cosmology under a wide range of gen-
eral conditions which have considerable physical plausibility. Such conditions include,
amongst others, a suitable causality condition, the positivity of mass-energy density, the
generic condition which implies that every non-spacelike trajectory must come across
atleast once a non-zero stres-energy density, and a suitable convergence condition in the
form of formation of trapped surfaces in the case of gravitational collapse. Such singu-
larities then occur in the form of geodesic incompleteness in the space-time. Two basic
areas used in order to infer the existence of such singularities are the topic of general
global properties of a space-time obeying Einstein equations (which are used very weakly
in the proofs of the singularity theorems) and the gravitational focusing of congruences
of non-spacelike trajectories in a space-time.

Such results on the existence of space-time singularities however, do not make any
further statement on the nature and structure of the singularities they establish. For
example, they do not imply that physical quantities such as densities and curvatures
must necessarily diverge along such incomplete non-spacelike geodesics in the limit of
approach to the singularity as it happens in the case of the big bang singularity in the
past at ¢t = 0, or in the case of the Schwarzschild singularity at » = 0. Neither do they
imply that the singularities forming in gravitational collapse must be necessarily hidden
inside an event horizon, and hence invisible to an out side observer who is far away
from the collapsing star. Such a situation requires a detailed analysis of the nature and
structure of the space-time singularity which might occur under a specific situation and
a determination is needed which would ensure whether the given singularity is physically
meaningful or not in terms of the classification available for the physical significance of
the singularity?).

A particularly interesting question regarding the singularities occurring in gravita-
tional collapse is whether these are necessarily covered by an event horizon and hence
invisible to an out side observer at infinity. In the idealized case of the collapse of a
homogeneous spherically symmetric dust ball®), the space-time metric interior to the
dust ball is given by the closed Friedmann metric, which is matched at the boundary by
the exterior schwarzschild metric. All the matter collapses to a space-time singularity
at 7 = 0 which is completely covered by the event horizon at 7 = 2m. Such a singularity
cannot emit any messages to an out side observer.

The statement that such a situation would persist in a generic gravitational col-
lapse as well, when departures from the assumptions such as homogeneity of the matter
distribution, the dust form of matter etc. are allowed for is called the cosmic censor-
ship hypothesis®). A rigorous formulation and proof of the cosmic censorship hypothesis,
ruling out the occurrence of naked singularities of gravitational collapse has been one



507

of the most outstanding open problem in gravitation theory. Such a hypothesis lies at
the very foundation of the theory and applications of the black holes. As it turns out,
the attempts for different formulations and proofs for the same have run into one or
the other difficulty after the conjecture was proposed. As far as a general proof for any
suitably formulated version of the censorship is concerned, the main difficulty appears
to be that we seem to require much more knowledge on general global properties of
Einstein’s equations and solutions than it is known presently®).

Under the situation, we would argue that what is needed first is to develop a physical
formulation of the censorship principle which captures the basic spirit of the conjecture.
This should be based necessarily on a detailed examination of collapse scenarios other
than the exact homogeneous dust collapse case to examine the possibilities arising in
order to have insights into the issue of the final fate of gravitational collapse.

Several results have been obtained recently in this direction, analyzing the grav-
itational collapse of dust, perfect fluid as well as collapsing shells of radiation which
provide certain insights into the final fate of collapse and show that shell-focusing naked
singularities form at the center of spherically symmetric collapsing configurations.

In the following we discuss some of these results briefly and then consider the im-
plications. For the sake of simplicity, through out we confine to self-similar gravitational
collapse. To begin with, consider a shell of radiation collapsing at the center in an oth-
6)

erwise empty space-time®). The gravitational potentials in (u, 7,0, ¢) coordinates are

described by the Vaidya metric given by,

2m(u .
Juu = = (1__—1_'(—‘_).) y Gur =1, 999:7'27 g¢¢=7'2 sin” § (1)

The stress-energy tensor describes the imploding radiation and is given by,
Ty = akik; (2)

where k; is a null vector. The collapse is characterized by the mass function m(u) and
the requirement of self-similarity implies that it must have a linear form,

m(u) = A(u) (3)

where A > 0. A naked singularity forms in this case at the center u = 0,7 = 0 provided
A > 1/8 and as shown in Ref.6, not just isolated trajectories but families of non-spacelike
trajectories with a non-zero measure are emitted from this naked singularity. Further, a
powerful curvature growth is observed along all these trajectories in the limit of approach
to the naked singularity where we have,

ivri 1
R;V'V7 EE (4)
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k being the affine parameter along the geodesic. It follows that this is an essential
singularity in terms of the classification of singularities.

The analysis such as above provides certain insights into what is possible in gravi-
tational collapse in general relativity. For example, it follows that the cosmic censorship
conjecture cannot be valid in the form that all naked singularities must be in some sense
gravitationally weak™); and that the curvatures could diverge very powerfully along the
non-spacelike trajectories in the limit of approach to the naked singularity.

Similar analysis can be carried out for the cases of collapse of dust and perfect fluids
as well®), in which cases similar conclusions on the structure and formation of the naked
singularity are obtained, namely, the formation of a naked singularity, emergence of a
non-zero measure of non-spacelike tra jectories from the same provided the positivity of
the energy density holds, and a powerful curvature growth in the above sense along the
non-spacelike trajectories in the limit of approach to the naked singularity in the past®).
In the case of a perfect fluid, the condition for the formation of the naked singularity can
be written in the form of a forth order algebraic equation which must have real positive
roots.

One could however, argue in order to generate a physical formulation for the cosmic
censorship that the forms of matter such as dust, perfect fluid or collapsing radiation are
not really ‘fundamental’ forms of matter which must cease to be good approximations
as the collapse progresses to an advanced stage. Alternatively, one could suggest!®) that
these may be regarded only as approximations to more basic entities such as a massive
scalar field and a massless scalar field (in the eikonal approximation). Thus, one would
like to know whether naked singularities occur for a scalar field coupled to gravity, or for
similar matter fields other than forms of matter such as dust, perfect fluid or collapsing
radiation.

To examine this question in some detail, we consider a collapse scenario involving
matter only subject to the restriction of positivity of energy but with a general equation
of state!!). The non-zero metric components for a spherically symmetric space-time are
(t,r,0,6 =0,1,2,3),

— _p2v 2y v .
oo = =€, gu=e =V 4+ X%, 933 = ga2 5in® = 725 5in? 9, (5)

where V is defined as above and due to self-similarity v,%, V and S are functions of the
similarity parameter X = t/r only. The remaining freedom in the choice of coordinates r
and ¢ can be used to set the only off-diagonal term To; of the energy momentum tensor
T;; to zero (using comoving coordinates). We assume the matter to satisfy the weak
energy condition, i.e.

Ty Vivi > 0, (6)
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for all non-spacelike vectors V*. The relevant field equations for a spherically symmetric
self-similar collapse of the fluid under consideration can be written as'?)

L]

o _ =l 27 e o L (S—XS)2 2 .. 0§
G"_S?+ 5 (X*5 - X°Sp + XS+ 95 ) 5 (S¢+2S) 1)
:87r'r2T°0,
-1 2% . . §2 2 . (S —X8)?
1 - . . i b . 2 . w v
Gl_Sz 5 (s Su+2s)+ 5 [-SXi+ X250+ 55 ] (8)
:87r'r2T11,
. ) o _ & &y 5_’2’_0_
G2—87I‘T2, GI_S Sv S¢+X _T1_0. (9)

Using the last equation above, the first two equations can be combined to get
V(X)=Xe*[H - 2], (10)

where (-) is the derivative with respect to the similarity parameter X = ¢/r and H =
H(X) is defined by
H=r2e®(TY - 1,°) (11)

For matter satisfying weak energy condition, it follows that H(X) > 0 for all X. Using
the field equations above and methods similar to those used in a perfect fluid collapse?,

e can see that the singularity at ¢ = 0,7 = 0 is naked when the equation V(X) =0
has a real simple positive root, i.e.

V(Xo) =0, (12)

for some X = X,.
It is also seen that a non-zero measure of future directed non-spacelike trajectories
will escape from the singularity provided

0<H0=H(X0)<00. (13)

Using the equations of non-spacelike geodesics in a self-similar space-time (see e.g. Joshi
and Dwivedi in Ref.9 ), it is seen that these escaping trajectories near the naked singu-
larity are given by,

r=D(X — Xg)Te-1, (14)

Here D is a constant labeling different integral curves, which are the solutions of the
geodesic equations, coming out of the naked singularity. It is seen that Hy > 0 will hold
if the weak energy condition above is satisfied and when the energy density as measured
by any timelike observer is positive in the collapsing region near the singularity. In this
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case, when Hy < oo, families of future directed non-spacelike geodesics will come out,
terminating at the naked singularity in the past. On the other hand, for Hy = oo, a single
non-spacelike trajectory will come out of the naked singularity. This characterizes the
formation of naked singularity in self-similar gravitational collapse. Such a singularity
will be at least locally naked and considerations such as those in Ref.9 can be used to
show that it could be globally naked as well provided V(Xg) = 0 has more than one real
simple positive roots.

We note that the existence of several classes of self-similar solutions to Einstein
equations in the cases such as dust, radiation collapse etc. indicated above, where the
gravitational collapse from a regular initial data results into a naked singularity, points
out that such a condition will be realized for a wide variety of self-similar collapse
scenarios. For example, for the case of radiation collapse with a linear mass function
discussed above, the above initial condition corresponds to a restriction on the parameter
A {which is the rate of collapse) given by 0 < A < 1/8. In general, one could treat this
condition for the existence of a naked singularity as an initial value problem for the first
order differential equation given above governing V(X).

One could examine the curvature strength of the naked singularity here as well,
which provides an important test of its physical significance. As in the case of radiation
and perfect fluid, this turns out to be a strong curvature naked singularity as specified
in terms of the classification of singularities?). Consider the radial null geodesics coming
out which are given by,

@ _ v, (15)

Then,
4H,
(2+ Hy)?

It follows that this is a strong curvature naked singularity in the sense that the volume

lim k*R;;ViVi = > 0. (16)
k=0 7

forms defined by all possible Jacobi vector fields vanish in the limit of approach to the
naked singularity, in which case the space-time may not admit any continuous extension.

Are the results such as above confined to the case of self-similar gravitational collapse
only ? Several results!?) worked out for the non-self-similar collapse of dust and radiation
indicate that this is not the case.

The considerations such as above suggest that it may be useful to develop first a
physical formulation of the cosmic censorship conjecture which captures its basic spirit
before a rigorous and provable formulation for the same can be arrived at. A possibility
is suggested in this direction by the results on self-similar collapse, namely that if the
weak energy requirements indicated above are violated in the final stages of collapse, then
even though a naked singularity may exist (in the sense that a single null geodesic might
escape from the singularity), no families of non-spacelike trajectories may terminate at
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the naked singularity in the past. Further, this will no longer be a strong curvature
singularity as described above. For all practical purposes such a naked singularity may
not be taken seriously and the physical spirit of cosmic censorship hypothesis would be
in tact. It is not clear what mechanism may be invoked to achieve such a violation
of energy condition in the advanced stages of gravitational collapse. Of course, the
quantum effects may become important in the very final stages of collapse, and the
quantum gravity corrections would be relevant at extremely small lengths of the order
of the Planck scales. In fact, such a possibility of violation of energy conditions has been
discussed recently in the context of worm hole space-times'*).

It would appearthat the final fate of gravitational collapse remains an issue involving
exiting possibilities. Even if a successful quantum theory of gravity was some how to
dispense with all the space-time singularities, one would nonethelesshave to take account
of essentially singular, high density regions of matter and radiation predicted by the
classical theory. One would like to conclude that the phenomena of gravitational collapse,
and in particular the issue of its final out come requires much more investigation than it
has received so far. In the absence of a mathematically rigorous formulation and proof
for the censorship conjecture, it would seem that the first task is to develop a suitable
physical formulation which captures the essence of censorship. Such a formulation should
be based on a detailed analysis of the gravitational collapse scenarios.
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ABSTRACT

Innermost stable circular orbits may play an important role in the final stage of the time
evolution of coalescing binaries with compact components. The paper gives a critical
overview of our knowledge of the location of those orbits.
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1. INTRODUCTION

It is a quite remarkable property of the motion of a test body in the exterior static
relativistic gravitational field of a compact spherically symmetric heavy object (black
hole, neutron star) that there exists an Innermost Stable Circular Orbit (ISCO). Inside
this orbit test bodies, slightly perturbed, spiral into the center through conservative forces.
This is what Einstein’s theory of gravitation predicts in the domain of exact solutions.

In the case of objects with comparable masses, i.e. binary systems, things are more
complicated and exact solutions are not known. The main reason for this is the emission
of gravitational waves. Whereas the motion of a small body in the gravitational field
of a heavy object is stationary with excellent accuracy (in the test-body limit the sta-
tionary motion is even exact), the stationary motion of a binary system is only a rough
approximation to its exact motion because of stronger gravitational wave emission. (The
gravitational wave emission is proportional to the mass—factor v := 7”.17".2/(7".1 + m2)2
which is maximal for equal masses.) Counted in powers of GM/ac?, where G and ¢
denote the Newtonian gravitational constant and the velocity of light, respectively, and
where M (= m; + my) is the total mass of the system and « a typical radial extension,
the stationarity of the binary motion terminates already at the second post-Newtonian
approximation (2PNA), i.e. at the order ¢~*, because of the entering of gravitational
radiation damping at the order ¢°, whereas in the test-body case the stationary part
does not terminate. In the small-body case gravitational radiation damping will cause a
modest inspiral. After crossing the ISCO the inspiralling motion will accelerate rapidly
and the final plunge will be driven mainly by conservative forces. This coalescing picture
is expected to be valid also in case of the motion of binaries although the gravitational
radiation emission will surely play a more important role in the final plunge. (In the
binary case with gravitational radiation damping the ISCO radius is determined by the
time-symmetric (stationary) part of the dynamics.)

In Sec. 2 the post-Newtonian approximation (PNA) is confronted with the exact
value of the Schwarzschild-test—-body-ISCO radius. In Sec. 3 we critically review our
knowledge of the location of the ISCO in binary systems.

2. APPROXIMATE TEST-BODY DYNAMICS IN
SCHWARZSCHILD SPACETIME

The most compact objects in Einstein’s theory of gravitation are black holes. (We shall
discuss only non-rotating objects.) Their radial extension is naturally defined by the
radius (Schwarzschild radius) of their sphere of “no return” (event horizon) which en-
closes the singular (“point-like”) matter. Three different coordinate systems, covering the
spacetime outside the event horizon, will be important in our discussion: Schwarzschild,
R, harmonic, p, and ADM, r, coordinates, in the following abbreviated by SCs, HCs, and
ACs, respectively. They are related by the equations

GM GM\?
R=P+7=T(1+ ) (1)

2c%r
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The Schwarzschild radius takes respectively the following values in the three coordinate
systems: 2 GM/c?, GM/c?, and GM/2c%. The ISCO radius, in our three coordinate
systems, is located at 6 GM/c?, 5 GM/c?, and 4.95 GM/c?, respectively. Neutron stars
are the most compact stars known. Their masses are about 1.4 solar masses and their
radii, in HCs, are expected to lie in the range from 5 to 14 km, depending on the equation
of state. These radii have to be compared with an ISCO radius of about 10 km. Therefore,
besides black holes there might also exist neutron stars for which the ISCO radius has
physical meaning.

The energy Ho (divided by the reduced mass) of a test body in the Schwarzschild
spacetime moving on circular orbits, as function of a reduced radius, r, and a reduced

angular momentum, J, reads in ACs (M, here the mass of the heavy body, and G are put

equal to 1),
Ho _1-1/2cnr 1\ g2
2 (Tv']) 1y 1/2021‘ 1+(1+ 2¢2r 22 L. (2)

The corresponding expressions in HCs and SCs follow by the application of the trans-

formations (1), holding J fixed. We have given the energy expression explicitly only in
ACs because SCs do not exist for binary systems and also, for these systems, an ordinary
Hamiltonian structure is not attainable in HCs beyond the 1PNA. For the Schwarzschild
spacetime our ACs are isotropic in space. From the Hamiltonian (2) the radius of the
ISCO is obtained by the aid of the equations

OHo(r, J) 9% Ho(r,J)

o -V = T ®)

ThenPNA of the energy H o is defined as its Taylor expansion in powers of ¢=2 up to the

order ¢=2". Table 1 shows ISCO-radii for different nPNAs in ACs, HCs and SCs, which,
for later comparison, were transformed to HCs, using eq. (1). Only odd-PNAs show
ISCOs. Their radii monotonically approach the exact value. Using an Euler-Lagrange-
equations—of-motion approach in HCs, the values for the PNA-ISCO radii given in Table
2 were obtained by Kidder et al.). There the odd-PNA radii converge from below and
the even—PNA radii from above. It can be seen that the Hamiltonian—-PNA approach in
SCs converges faster than the Euler-Lagrangian-PNA approach in HCs.

Table 1. Schwarzschild-ISCO radii (unit ~ Table 2. Schwarzschild-ISCO radii (unit
GM/c?) for nPNAs of the test-body @ GM/c?) for nPNAs of the test-body
Haxnlltomans HgoM | fharm  and [ Euler-Lagrange equations of motion in
given respectwely in ADM harmonic, and harmonic coordinates, according to Kid-

Schwarzschild coordinates der et al. (KWW)

| Approx. | Hg“™ Hparm Hy l Approx. KWM Approx. | KWW
1PNA 11.1 11.1 5.35 1PNA — 2PNA | 6.505
3PNA 7.58 7.70 5.07 3PNA — 4PNA | 5.364
5PNA 6.56 6.63 5.01 5PNA | 4.784 6PNA | 5.048
TPNA 6.08 6.14 5.001 TPNA | 4.985 8PNA | 5.004
9PNA 5.81 5.85 5.000 9PNA | 4.999 10PNA | 5.000
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The different values for a specific PNA (see Tables 1 and 2) indicate that the PNA-
ISCOs are located outside the domain of validity of the individual PNAs. Notice that
the Hamiltonian and the Euler-Lagrangian forms of the PNAs, independently of the
coordinate systems used, always give identical results, if restricted to their domain of
validity.

3. ISCOs AND COMPACT BINARIES

The motion of compact binaries is known only up to the 2.5PNA. Extrapolating Table 2
to the binary case the 2PNA might be expected to give the exact ISCO with an accuracy
of about 30%. In the binary case the 2PNA-ISCO radius, in the HCs, was found to be
68 GM/c* V. Numerical integration of the 2.5PNA dynamics in the same coordinate
systems showed a plunge behavior near 7 GM/c?, for equal masses?).

In modifying a procedure, suggested and applied by Clark and Eardley® for the binary
dynamics at IPNA (quadratic Schwarzschild-test-body—Hamiltonian approach in SCs
augmented by two times the IPNA-binary part in HCs), Kidder et al.9!) “improved”
the 2PNA dynamics in HCs by the addition of all higher test-body-PNA terms to their
equations of motion. From this “hybrid” dynamics they obtained an ISCO radius of 6.03
GM/c?, for equal masses. The difference of only about 10% between the 2PNA and the
hybrid ISCO-equal-mass radius compared to the difference of 30% between the 2PNA
and the exact ISCO-test-body radius indicates that in the hybrid dynamics the 2PNA-
binary part plays a dominaterole, which suggests that the higher order PN A-binary parts
might contribute essentially to the final result.

The modification of Kidder et al.) applied to our Hamiltonian approach, in ACs,

results in the expression®

H(T7J)EH0(7"J)+Hu(raJ)7 (4)
1 J4 J? 1 Je J4 J? l)

=v|— (3L —42 —1NZ - 2001 + 64 — 12— )|,
o=y [Sc2 (37“‘ 4r3> * Tt (5(” 1)7‘6 23w+ 0)r5 +64r“ 12r3

where Hy(r,J) is given in equation (2). The application of the conditions (3) to the
expression (4) gives an ISCO radius of 7.50 GM/c?, in the HCs and for equal masses.
The result differs by about 20% from the corresponding result by Kidder et al. In view of
the fast convergence of the Hamiltonian-PNA approach in the case of the Schwarzschild—
test-body-ISCO radius in SCs, we transformed the expression (4) to some pseudo-SCs,
using eq.(1), and applied our critical point analysis, eq.(3), to that expression (in the
binary part of the Hamiltonian, H,, only the 2PNA terms were kept). The result is 5.32
GM/c?, where the radial coordinate is transformed back to its original ADM expression
and then changed into its harmonic one, using the transformation which is valid also in
the case of binary systems®. This result differs quite remarkably from our previous result
and the result of Kidder et al., see Table 3. The diversity of the presented results clearly
shows the strong influence of higher order PNA--binary terms on the ISCO radius.
Within an Hamiltonian variational approach with standing gravitational waves at spa-
tial infinity, time independent as viewed from a rotating frame of reference, Blackburn
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and Detweiler®) found an equal-mass-binary-ISOC radius in an ADM-like coordinate
system of 0.6 GM/c?, far outside the domain of applicability of their approach. To render
possible a comparison of their result with the other results the numerical values of the
energy, H, and the angular momentum, J, both coordinate independent quantities, are
added in Table 3. (For the small value of 0.6 GM/c? the transformation to binary HCs
is not known.) This Table also shows the result obtained by Clark and Eardley®. Their
hybrid dynamics, based on 1PNA-binary terms, yields an equal-mass-ISCO radius far
away from the hybrid 2PNA-binary-ISCO radii of Kidder et al. and us. 1PNA results,
however, should not be given too much weight as can be seen from the Tables 1 and 2;
their values there for the ISCO radii, if well defined at all and not spurious like in Table
2, deviate from the exact value in a disproportionate manner.

Table 3. Approxiomate ISCO radii in harmonic coordinates (unit GM/c?) and related

energy (unit 1M c?) and angular momentum (unit ¥~GM? /c), obtained by Clark and Eard-
ley (CE), Blackburn and Detweiler (BD), Kidder et al. (KWW), and us in ACs (SW1)
and pseudo-SCs (SW2) for equal-mass binaries

| CE | BD [ KWW | SWI | SW2

p | 24 | — | 603 | 750 | 532
H | —0.07 | —0.7 | —0.037 | —0.047 | —0.059
J| 32 | 09 | 383 | 371 | 3.42

We conclude that presently the best estimate for the equal-mass-binary-ISCO radius,
in HCs, seems to be 6 GM /c* +20%. Deeper investigations are obviously needed.
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ABSTRACT

Gravitational radiation reaction effects, in the dynamics of an isolated system, are computed
by means of a post-Minkowskian approximation method (or nonlinearity expansion method).
These effects arise from a specific “antisymmetric” component of the gravitational field (in
the exterior region of the system), a solution of the wave equation of the type half-retarded
minus half-advanced, which is investigated to all orders of nonlinearity. The antisymmetric
component of the linear field (in a suitable coordinate system) defines a four-tensor potential
for the radiation reaction forces in the linear theory, which generalizes the usual Burke and
Thorne scalar potential. The complete nonlinear potential, up to the 1.5PN relative level,
involves, besides the leading-order Burke-Thorne potential, reaction terms which parametrize
the recoilforce acting on the centre of mass of the system, and purely nonlinear reaction terms,
depending on the full past dynamics of the system, which are associated with the “tail” effect.
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1. INTRODUCTION

Gravitational radiation reaction effects, which are due to the reaction to the emission
of gravitational radiation, play an important role in highly dynamical systems, such as
coalescing compact binary star systems, whose radiation will be observed by future gravity-
wave detectors (notably, laser interferometer detectors like VIRGO and LIGO). The dominant
reaction effects have already been accurately measured, by Taylor and collaborators, in the
dynamics of the binary pulsar PSR 1913+ 16. In view of these present and future astrophysical
observations, it is important to have at hand powerful theoretical methods for the computation
of gravitational radiation reaction in isolated systems. This contribution reports some recent
work?) in which we have defined such a method, able, in particular, to deal with radiation
reaction effects of nonlinear origin.

The leading-order radiation reaction force in general relativity has been obtained by
Burke? and Thorne®), using a method of matched asymptotic expansions. This force arises
at the so-called 2.5 post-Newtonian (2.5PN) approximation in the equations of motion, that

5 when ¢ — oo, where c is the velocity of light.

5-—-8)
)

is basically at the approximation of order ¢~
Later, Chandrasekhar and Esposito), and many subsequent authors obtained similar
results (although in different coordinate systems), using systematic post-Newtonian methods.
Higher-order radiation reaction forces necessitate the control of higher-order post-Newtonian
approximations. For instance, the 3.5PN approximation is required for the computation of
the total reaction force acting on the centre of mass of the system (or “recoil” force). The
post-Newtonian method, however, is faced with severe inconsistencies in the higher-order
approximations.

We have based our investigation of gravitational radiation reaction on a particular post-
Minkowskian method (i.e., a method of nonlinear expansion of the field around Minkowski
space-time) which has been developed in recent years®:19) on foundations laid by Bonnor!!)
and by Thorne'?). Essentially, this method deals first with the nonlinear gravitational field
in the esterior region of the system, and then uses an asymptotic matching, ¢ la Burke
and Thorne, to the inner field computed, for instance, by means of a post-Newtonian
algorithm. Post-Minkowskian methods do not present any sign of inconsistency, and it
has been shown that the nonlinearity expansion, in the exterior region, can be iterated ad
in finitum. Furthegmore, one can say that the post-Minkowskian method contains the post-
Newtonian one, because the expansion when ¢ — oo can be performed afterwards in each
terms of the nonlinearity expansion. The difficulties encountered by the post-Newtonian
method in the higher-order approximations can be more clearly understood within the
framework of the post-Minkowskian method. They lie in the appearance of non-local (in
time) terms in the inner metric of the system, or “hereditary” terms (depending on the full
past dynamics of the system), which are associated with radiation reaction effects of nonlinear
origin'®. This occurs at the 4PN approximation in the metric (or in the equations of motion).

Let us consider an isolated system S, described by some stress-energy tensor T#*. We
assume that the velocities of the constituents of S are small with respect to the velocity
of light, and that the gravitational field generated by S is everywhere weak. To compute
the radiation reaction forces acting within S, we proceed as follows. First, we consider the



521

gravitational field, satisfying the condition of retarded potentials, in the exterior (vacuum)
region of S, and we determine there a specific antisymmetric component of the field, i.e.
a solution of the wave equation which is the difference between retarded waves and the
corresponding advanced waves (and which is parametrized by some retarded functionals of
the stress-energy tensor of S'). These waves change sign if we change the condition of retarded
potentials to a condition of advanced potentials. Then, we use an argument of continuation
inside S (which has in fact to be justified by an explicit matchirg to the field of S) to conclude
that these antisymmetric wavesform a radiation reaction potential for the radiation reaction
forces acting inside S.

2. LINEAR RADIATION REACTION

At the linear level, the gravitational field h}” (say the harmonic coordinates trace-
reversed perturbation of the Minkowski metric) in the exterior region of S can be expressed
as a retarded multipole moment series of the form

e = Z( Lo {2ae (-0)) )

We denote by 0 a product of ! space derivatives 9; = 8,,...8; (with L = i;...4;). The
multi-indexed functions F%", which are functions of the retarded time t — 7/c, can be viewed
as some (reducible) “multipole moments”. They are related to the stress-energy tensor of S
by

Fr'(t) = ft—f / d’x 3y /_ 1dzéz(z)fl‘“"(x,t-zlxl/c)- @

Here, 1, denotes the trace-free part of a product of I space coordinates ¢z = z' ...z*. The
expression (2) involves a weighted time average which is physically due to the time delays of
the propagation of the waves inside S (with finite velocity c¢). The weighting function é:(z)
is given by

1 1
&i(2) = (22’:1;) (1- : /_1 dzi(z) = 1. 3)

A complete analysis'?) shows that the most general solution (modulo an arbitrary gauge
transformation) of the linearized equations in the exterior of S is parametrized by only two
sets of independent components of the functions F}"”, namely two sets of irreducible multipole
moments My, and S;, which in the limit ¢ — oo reduce to the usual Newtonian expressions of
mass type and spin type multi pole moments, respectively. Now, the antisymmetric component
of the exterior linearized field (1) is obtained by replacing in (1) each retarded wave by
the corresponding antisymmetric (half-retarded minus half-advanced) wave. Antisymmetric
waves are given by the formula

aL{ff”(t—r/c)~.7:£"(t+r/c)} T

1
_ _ (2! 4
o T @ e /_1 dz8(z) PHVFL (2 - zr/c) . (4)

Note that (4) involves the same weighting function &(z) as in the expression (2) of the
multipole moments themselves. [We denote by '*DF ¥ the (2! + 1)-th time-derivative of
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F1".] Theright-hand-side of (4) clearly shows the interesting characteristics of antisymmetric
waves. When ¢ — oo, these waves have the small order of magnitude ¢=2/~!, contrasting with
the order of magnitude 1 of the corresponding retarded or symmetric waves (we assume that
the functions F!* do not depend on ¢). Furthermore, viewing the expansion ¢ — oo as a
near-zone expansion r -- 0, we find that the waves (4) are regular (C°®) in a neighbourhood
of the spatial origin r = 0, where S is located. Thus these waves, which are solutions of
the vacuum (homogeneous) linearized equations, will as well appear by continuation in (or
will have to be added by matching to) the field constructed in the interior of S, where they
will imply a small correction in the equations of motion of S which can be interpreted in the
usual way as a radiation reaction force. Using the decomposition of the moments F} into
irreducible mass moments M, and spin moments Sz, and using a suitable coordinate system,
we can define!) a four-tensor potential for the radiation reaction forces in the linear theory,
which generalizes, in a precise sense, the usual Burke-Thorne scalar potential.

3. NONLINEAR RADIATION REACTION

The previous considerations neglected the important role of the nonlinearities of Ein-
stein’s equations in the radiation reaction problem. At the n-th post-Minkowskian order of
approximation, we have to satisfy a wave equation of the type

OhE = N (hm;m <n—1) (5)

(together with a condition of harmonic coordinates), where h4” denotes the n-th nonlinear
iteration of the gravitational field (so that Gh{” + - + G™h* + --- is equal to the metric
density perturbation), and where NX¥ denotes a nonlinear source, which is a nonlinear
functional of the previous iterations A%’ (with m < n — 1) and their derivatives. We
refer to® for a precise implementation of an algorithm solving (5) (and the condition of
harmonic coordinates) for any n, and for the proof that the nonlinear series so obtained
constitutes the most general solution of Einstein’s equations in the exterior of S (modulo an
arbitrary coordinate transformation). Now, the antisymmetric component of the nonlinear
field, solution of (5), that is associated with nonlinear radiation reaction effects, is given
by the unique decomposition of the usual (regularized) integral of the retarded potentials
of the source, say FPOR:,N#¥, in terms of what we call the integral of the instantaneous
potentials, say FPI"! NF. The symbol FP stands for “Finite Part” and reminds that
one must apply the regularization procedure of ¥ to deal with the integral of nonlinear
sources (which are valid only in the exterior of S). This regularization procedure is in
fact needed for a correct definition of FPI-'N#*. The instantaneous integral defines,
like the retarded integral, a solution of the wave equation with source N4 (i.e., we have
O(FPOR.,N&¥) = O(FPITINEY) = NF¥), but it has the particularity of depending on
the values of the source NA at only one single instant, namely the current instant ¢ at
which the field is evaluated. The solution FPI~!N#¥ is useful in practical computations of
post-Newtonian expansions of the nonlinear field; however, its theoretical interest is that it
delineates the terms which are not associated with radiation reaction. More precisely, we can
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write the decomposition?)

+ o0 1 nv Nz
-1 Arpy _ —1 arpv () GhLt—r/c)=Ghr(t+7/c)
FPORl, N = FPI"'N* + ?_0 o { - .6

where the second term is a multipolar series of antisymmetric waves which is associated
with radiation reaction effects of n-th nonlinear origin. The “multipole moments” GA7,
parametrizing the antisymmetric waves in (6), are given by the following retarded functionals
of the source

Gui(1) = FP{;—; [aexa [ " (N, - z|x|/c>} : (1)

where the weighting function «,(z) is simply related to the weighting function 6;(z) appearing
in (2) and (4). Namely, we have

—+ oo
n(z) = ~26(2) / den(z)=1. (8)

Note that the integral from one to infinity of the function v;(z) is divergent, and that its
value has to be computed by complex analytic continuation in l.

Finally, with the radiation reaction tensor potential of the linear theory, and with the
equations (6)-(8) above (together with an appropriate algorithm for the construction of the
nonlinear metric), we obtain!) the complete nonlinear radiation reaction potential up to the
1.5PN relative level (or 4PN level in the equations of motion). At the Newtonian level, the
potential agrees with the scalar potential of Burke and Thorne. At the 1PN level, the potential
involves both scalar and vector components which parametrize the radiation recoil force. And
at the 1.5PN level, the potential contains a non-local in time contribution, of purely nonlinear
origin, which is associated with the “tail effect”, i.e. the effect of the scattering of the outgoing
radiation off the (approximate) Schwarzschild space-time generated by S.
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NON-PERTURBATIVE STRONG-FIELD EFFECTS
IN TENSOR-SCALAR GRAVITY

Gilles Esposito-Farése
Centre de Physique Théorique - CNRS Luminy, Case 907
F 13288 Marseille Cedex 09 (France)

Abstract : This talk presents the results of a recent work in collaboration with Thibault
Damour. We show that a wide class of tensor—scalar theories of gravity can pass all present
solar-system tests and still exhibit non-perturbative strong-field deviations away from general
relativity in systems involving neutron stars. This is achieved without requiring either large
dimensionless parameters, fine tuning or the presence of negative-energy modes. This study
provides new motivations for experiments probing the strong-field regime of gravity, notably
binary-pulsar experiments.
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1. Introduction

Most; of the experimental tests of general relativity have been performed in the solar system,
i.e. in conditions where the gravitational field is extremely weak. For instance, the surface
potential GM/Rc? of the Sun is about 1078, and it is smaller than 10~° for the Earth.
A few tests have also been possible in the strong-field regime thanks to the observation of
binary pulsars, which involve neutron stars whose surface potentials are about 0.2. However,
it is difficult to determine what features of Einstein’s theory have really been tested by
such observations if one does not compare its predictions with those of alternative theories of
gravity. This is the motivation for studying the strong-field behaviour of contrasting theories,
and thereby to suggest new tests of relativistic gravity.

The most natural alternatives to general relativity are the so-called tensor—scalar theories,
in which gravity is mediated by one tensor (g,,) together with one or several scalar
fields (p°). Indeed, it seems very difficult to introduce consistently vector fields or extra
tensor fields (besides gu,) in the gravitational interaction, as discussed in section V of
reference 1. On the contrary, massless scalars participating in the gravitational interaction
arise naturally in theoretical attempts at unifying gravity with other interactions or at
quantizing gravity (Kaluza—Klein theories, supergravity, strings, non-minimal generalizations
of Einstein’s theory), and recent extended inflationary models furnish new motivations for
considering tensor-scalar theories.

Before studying the behaviour of such contrasting theories in the strong-field regime, it is
necessary to check whether they are consistent with all weak-field tests. In the case of tensor—
scalar theories, only two parameters are sufficient to describe all possible post-Newtonian
deviations from general relativity. Theirstandard notation is 3, 7, but in order to distinguish
them from the underlying theory parameters introduced below, we shall decorate them with
a tilde : E, 5. The bounds imposed at the one sigma level by solar-sytem experiments read

B-1]<2x107° , F-1<2x107%. (1)

The question that we want to address is therefore the following : do theories exist which
satisfy these tight constraints (i.e. which are very close to general relativity in the weak-field
regime) but nevertheless exhibit large deviations from Einstein’s theory in the strong-field
regime ?

Wegavea first answer to this question last year at the Moriond meeting??) by considering
tensor—multi-scalar theories involving at least two scalar fields. We showed that it was then
possible to have strictly the same post-Newtonian limit as general relativity (i.e. B = F=1
stricily) without constraining the strong-field deviations. However, the bad feature of this
class of theories is that one of the scalars must carry negative energy. In fact, it is possible
to show?®) that a wide sub-class of them does not lead to any classical unstability, but it is
clear that they would be ill-defined at the quantum level (although we do not know how to
quantize gravity).

The aim of this talk is to present a new and much better answer to the preceding
question : tensor-scalar theories which do not involve any negative-energy mode can satistfy
the constraints (1) and still exhibit non-perturbative strong-field deviations away from general
relativity®).
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2. Action and weak-field constraints

The non-perturbative strong-field effects we wish to point out are already present in the
simplest case of a theory involving only one scalar field. For clarity, we shall therefore restrict
our attention to tensor-mono-scalar theories although the multi-scalar case is not much moie
difficult to write®). In order to satisfy the weak equivalence principle, we consider only ‘metric
theories’, in which the action of matter depends only on one metric tensor, say gy, without
any explicit dependence on the scalar field ¢. However, as was first pointed out by Pauli and
Fierz, this tensor g, is not necessarily the one, say g,,, which appears in the Einstein-Hilbert
action describing a spin-2 field. Indeed, they can be related by a conformal transformation

Guv = Az(ﬂo)gﬁw ) (2)

where A(yp) is a function of the scalar field. The action describing the class of tensor-mono-
scalar theories can therefore be written as®

3
S = 1 [ VISR 20" D,i0000) + Smssclh o] ®

where g denotes the determinant of g,,,, g*” its inverse, and R its curvature scalar (with
the sign conventions of reference 6). The action of matter is supposed to describe all
non-gravitational physics, i.e. for instance the Standard Model of electroweak and strong
interactions. The square brackets mean that Smatter depends functionally on the material
fields, globally denoted as 4 (including gauge fields), and on the tensor §,, which is a mixing
of spin 2 (g,.,) and spin 0 (¢) degrees of freedom. The field equations which derive from this
action read

1 87 G
Ry, — ERg;w = 26;;‘?81;99 - ap‘Pap‘Pg)w + c_‘*T‘w s (4a)
4rG
e =——-a(p)T7, (4b)

where the contractions of indices, the Dalembertian [, and the Ricci curvature tensor R,,
correspond to the metric gu, (and not g,.,), and where T#" = (2¢/v/—9)(6Smatter/6gpuv)-

The function a(¢) involved in (4b) is the logarithmic derivative of the conformal factor
A(y) defined in (2). It describes the coupling of ¢ to matter, and is therefore directly
linked with the magnitude of this scalar field generated by a massive body. From now on, our
discussion will be focussed on this function. Let us denote as ¢g the (cosmologically imposed)
background value of the scalar field, and expand a(«p) in powers of (¢ — @) as

dln A
IAL) = () = a0 + Aol —00) + -+ » (%)
P
where ag, (o, ...are constants. Only ag and f, are probed by the weak-field experiments

performed in the solar system. Indeed, the post-Newtonian parameters B and 7 read®

_% gyl _aih
1+a? ' A T2(1+a2)?’ (6)

7-1=-2
and therefore the constraints (1) can be rewritten as

af <107° , of|Bel <4 x 1073 )
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In conclusion, solar-system experiments impose a small value for ag, but do not constrain
directly Bo = 8(8 — 1)/(1 - 7).

On the contrary, strong-field effects depend on all the expansion (5) of the coupling
function a(p). However, the post-Newtonian formulae can be generalized in the strong-field
regime® by simply replacing ap and fy by body-dependent parameters a4, B4, where A
labels a compact body with radius R4 and mass M4. Their expansion in powers of the
surface potential GM 4/R ac? read

GM, GMa\?
@4 = a0 X 1+°‘ﬁ£+“’(m£) +} ’ (8a)
GMa GMa\’
- ... b
Ba=Po+b Rac? + b, (RACZ +-o, (8b)
where a;, ay, ..., by, by, ...are constants which depend only on the theory (i.e. on the series

(5)] but not on body A. A quick way to estimate the order of magnitude of a4 is to compute
a(tp.:), where ¢, is the value of the scalar field at the center of body A. These formulae show
clearly why only ag and By are probed by experiments in the solar system, where the surface
potentials GM/ Rc? are extremely small.

It can be shown?® that any deviation from general relativity in an observable quantity
involves at least two a4 factors. For instance, in a binary pulsar where A denotes the pulsar
and B its companion, the orbital motion depends on products like asaB, %8s, ..., and
combinations like @ papfBaPp, - . .also appear in the gravitational radiation. Therefore, any
observable deviation from general relativity can be written formally as

GM GM\?
otapztalgz) T (9

where ¢cg, c1, ...are theory-dependent constants, and GM/Rc? denotes globally the surface

2
aj x

potentials of all the bodies. Hence our problem is to determine if this series in GM/Rc? can
be large enough to compensate the small value of o2 imposed by solar-system experiments
(7). A possible answer would be to choose some very large parameters in the expansion
(5) of a(p), so that some of the constants ¢;, cy, ...in (9) would compensate both a? and
the powers of GM /Rc?. However, such a choice would be ad hoc, and we shall restrict our
attention to theories which do not involve large dimensionless parameters.

3. Non-perturbative effects

The simplest tensor-scalar theory is the Jordan-Fierz-Brans-Dicke theory”™%. It is
determined by a constant coupling function a(yp) = ag = 1/v/2w + 3, and the body-dependent
parameters (8) read then simply : a4 = ag, B4 = 0. Therefore, this theory and general
relativity do not differ more in the strong-field regime than in the solar-system, and the
constraints (7) show that one cannot expect deviations larger than ~ 0.1% even near neutron
stars.

Let us now consider the next simplest theory, which is determined by a linear coupling
function

a(p) = Bop = a0 + fo(p — o) , (10)



529

where B¢ is a constant, and ap = Bope. The background value ¢ is supposed to be
small enough in order to satisfy the weak-field constraints (7), i.e. BZp2 < 1072 and
1831 < 4 x 1072,

One can see heuristically in a toy model how the quantity (9) can be of order unity even
for a vanishingly small ag. Let us neglect the curvature of space-time, and suppose that
the matter density € and the pressure p take constant values inside a neutron star. In the
interior of the star, the field equation (4b) reads (1/r)d%(r¢)/dr? = k2Boyp, where r is the
radial coordinate and k? = (47G/c*)(ec? — 3p). There are therefore two different solutions
depending upon the sign of S :

¢ o sinh(ky/Bor)/r if Bo > 0, o < sin(k/|Bo|r)/r if Bo <O. (11)
By matching these interior solutions with the exterior one ¢ = ¢ + constant/r, one can thus
compute the value of the scalar field at the center of the star :

@e = pof cosh(ky/BoR) ifBo >0, ¢ =gpofcos(k\/|Bo]R) if Bo>0, (12)
where R denotes the radius of the star. Hence the scalar field inside the star is even smaller
than the background value g if 8o > 0. In other words, the theory is even closer to general
relativity in the strong-field regime than it is in the solar system ! On the contrary, ¢, is
given by a function which has a pole at K\/lﬂ—olR = 7w/2if By < 0. Therefore, if By is close
enough to —(/2kR)?, ¢, [and as = a(pc)] can be of order unity even if ¢ is vanishingly
small. As GM/Rc? = k?R?/3 is typically of order 0.2 for a neutron star, we expect that this
non-perturbative amplification of ¢ will take place for fo < 4, i.e. for (ﬁ -1)/(7-1) > +1
in terms of the post-Newtonian parameters (6). Therefore, this toy model shows that non-
perturbative effects can occur in a theory which does not involve any large dimensionless
parameter : here, the compensation of the small value of & is due to a pole.

The numerical integration of the exact field equations (4) hasbeen performed in reference
4. Numerical methods were necessary not only because the curvature of space-time obviously
cannot be neglected in the vicinity of a neutron star (and therefore one has to solve coupled
differential equations for g,, and ¢), but also because one must choose a realistic equation of
state to describe nuclear matter inside a neutron star. We plot in Figure 1 the body-dependent
parameters (8) as functions of the baryonic mass of a neutron star (i.e. its number of baryons
multiplied by the mass of a baryon), for the equation of state EOS II of reference 10, and
for a coupling function A(p) = exp(—3p?) (i.e. fo = —6). We chose for ¢ the maximum
value consistent with the solar-system constraints (7). This figure shows that the curvature
of space-time has the effect of “damping the resonance” we found in the previous toy model :
—a4 never diverges, but it takes large values over a wide interval of masses (from 1 to 3
solar masses), whereas in our previous heuristic argument it was non-negligible only over a
tiny interval concentrated near the pole. In other words, the curvature not only suppresses
the dangerous divergence we found, but also allows the non-perturbative effects to appear
for almost any neutron star without requiring fine-tuning. Note that the divergence of G4 at
the maximum mass is physically not relevant because the star becomes anyway dynamically
unstable there. To give an order of magnitude of observable deviations from general relativity,
let us compute the strong field analogues of the post-Newtonian parameters B, which govern
the motion of a binary system of two identical neutron stars [They are given by equation (6)
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(maximum mass maximum mass
in general relativity) for a neutron star

Figure 1 : The body-dependent parameters a4 and 84
for the model A(yp) = exp(—3?).

in which we replace ag and fy by aq and B 4.]. For 1.5Mg,, neutron stars, we find that the
strong-field analogue of 7 is about 0.4, whereas it is equal to 1 in general relativity. Similarly,
the maximum value of —f4 in Figure 1 corresponds to a strong-field analogue of 8 which is

close to —1, instead of +1 in general relativity.

s cos\ftjy(p
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Figure 2 : The body-dependent parameter a4
for several coupling functions A ().

Figure 2 shows how these strong-field effects depend on the coupling function A(yp) defined
in equation (2). In each case, we chose the maximum value of ¢o consistent with the solar-
system constraints (7). For the models A(p) = exp(Byp?/2), these numerical results confirm
the conclusions of our previous heuristic argument : there exist appreciable deviations from
general relativity as soon as By < — 4, i.c. (B-1)/G-1) > +1. Note that when 8y > 0,
the theory is closer to general relativity in the strong-field regime than in the solar system.
Finally, we see by comparing two functions which have the same curvature at the origin,
A(p) = exp(=3¢?) [i.e. alp) = —bip] and A(p) = cos VB [ic. afp) = —6p — 12¢° —~ -],
that strong-field effects probe a large segment of the coupling function.
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Figure 3 : The body-dependent parameter a4 for two different

equations of state, and for a very small value of .
Figure 3 illustrates the robustness of the strong-field effects over a change of nuclear equation
of state (Diaz : equation EOS II of reference 10; Pandharipande : equation A of reference 11),
for the model A(p) = exp(—3p?). Indeed, the magnitude of the effects is almost constant,
although the masses for which the effects occur have been shifted. The comparison between
the cases ¢y = 4.3 x 1073 (maximum allowed by solar-system constraints) and ¢y = 4.3 x 1076
in Figure 3 also underlines how strong-field effects free themselves from weak-field constraints
when they develop. Hence a great enhancement of the precision of solar-system tests would
not change our conclusions.

Conclusion

We have presented the first examples of relativistic theories of gravity which (i) are consistent
with all solar-system experiments, (ii) are very different from general relativity in the vicinity
of neutron stars, (iii) do not involve any negative-energy mode, and (iv) do not need any
large dimensionless parameter nor fine tuning. This class of theories can be very useful
as contrasting alternatives to general relativity, and can suggest new tests of the strong-
gravitational-field regime. Their confrontation with the experimental data of binary pulsars
will be done this year in collaboration with T. Damour and J. Taylor.
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A POSSIBLE RESOLUTION OF THE BLACK HOLE
INFORMATION LOSS PARADOX
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ABSTRACT

The problem of information loss in black hole formation and the

associated violations of basic laws of physics, such as conservation of
energy, causality and unitarity is reviewed. The problem can be avoided
in the nonsymmetric gravitational theory, if the NGT charge of a black
hole and its mass satisfy an inequality that does not violate any known
experimental data and allows the existence of white dwarfs and neutron
stars. The observational evidence for black holes is reviewed and recent
equations of state that allow compact stars with large critical mass to
exist are discussed.
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Hawking’s discovery of black hole radiance,! led him to state that the ac-
cepted principles of relativity and quantum mechanics cannot be reconciled with
this phenomenon?. All suggested resolutions of the paradox result in violations of
cherished physicallaws, such as the conservation of energy, causality and unitarity?®.
Consider a pure quantum state describing the infalling matter of a star. Such a
state can be described by a density matrix, p = [ty >< 1| with vanishing entropy,
S = —Trplnp. If, for sufficiently large M, the falling matter collapses to form a black
hole, it will begin emitting Hawking radiation. If the back-reaction of the emitted
radiation on the geometry is neglected, an approximation expected to hold until
the mass M becomes comparable to the Planck mass Mp;, then the radiation is
thermal and is described by a mixed quantum state. The radiation is approximately
described by a thermal density matrix with a nonzero entropy, S ~ M?/M3%,. The
entropy is interpreted as an absence of information, and because it is nonvanishing,
the information contained in the initial quantum state that fell into the black hole
does not subsequently escape in the form of Hawking radiation. Information has
been lost and unitarity has been violated. If the black hole evaporates completely,
then an initially pure quantum state that was precisely known becomes a mixed
state, and we can only assign probabilities to what the final state will be. Thus,
information is destroyed in principle.

The problem begins with the formation of an arbitrarily large, classical black
hole, which emits Hawking radiation. We cannot expect to invoke arguments based
on some, as yet, unknown quantum gravity theory to cure the problem, since such a

theory is only operative at the Planck length, Lp; ~ 1073% cm. This would suggest
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that we must seek an alternative to Einstein’s gravitational theory i.e. we must
modify the short distance behavior of gravity and prevent the formation of black
holes. If black holes cannot form, then there is no Hawking radiation or information
loss and the paradox has been removed. In order to prevent singularities and black
holes from existing, we must make gravity repulsive in certain situations. The
simplest modification of Einstein’s theory is the Brans-Dicke scalar-tensor theory*.
However, in this theory gravity is always attractive, so that the theory predicts
singularities and black holes as in GR.

The nonsymmetric gravitational theory (NGT) is a mathematically and phys-
ically consistent theory of gravitation, which contains GR in a well-defined limit 3.

In this theory, the g,, decomposes according to the rule:

Guv = G(uv) t Iluo)s (1)

where g(u,) = %(g”,, + gvp) and gp,,; = %(gw, — gup). The affine connection W;:\.,

decomposes according to

A A X
Wuv = W(w) + W[w]' (2)

The NGT contracted curvature tensor in terms of the W-connection is given by
1 o
RMV(W) = qu,p - E(Wfﬂ,v + Wfﬂ,y,) - WaﬂVW:B + WfﬂW;.w' (3)
The field equations are

G#V(W) = SWGT‘“,, (4)

gl , = 4nst, (8)
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where G, = R,y — %g,“,R and g** = {/—gg"¥. The energy-momentum tensor for

a perfect fluid in NGT is of the form®:
™ = (p + p)utu” — pg**, (6)

where p and p are the density and pressure and u# = dz*/ds. We interpret S* as

the conserved particle number of the fluid:
St =" finu¥, )

where f2 are the coupling constants associated with stable fermion particles 7, and
n; denotes the particle density. The net NGT charge associated with a body is

defined by
2= /Sodscc (8)

and because of the identity:
S8, = 0, (9)

the £2 of a body is a conserved quantity. The matter response equations are
1 oa ao 1 afl 1 7. v
E (gapT + gpoT )10 - 'z‘gaﬂ,pT + EW [p,u]s =0, (10)

where W, = Wiar-

A cooling star of mass greater than a few solar masses cannot reach equilibrium
as either a white dwarf or a neutron star in GR, and a similar situation prevails
in NGT for standard phenomenological equations of state’. Savaria has found
solutions to the time dependent, spherically symmetric collapse equations in NGT?.

He proved that, if the final state of the collapsing matter is described by an equation
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of state for which the repulsive NGT force dominates, then it is possible to produce
a bounce mechanism which can prevent the formation of a black hole, without
violating the Hawking-Penrose® positivity condition: T,,u*u? > 0.

In NGT, there are no negative energy contributions, even in the presence of
repulsive forces. This is an important aspect of the theory, which makes it a viable
modification of GR. The flux of gravitational waves at infinity is the same as in
GR, i.e. it is finite and positive definite!?.

For the case of a time dependent, spherically symmetric spacetime, the line

element in polar coordinates is given by

ds? = v(r,t)dt* — a(r,t)dr? — R%(r,t)dQ2, (11)

where d? = d6? +sin?0d¢?. We choose w(r,t) = gpao] # 0 and f(r,t) = giz3) =0in
order to satisfy the physical boundary condition of asymptotic flatness at infinity.

From (10), we get for a perfect fluid the conservation law:

. ) _
p=—(p+p)5 (v /*v/=g), (12)
and
1 ~' 1 s
p = 5(/’ +P)7 - G_WﬁW[O,l]v (13)

where p = 8p/0t and p' = 8p/Odr. Moreover,

_ 27RwS’ 4t

s(r,t) T dm (14)
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For the spherically symmetric collapse of a pressureless fluid, the solutions for

a(r,t) and w(r,t) are given by

[R'(1+¢4/RY)]

a(r,t) = (ITGTWW’ (15)
e, 2GM N e
w(r,t) = ]?R (1- T)(l + r_4) . (16)

“The collapse cannot be isotropic unless ¢2 = 0 (the GR limit). It can be shown
that for a pressureless fluid, dM/ds = 0, so that M = M(r) is a constant of the
motion as in GR. We identify M(r) as the mass contained within a sphere of radius
. Moreover, due to (9), 2 = ¢2(r) is also a constant of the motion and will be
identified as the NGT charge contained within the sphere. Another constant of the
motion is given by

/2 2 p2
N »  2GM e 1mes
E(r) = [(1+U = 1+_R4 5 Rt (17)

where U = dR/ds and 2 and m; are the €2 charge and mass of a test particle.
We are interested in the case when the repulsive NGT forces are at a max-
imum, which corresponds to neglecting the tensor force contribution in (10) and

(17). We assume that the fluid is at rest at ¢t = 0:

R(r,0)=r, R(r,0)=0. (18)

Then, (17) yields

B = (0 - 2204 Dype, (19)
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Let us further assume that the gravitational field is weak, so that

24
L0 P 1, — <<1L (20)
T r
Solving the equation:
R(r,t) =0, (21)

we find that the collapsing star with initial density p(r,0) and zero pressure will

not form an event horizon and a black hole when:

0> (3—38/-;) GM. (22)

When M = Mg, the collapse is halted before the event horizon is reached for £ > 5.2
km.

It is not expected that the basic mechanism preventing black hole formation in
stellar collapse will be significantly modified when the approximations made above
are relaxed, but further work must be carried out to investigate this issue.

For a Wheeler GEON (gravitational electromagnetic entity)!l, it was shown
by Wheeler!?, and Brill and Hartle!®, that such objects are unstable i.e. they will
either disperse or collapse. Although it is unlikely that such objects exist, we must
consider their behaviour in NGT. Because the photon number density n, is not
conserved, we have E?Y = 0 and g, = 0, and NGT reduces to GR for photon
GEONS (i.e. pure photon stars). Therefore, if photon GEONS exist, we cannot
prevent their collapse to a black hole with the resultant loss of information due to
Hawking radiation. On the other hand, for neutrino GEONS*4, NGT will prevent

their collapse to a black hole, because the NGT charge for neutrinos, £2 # 0,
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thereby guaranteeing that these objects can be prevented from collapsing to black
holes. However, as with photon GEONS, we consider that such systems are highly
unlikely to exist as astrophysical objects.

We shall postulate as a general principle in Nature, that since the initial big
bang at t=0, matter always dominated over anti-matter. Thus, matter genesis was
initiated at t=0 by means of a violation of particle number conservation and an
associated CP violation. In NGT, this breaks the principle of equivalence, since the
excess of matter coupled to the NGT field gj,,}, violates the equivalence principle.
We also postulate that at the end-point of gravitational collapse, the repulsive NGT
force dominates, so as to prevent the formation of black holes of arbitrarily large or
small mass. A consequence of this is that no naked, local singularities of the type
gererated by gravitational collapse can ever be observed in Nature, nor can event
horizons be produced together with Hawking radiation. In NGT there will be no
absolute loss of information, as occurs in GR, and the laws of quantum mechanics
and thermodynamics will not be violated.

The values of the NGT charge necessary to prevent the formation of black
holes are not expected to contradict any experiments in the solar system® (this
is certainly true for pressureless collapse), nor will they prevent the formation of
white dwarfs or neutron stars”. It will beinteresting to investigate the astrophysical
consequences of the objects that form when stellar collapse is halted in NGT, and to
ascertain whether stable systems can be formed with possibly unique observational

signatures that could distinguish them from black holes.
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The best evidence for black holes is based on observations of binary systems
such as Cyg X-1, LMC X-3, and 0620-00'°. None of these sources has shown X-ray
bursts or pulses, which are considered evidence of a neutron star. Consider the
best known case of Cyg X-1, which was identified with the optical source HDE
226868 in a binary system with an orbital period of 5.6 days. Analysis of the B
star’s radial velocity curve showed that if the primary star’s mass is normal for its
spectral type and luminosity, then the estimated mass of the unseen companion,
M, ~ 10 — 16 M5, is too large to be a neutron star.

However, this criterion is based on GR and the choice of an equation of state
for matter at or greater than nuclear densities. Recently, studieshaveshownthat an
equation of state obtained from alternative exotic types of matter, such as soliton
stars!”, or an equation of state based on effective field theories of bulk nuclear
matter producing Q-stars!®, can lead to stable compact objects with masses as large
as ~ 400 M. In the case of Q-stars, the equation of state is built on an effective
Lagrangian for nuclear matter, which is in agreement with known experimental
properties of the nuclear physics of bulk nuclear matter. This equation of state
does not violate causality or any known physical law. Adapting such equations of
state in NGT will lead to stable compact objects with M > 20 M, which are not
black holes but could have the characteristic signatures of compact objects such as

Cyg X-1 and 0620-00.



542

Acknowledgements
This work was supported by the Natural Sciences and Engineering Research
Council of Canada. I thank M. Clayton, N. Cornish, P. Savaria and D. Tatarski for
helpful and stimulating discussions.
References

1. S. Hawking, Commun. Math. Phys. 43, 199 (1975); Phys. Rev. D13, 191
(1976); J. D. Bekenstein, Phys. Rev. D7, 2333 (1973); Phys. Rev. D9, 3292
(1974).

2. S. Hawking, Phys. Rev. D14, 2460 (1976).

3. For reviews, see: T. Banks, M. E. Peskin, and L. Susskind, Nucl. Phys. B244
125 (1984); J. Preskill, “Do Black Holes Destroy Information?” California
Institute of Technology preprint CALT-68-1819 (1992); S. B. Giddings, Phys.
Rev. D46, 1347 (1992); “Toy Models for Black Hole Evaporation” UCSBTH-
92-36 hep-th/9209113 (1992); J. A. Harvey and A. Strominger, “Quantum
Aspects of Black Holes”, preprint EF1-92-41 hep-th/9209055 (1992).

4. C. Brans and R. H. Dicke, Phys. Rev. 124, 925 (1961).

5. J. W. Moffat, Phys. Rev. D35, 3733 (1987); For a review, see: Gravitation
1990: A Banff Summer Institute, ed. R. B. Mann and P. Wesson (Singapore:
World Scientific) p. 528 1991.

6. D. Vincent, Class. Quantum Grav. 2,409 (1985).

7. P. Savaria, Class. Quantum Grav. 6, 1003 (1985); L. Campbell, J. W. Moffat,
and P. Savaria, Astrophys. J. 372, 241 (1991).

8. P. Savaria, Class. Quantum Grav. 9, 1349 (1992).



9.

10.

11.

12.

13.
14.
15.
16.

17.

18.

543

R. Penrose, Phys. Rev. Lett. 14, 57 (1965); S. Hawking, Proc. R. Soc.
London A300, 187 (1967).

It has recently been claimed that NGT suffers from radiation flux instability
and bad asymptotic behaviour: T. Damour, S. Deser, and J. McCarthy, Phys
Rev. D45, R3289, (1992); ibid D47 1541 (1993). These results have been
shown to be incorrect: N. Cornish, J. W. Moffat, and D. Tatarski, Phys. Lett
A 173, 109 (1993); “Gravitational Waves from an Axi-Symmetric Source in
the Nonsymmetric Gravitational Theory”, preprint 1993 (submitted to Phys.
Rev. D); N. Cornish and J. W. Moffat, Phys. Rev. D (to be published).

J. A. Wheeler, Phys. Rev. 97, 511 (1955); Geometrodynamics, Academic
Press Inc. New York, 1962.

J. A. Wheeler, Relativity, Groups and Topology, ed. C. and B. DeWitt (New
York: Gordon and Breach 1964); B. K. Harrison, K. S. Thorne, M. Wakano,
and J. A. Wheeler, Gravitation Theory and Gravitational Collapse, University
of Chicago Press, Chicago and London, 1965.

D. R. Brilland J. B. Hartle, Phys. Rev. 135, B271 (1964).

D. R. Brilland J. A. Wheeler, Rev. Mod. Phys. 29, 465 (1957).

A. P. Cowley, Annu. Rev. Astron. Astrophys. 30, 287 (1992).

B. L. Webster and P. Murdin, Nature 235, 37 (1972); C. T. Bolton, Astrophys.
J. 200, 269 (1975).

T. D. Lee, Phys. Rev. D35, 3637 (1987); T. D. Lee and Y. Pang, ¢bid D35,
3678 (1987).

S. Bahcall, B. W. Lynn, and S. B. Selipsky, Astrophys. J. 362, 251 (1990).






545

CONFERENCE SUMMARIES






547

NEUTRINO MASS AND MIXING:
SUMMARY OF THE NEUTRINO SESSIONS

Thomas J. Bowles
Physics Division, MS D449
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

A great deal of experimental and theoretical effort is underway to use neutrinos as a probe
for Physics Beyond the Standard Model. Most of these efforts center on the questions of
the possible existence of non zero neutrino mass and mixing. Sessions at the Moriond
conferences have dealt with these questions at most of the meetings during the last several
years and this year was no exception. Presentations covering most of the current and
planned research in this field were presented and discussed. Although there is, at present,
no definitive evidence for a non zero neutrino mass and mixing, several unresolved
problems (in particular solar neutrinos) do seem to be indicating the likely existence of
new neutrino properties. It is likely that before the end of this decade, effor# now being
initiated will be able to determine whether or not the hints we are now seeing are really
due to new physics.
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INTRODUCTION

Neutrinos play a dominant role in both particle physics, astrophysics, and cosmology.
In the our present understanding of the strong, weak, and electromagnetic forces, the
group structure of the Standard Model is SU(3)C ® SU(2)L. @ U(1)EM. In the Weinberg-
Salam-Glashow Standard Electroweak Model, left-handed neutrinos are in a doublet,
while right-handed neutrinos are in a singlet, and therefore do not interact with the other
known particles. In this model, the neutrinos are intrinsically massless and conserve
lepton number. However, while the W-S-G provides an amazingly accurate picture of our
present cold Universe, it has a number of deficits. The Standard Model does not explain
the origin of the group structure, it does not reduce the number of coupling constants
required, nor does it offer any prediction for the physical masses of the particles. Thus, it
is generally assumed that the Standard Model is but a subset of some larger gauge theory.
A wide variety of Grand Unified field Theories (GUTs), Super Symmetric Models (SUSY)
and Superstring models have been proposed as the model for this larger structure. In
general, these models predict non zero neutrino masses and contain mechanisms that
provide for lepton-number violation. Thus, a variety of new phenomena are predicted,
including finite neutrino masses and the possibility that neutrinos can oscillate from one
type to another.

In astrophysics, neutrinos play direct roles in the energy-producing reactions in stars,
as well as being the primary driving force in supernova explosions. As the cross sections
for neutrinos are so small (typically 1040 cm2), they generally do not interact as they exit
a star and thus they can provide a direct means of probing the stellar interior. In contrast,
the energy we observe radiated from stars takes of order 106 years to reach the surface of
the star and suffers so many interactions that any directinformationis lost.

Finally, in Standard Big Bang cosmology, the number density of relic neutrinos is
comparable to that of photons, and is therefore of order 109 times higher than that of
baryons. Thus, if neutrinos have even a very small mass (of order a few tens of eV), they
will be the dominant form of matter in the Universe and may be an explanation for dark
matter. Even with masses of only a few eV, they will strongly influence the large scale

structure of the Universe.
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STATISTICAL AND SYSTEMATIC CONCERNS IN SEARCHES FOR NEW PHYSICS
In searching for new physics beyond the Standard Model, one is usually looking for
rare phenomena or slight deviations from an expected shape. It is extremely important in

carrying out such experiments that the statistical and systematic analyses do not bias the
results in any way which might either hide a real effect or introduce a spurious effect.
Knapp* pointed out the difficulties and problems that one can encounter in doing fairly
straightforward statistical analyses of the data. The case in point was analysis of the
tritium beta decay experiments, but the point applies equally well to many experiments.
In analyzing the tritium data, one has very few events in the region of interest and
therefore must use Poisson statistics. However, one can use either the Neyman's or
Pearson's fitters, and one finds different results fitting the same data set with the two
different fitters. In general Neyman's X2 underestimates the area fitted while Pearson's X2
overestimates the area. These effects can lead to an apparent (but spurious) ve mass of
more than -100 eV2 to + 40 eV2. Thus, in general, one must carry out Monte Carlo checks
of the fitters and derive an unbiased fitter in order to ensure that the result is correct.
Knapp* went on to discuss possible systematic errors which could also affect the results of
the tritium beta decay experiments. Many of these ideas apply generally to all
experiments, such as the idea that one must take a penalties error of 1-G every time one
tries to fit the same data set under different assumptions or with different cuts when
trying to maximize the experimental sensitivity for a particular result when that result is
already known from an earlier round of fitting. The moral of the story is that there is a

real danger of bias in analyzing data when you already "know" the answer.

BETA DECAY
There are three known flavors of neutrinos: electron, muon, and tau (together with
their corresponding antineutrinos). Neutrinos may also be classified as Dirac, in which
case the right- and left-handed neutrinos vg and vL and their antiparticles Vg and vy, are
distinct states, or Majorana, in which case v =V, so that there are only two states vg and vL.
Electron and muon neutrinos have been directly observed irs many experiments. The tau
neutrino has not yet been directly observed, but is assumed to exist as it is required in the

Standard Model and from LEP results. By observing the beta decay spectra of nuclei,
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muons, and tau particles, one can kinematically reconstruct the events, and the existence

of a finite neutrino mass will produce a well-defined distortion in the spectra.

Tau Neutrino
The best limit on the vr mass comes from the ARGUS collaboration at DESY. By
observing the decay of a tau to 5-pion final states, one can constrain the tau neutrino mass
by looking for events very close to the endpoint. A total of 20 events has been observed,
and coupled with recent new measurements of the tau mass, provides an upper limit of 31
MeV (95% CL).I With higher statistics and improved resolution, one might hope to

achieve limits of 10 MeV in the future.

Muon Neutrino

The most stringent limit on the vy mass comes from measurements of the p
momentum following the decay of stopped pions. The most recent determination of mp+,
coupled with the muon data of Abela et al2, gives my) < -0.097(72) MeV, which, using the
Bayesian prescription3, yields an upper limit of 270 keV (90% CL).

However, new measurements at the Paul Scherrer Institute (PSI) of mg+ have resulted
in a reevaluation4 of the Abela et al. data. This results in a new value of myy, < -0.127(25)
MeV, resulting in a 5- negative central value. The difficulty is that mz+ is determined
using pionic X-rays and the precision is limited principally by theoretical uncertainties
such as electron screening and strong interactions (eg., absorption from the 3d state).
Thus, the measurement using stopped pions has a severe systematic problem and cannot
be used.

The next best method of determining My, mass is using w decay in flight in which both
the m and p momenta are directly measured. This method is relatively insensitive to my
and my. The measurement of Anderhub et al.5 at PSI thus provides the most reliable limit

on my, of my* = -0.14(20) MeV2, resulting in an upper limit of my,, < 500 keV (90% CL).

Electron Neutrino
Tritium beta decay offers an almost ideal means of searching for a neutrino mass. Itis
a superallowed decay, the endpoint energy is quite low (18.6 keV), and the atomic final-

state effects can be well understood. In these experiments, the beta decay spectrum is
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measured over a wide region far below the endpoint and then the expected spectral shape
in the endpoint region is extrapolated assuming a zero neutrino mass and including all
effects (energy loss, spectrometer resolution, decay to different atomic final states,
backscattering, background, variation of spectrometer acceptance efficiency with energy)
that can distort the spectrum. One then measures the spectrum in the endpoint region and
compares it with the extrapolated spectrum. A deviation between the extrapolated and
measured spectra can be indicative of a finite neutrino mass.

Originally, a Russian group initially claimed to see evidence for a ve mass of 35 eV,
which was later reduced to 26 eV.6 Of particular concern in these measurements was the
use of a tritiated amino acid (valine) as the source material that required extensive (and
somewhat uncertain) theoretical calculations to take into account the atomic and
molecular final-state effects. At present, five other experiments have reported results
using much simpler source materials, ranging from pure molecular tritium to tritiated
molecular compounds.

The measurement of the Livermore group was reported by Stoeffel*. This experiment
uses a gaseous T2 coupled to a magnetic spectrometer. In comparison to the Los Alamos
experiment (which used a similar system), the resolution is improved, the backgrounds
are lower, and the system can scan over the entire tritium spectrum. Stoeffel reports a
limit of 8 eV (95% CL), but also obtains a best fit value with a negative my2. It is also
interesting that there is a strong surplus of counts at very low energies, below about 1.4
keV. This occurs at about the energy where Simpson saw evidence for a distortion in the T
decay spectrum in a solid state detectorimplanted with T that was interpreted as evidence
for a 17-keV neutrino. The Livermore observation may (or may not) be coupled to this. At
any rate, this increase was not expected and may be important in trying to resolve the
source of the apparent excess of counts near the endpoint.

Bonn* reported on the measurement at Mainz, which uses a frozen T, source and an
electrostatic spectrometer. This is the first measurement of the tritium beta decay
spectrum in which the backgrounds have been sufficiently suppressed in the spectrometer
that electrostatic analysis could be used. The spectrometer acceptance is quite high while
at the same time the resolution is quite good. The data clearly shows counts due to tritium
beta decay to within 20 eV of the endpoint. The quoted limit is my, < 7.2 eV (95% CL).

There is one systematic effect which is not yet understood, and which appears to be
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common to all of the experiments. That is the apparent excess of counts in the region of
the endpoint, whichresults in a best fit value which gives a negative my2. In the case of
the Mainz experiment, Bonn* reported that this shows up as an apparent 5% branch of
some other state at about 75 eV below the endpoint. Further studies of possible sources of
this effect are now underway.

Lobashev* reported on the efforts of the group at the Institute for Nuclear Research in
Moscow, which will use a gaseous T2 source coupled to an electrostatic spectrometer. The
resolution should be quite good (about 2 eV) with high acceptance from the source. The
T2 source is now being brought into operation, which will then allow one to see if the
backgrounds are still acceptably low with T2 in the source. A goal of this experiment is to
be able to measure the beta spectrum below the first excited state in T2 (at 41 eV) with
enough statistics and signal to background that one can search for a non zero neutrino
mass without the complications of any excited final states.

As shown in Table 1, all five experiments rule out the ITEP result. However, it must
also be noted that all five experiments find a best fit for mvez which is negative. In fact,
the weighted average of the five experiments is mvez = -59 26 eV2. Physically, this
corresponds to an observed excess of events in the endpoint region, rather than a deficit,
which would be indicative of a finite neutrino mass. Using the Bayesian method, these
combined data results in a limit on my, of 5 eV (95% CL). However, as the result is 2.3-¢

negative, this limit must be viewed with some suspicion.

Table 1. Limits on the mass of ve.

Group mve2 (eV2)  95% CL Limit (eV)
Los Alamos’  -147 + 68 + 41 9.3

Zurich8 -24 + 48 + 61 11.5

INS Tokyo? -65 + 85 + 65 13
Livermorel0 75+41+30 8.0

Mairiz11 -39 +34 + 15 7.2
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The origin of the negative central value could be due to either 1) a statistical fluke, 2) an
undetermined systematic error in the experiments, or 3) difficulties with the theoretical
description of the spectrum. The chance that it is a statistical fluctuation is only 1.2%,
assuming that my, is actually zero. An independent check for possible systematic
problems has been made by comparing the endpoint measurements from the experiments
with the known T-3He mass difference. One finds very good agreement at the few eV
level, making it less likely (but not ruling out) that the explanation is a systematic error.
However, additional studies of possible effects are clearly warranted and are under way.

Finally, there are two possible uncertainties in the theoretical description of the
spectrum. The first is that the effect of decays populating different atomic and molecular
final states comes entirely from theory. But in the case of tritium, it is believed that these
final-state distributions can be calculated with high accuracy, and in fact several different
calculations agree quite well. The other possibility is that some new physics is involved;
for example, tachyonic neutrinos, capture of relic neutrinos from the Big Bang, the
existence of new particles, etc.. Stephenson* presented the idea that new scalar particles
may exist which couple only to neutrinos. The existence of these new particles, if the
neutrinos and scalar particles have -masses less than about 10 eV, would cause the
neutrinos to cluster around matter. This clustering would lead to density enhancements
sufficiently large to produce appreciable effects on the neutrino spectrum in tritium beta
decay and produce the sort of effect of negative my2 observed. Remarkably, the existence
of such new scalar particles does not seem to be precluded by any other measurements to
date. While it may be that this and other ideas may prove to be ruled out by other data,
one should not preclude the possibility that the tritium beta decay experiments are
sensitive to new physics, and further theoretical work is merited.

Nonetheless, the use of the Bayesian method provides a relatively stable limit for my,
and it is unlikely that my, can exceed 10 eV. Such a limit not only rules out the ITEP

claim, but also eliminates Ve (or ve) as the dominant component of dark matter.

17-keV NEUTRINOS
Theinitial claims of evidence for the existence of a 17 keV neutrino with a few per cent
branch in tritium beta decay have been followed by a wide range of subsequent

experiments. In these experiments, one observes the admixture of a heavy (17-keV)
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neutrino with a much lighter (< few eV) neutrino, which results in a kink in the beta
spectrum where the beta spectrum with the heavier neutrino kicks in on top of the light
neutrino beta spectrum. Physically, in order for this process to occur, not only must the
neutrino have a non zero mass, but lepton number must also be violated.

A total of eight experiments claimed to observe evidence for a 17-keV neutrino with a
branch of about 0.85%.12 All of these were remarkably consistent with the best fit to the
mass. and the branching ratio observed. All were also carried out using solid state
detectors. Incontrast, more thanfourteenexperiments (mostly carried out using magnetic
spectrometers) claimed not to observe evidence for a 17-keV neutrino with limits on the
branching set as low as 0.1% (95% CL).12

The most convincing of the experiments observing a 17-keV neutrino are those of Hime
and Jelley13 at Oxford using 355 and 63Ni sources with a solid state detector. An
important experiment checking the Oxford results was carried out at Argonne National
Laboratoryl4 by Freedman* et al using a 35S source placed in the bore of a
superconducting magnet. The field profile could be tuned so that as betas spiral along the
field lines, their phase space is compressed by the decreasing field so that they strike a
solid state detector at the end of the magnet bore at close to normal incidence. Most betas
that backscatter from the detector are reflected back by the magnetic pinch effect and are
recollected in the detector. This scheme has the advantages of magnetically collimating
thebetas and of reducing backscattering effects. The results of this measurement observed
no evidence for a 17-keV neutrino. This, together with work by Piilonen and Abashian,
prompted Hime to reevaluate their data. He carried out careful Monte Carlo calculations
of possible scattering effects from intermediate surfaces (such as a thin baffle placed
between the source and detector so as to preclude the detector observing betas that might
strike the walls of the vacuum chamber). Hime* found that including these intermediate
scattering effects could account for the observed distortions in the spectra.1> This is
somewhat surprising, as these effects occur at the one percent level, whereas
backscattering and energy-loss effects come in at more than the ten percent level. The
backscattering and energy loss effects had been varied in the analysis by a few percent, but
they could not account for the observed distortions by any reasonable variation. The
problem was that the spectral form of the backscattering and intermediate scattering

effects are different, and produce different effects. The new analysis is also in better
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agreement with the total response function as determined by conversion line
measurements. New data from Oxford, as reported by Jelley*, taken with steps
implemented to reduce intermediate scattering effects, show no distortions consistent with
a 17-keV neutrino.

Additional experiments have also been recently carried out which also do not see any
evidence for a 17-keV neutrino. Holzschuh* reported a limit of < 0.1% (95% CL) for a 17-
keVbranchusinga 63Ni source in the Zurich magnetic spectrometer used to study tritium
beta decay. An experiment which uses a setup similar to that used at Argonne was
reported by Abele*. In this detector, a thin 35S source is placed at the center of the
solenoid with detectors at both ends so that all events into 47 are collected. This makes it
possible to further suppress the effects of backscattering by adding the energy deposited
in both detectors from a backscattered event. The limit determined was a branching ratio
for a 17-keV neutrino < 0.5% (95% CL). Thus, while the 14C measurements of the Berkeley
group and the tritium data of Simpson still remain unexplained, it is clear that a 17-keV

neutrino does not exist with abranching ratio in the fraction of a percentrange.

NEUTRINO CROSS SECTIONS

A stringent test of the Standard Model can be carried out by precision measurements of
neutrino-electron elastic scattering which provides allows a precise determination of the
Weinberg angle. While a number of measurements have been made at accelerators, only
one measurement with limited precision has been carried out at a reactor. Thus, Broggini*
discussed plans for a new measurement of ve elastic scattering at a reactor using a high
pressure gas time projection chamber (TPC). In addition, this experiment is designed to
search for a magnetic moment of ne with a sensitivity of 2-3 x 10-11 Bohr magnetons,
which would represent more than an order of magnitude improvement over the current
limits.

Other measurements of interest in testing the Standard Model and the structure of the
weak interactions have recently been carried out at the ISIS spallation neutron source at
the Rutherford Laboratories. Kleinfeller* reported on results from the KARMEN detector
of searches for neutrino oscillations and measurements of charged and neutral current
interactions in carbon. The data indicate that flavor universality is conserved within 1-o

with an uncertainty of 6 = 20% and in general the charged and neutral current cross
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sections on carbon are as expected, except that there appears to be some discrepancy
between measurements at ISIS and Los Alamos of the inclusive charged current cross

section on carbon.

DOUBLE BETA DECAY

The pairing force in nuclei results in a number of cases in which beta decay from a
nucleus with (Z, A) is not energetically allowed to a daughter with (Z-1, A), but double
beta (BB) decay from the (Z, A) parent is energetically allowed to a daughter with (Z-2, A).
This can proceed by three possible mechanisms: two v Bp decay, no v B decay, and nov
BB decay with the emission of a Majoron. The two v Bp decay is an allowed second-order
process requiring no new physics. No v B decay requires that the neutrino have a mass,
that lepton number be violated, and that the neutrino is a Majorana nellxtrino. No v B
decay with Majoron emission has, in addition, the requirement that a new particle, the
Majoron (a massless Goldstone boson) also exists.

The most stringent limits on the neutrino mass in no v B decay come from the
experiments using Ge solid state detectors, which are highly enriched in 76Ge. In this
case, the detector is also the sample. The best limit to date comes from a Moscow-
Heidelberg collaboration. Piepke* has reported a limit on no v BB decay of < 1.6 x 1024 yrs
(90% CL). Using calculated nuclear matrix elements, one can then use this result to set a
limit on the mass of a Majorana electron neutrino of < 1.2-1.4 eV (90% CL). Larger isotopic
76Ge detectors with lower backgrounds are under construction and one might hope to
reach sensitivities of 0.1 eV ultimately.

Similar levels of sensitivity may be reached using other detectors. Busto* reported
work on a liquid 136Xe time projection chamber which has provided a limit for no v Bp of
4.2 x 1023 yrs (90% CL), corresponding to a limit on the Majorana neutrino mass of < 3 eV
(68% CL). With anticipated reductions in backgrounds, it seems feasible to reach lifetimes
of about 1025 yrs.

Some efforts have been made in studies of double positron decay, positron-electron
capture decay, and electron capture-electron capture decay as reported by Pomansky*.
However, as measurements in 85Kr have only reached lifetimes of < 2.0 x 1021 yrs (68%

CL) for double positron decay and lifetimes of 5.8 x 1021 yrs (68% CL) for positron-
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electron capture decay, substantial work remains to be done to make these competitive
with Bp decay.

Finally, it may be possible to push sensitivities down through the use of other
cryogenic detectors. Garan* reported that considerable progress has been made during
the last year in understanding the physics of metastable superconducting granulated
detectors. These detectors seem to offer the possibility of low background measurements
in double beta decay, solar neutrinos, and searches for monopoles and dark matter. It
now seems possible to make energy measurements with these devices, rather than acting
as integrating detectors above some threshold.

Perhaps the most interesting possibility is that of no v Bp decay with Majoron emission.
Measurements using a Time Projection Chamber with enriched 82Se, 100Mo, and 150Nd
samples16 have observed an excess of events below the endpoint that might be consistent
with Majoron emission with a branching ratio of a few x 104. This is intriguing, as recent
experiments using Ge detectors17 have also seen an excess at about this level. The
Moscow-Heidelberg group also sees an excess in their enriched 76Ge detector. However,
Piepke* has reported that after making a (large) background subtraction, the shape of the
spectrum is not consistent with Majoron emission with an upper limit of 1.8 x 104 (90%

CL) on the branching ratio. Further work is under way to study the origin of this excess.

NEUTRINO OSCILLATIONS
Theory

If the neutrino has a non zero mass and lepton number is also violated, then the
physical neutrinos that we observe (e, 1, and 1) are not mass eigenstates. Instead there
exist three mass eigenstates (vq, v,, and v3) with masses myy, my,, and my3. The three
physical neutrinos are linear combinations of these mass eigenstates. For simplicity, one
can consider the case of only two neutrinos, ve and vy. Then, ve is predominantly
composed of v1 with a small admixture (determined by a mixing angle 8 between v; and
vy) of v,. Itis then possible for ve to oscillate into vy as it propagates. The probability for
oscillation to occur is:

P(ve - vy) =5in220 sin2{1.27 x Am2(eV2) x L(m)/Ev(MeV)}

where Am? = Im\,z2 - mvlz 1.



558

A variety of searches, both terrestrial and nonterrestrial, has been carried out and no

definitive evidence for neutrino oscillations has been found in terrestrial experimen’(s.18

Atmospheric Neutrinos

Cosmic rays (primarily protons and gammas) striking the upper atmosphere produce
showers of pions and muons that decay, yielding ve and vy with typical energies of
around 1 GeV. The flux of these neutrinos can be calculated to about 30% accuracy and is
sufficiently large that they can be observed in large underground detectors. By measuring
the ratio of electron- to muon-neutrinos, one can search for neutrino oscillations in a
manner that is relatively free of the individual flux uncertainties, as the ratio can be
calculated to about 5% accuracy, as reported by Gaisser*. As the distance traveled by the
neutrinos ranges from 10 to 10,000 km, one has sensitivity to small values of Am?2 that are
otherwise inaccessible.

Barloutaud* provided a review of measurements of atmospheric neutrinos have been
carried out by a number of large underground detectors: Kamiokande and IMB (which
are both large water Cherenkov detectors), Frejus, NUSEX, Baksan, and Soudan II (which
are either scintillator based detectors or tracking calorimeters). In their analyses, they
compare the observed ratio of vji/ve divided by the Monte Carlo (MC) calculated ratio of
vu/ve. The results, as reported by Kielczewska* for IMB and Kaneyuki* for Kamiokande,

are givenin Table 2.

Table 2. Atmospheric neutrino data.

Group vp/ve(Data)/vy/ve(MC)

Kamiokandel9 0.60 +0.07/-0.06 + 0.05

IMB-320 0.54+0.05+0.12
1.01+0.03+0.112

Frejus21 1.06+0.18 £ 0.15
0.87 +0.16 +0.08b

NUSEX22 0.99 +0.35/-0.25 + ?

a Stopping/through muons
b Fully contained events
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The most sensitive of the detectors, Kamiokande and IMB, observe a significant deficit of
the relative number of v, compared to ve. The systematic uncertainties are 8% for
Kamiokande and 22% for IMB (attributed mostly to uncertainties in the MC simulations).
A possible explanation of this deficit may be attributed to neutrino oscillations. If so
interpreted, the allowed range for the Kamiokande result is shown in Figure 1. IMB does

not make any claim to observe neutrino oscillations, due to their much larger systematic

uncertainties.
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Figure 1. Range of neutrino oscillation parameters for atmospheric neutrinos allowed by
the Kamiokande data. Also shown are limits set by atmospheric neutrino data from IMB
and Frejus, as well as limits from accelerator searches for neutrino oscillations.
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It may well be that the deficit is due to a systematic effect rather than new physics.
Two major concerns have been raised. First, it is quite difficult to separate electrons from
muons at low energies ( a few hundred MeV) based on the differences in the observed
rings. IMB and Kamiokande jointly plan to check this by building a 1 kiloton water
Cherenkov detector at KEK by using beams of charged particles (r, 1, and e) to check the
accuracy of the identification. It is also interesting that recently Soudan II, which is a
tracking calorimeter, observed the same deficit, albeit with large statistical uncertainties at
present. Second, there is possible concern that the cross sections used in the Monte Carlo
calculations may be incorrect. These cross sections are calculated using the Fermi Gas
Model (FGM), as the momentum transfer is low at these energies, and nuclear effects are
important. But data recently published of measurements made at LAMPF of vy cross
sections on 12C are at some variance with the FGM predictions.23 Preliminary theoretical
work apparently does not find any large differences with improved nuclear models.24 It
may be possible to check the cross sections by exposing the KEK test detector to a beam of
low-energy neutrinos. This possibility is being investigated, but it will require upgrades
of the accelerator and construction of a neutrino beam line, and so is unlikely to happen

very soon.

Experiments at Reactors and Accelerators

In order to test the possibility that neutrino oscillations are being observed in
measurements of atmospheric neutrinos (and solar neutrinos, as discussed below), a
number of experiments have been proposed. Parke* reviewed the numerous possibilities
for long baseline experiments that would be sensitive to Am2 range of 10-3 to 10-4 eV2.
All of these experiments would require either an upgrade to an existing accelerator and
construction of new neutrino beam lines and/or construction of new large underground
detectors. Perhaps the most plausible candidates for a long baseline experiment would
involve an upgrade of the KEK accelerator and installation of a new neutrino beamline
with the Super Kamiokande detector located 250 km away. Other plausible possibilities
would involve Fermilab with an upgraded Soudan detector or CERN with the ICARUS
detector. All of these experiments are designed to try to cover the region of allowed
parameter space from the results of the atmospheric neutrino experiments. Bilenky* has

pointed out the importance of searching for vy, — v oscillations. If one takes indications
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from the solar neutrino, atmospheric neutrino, and COBE results, together with the see-
saw mechanism (in which neutrino masses are expected to scale as the square of the quark
or lepton masses), then one might expect to observe vy, - vt oscillations with small, but
observable, mixing angles and values of Am? in the few eV2 range. Thus, the long
baseline experiments are well justified by theoretical expectations.

Another class of experiments potentially able to shed some light on the atmospheric
neutrino problem involves searching for neutrino oscillations using nuclear reactors as an
intense source of antineutrinos. Mascaarenhas* reported on work underway at Cal Tech
which would use the San Onofre reactor in California as the source with a 12-ton detector
located 1 km away under about 20 meters water equivalent (mwe) of shielding. This
experiment would use the ve + p -» et + n reaction with a four-fold coincidence
requirement of the prompt e+ signal, the two annihilation gammas of the et, and the
neutron capture gamma ray. Another possible experiment using the CHOOZ reactor in
France was described by Kerret*. This experiment could take advantage of a large
underground chamber with 300 mwe of shielding which exists at a distance of 1 km from
the CHOOZ reactor, which is under construction and scheduled to come on line in 1996.
This experiment would employ an 8-ton Gd-loaded scintillator and be sensitive to
neutrino oscillations down to a Am?2 of about 103 eV2. Finally discussions are underway
to carry out an experiment with a new large scintillation detector to be located in the old
IMB proton decay chamber at the Morton Salt Mine in Ohio.25 This experiment would
use the Perry reactor, which is at a distance of 13 km from the IMB site, as the source of
antineutrinos. The detector would be a 1-kiloton scintillator detector and would be
sensitive to neutrino oscillations down to a Am2 of about 104 e V2.

Finally, the importance of vy -»> vt oscillations is being addressed by the NOMAD
experiment at CERN, as presented by Levy*. This type of oscillation is favored with a v¢
mass in the range of 1 eV if the solar neutrino experiments are indicating oscillations of ve
— vy and the seesaw model is correct. The detector, which is a large tracking detector
consisting of drift chambers followed by a total radiation detector and muon chambers,
coupled with a decay-in-flight neutrino beam will be capable of reaching limiting values
of Am? of about 0.4 eV2 and mixing angles with sin2 28 of about 4 x 104 (90% CL). This
more or less encompasses the region of parameter space expected for vy -» vt oscillations

if the solar neutrino and atmospheric neutrino results are in fact indicative of neutrino
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oscillations and if the see saw mechanism is the correct model for determining how the

masses of the neutrino generations scale.

SOLAR NEUTRINOS

Perhaps the most outstanding discrepancy between prediction and measurements in
current particle physics comes from the solar neutrino problem, in which the
radiochemical chlorine experiment of Davis et al. observes a deficit of high-energy
neutrinos of a factor of four.26 This experiment is sensitive primarily to the 7Be and 8B
neutrinos produced by fusion reactions in the Sun. A deficit of a factor of two of the 8B
neutrinos has been confirmed by the Kamiokande (K III) experiment, as reported by
Kaneyuki*. Kamiokande II (III) is an upgraded version of a large real-time water
Cherenkov detector that was originally built to search for proton decay. The observed
deficits appear to be statistically quite significant with small systematic errors, so that the
ratio of the measured rate compared to the Bahcall-Pinsonneault Standard Solar Model
(SSM)27 predictions are: ¢(Cl1)/SSM = 0.23 + 0.02 + 0.03 and ¢(KII)/SSM = 0.49 + 0.04 +
0.06. Different SSM give somewhat different predictions. For example, using the Turck-
Chieze et al28 SSM, ¢(C1)/SSM = 0.23 + 0.02 + 0.03 and ¢(KII)/SSM = 0.63 £ 0.05 + 0.08.
While the differences are appreciable, they are still insufficient to resolve the problem.
However, the predicted fluxes are extremely temperature dependent, as the 8B (7Be) flux
scales with the core temperature of the Sun (T¢) as 0(BB) o Tc18 (0(7Be) o« Tc8). Thus, a 5%
decrease in T¢ can lower the fluxes to be in agreement with the observations.

Pinsonneault* presented the results of the most recent SSM calculations. These now
include the effects of helium diffusion, opacities which are in better agreement with
helioseismology data, updated Fe abundances, and better atomic physics calculations.
The Bahcall-Pinsonneault results have not changed appreciably from earlier models, while
the updated results of the Turck-Chieze et al model is now in closer agreement to the
Bahcall-Pinnsoneault. Still, all is not perfect with the models. Pinnsoneault noted that the
measured abundances of 7Li and CNO isotopes in the convective zone are in strong
disagreement with the SSM predictions. Pinsonneault felt that the likely source of this
difference was due to effects of rotation and mixing which are not included in the SSM.

Preliminary work to incorporate these effects indicate that it is likely that the prediction of
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the abundances will come closer in line with observations while the maximal effect on the
8B neutrino flux is a decrease of 7%.

Morrison* and Kocharov* discussed many of the possibilities which have been
proffered to show that the solar neutrino problem does not exist. Many Nonstandard
Solar Models have been invoked to try to lower the core temperature of the Sun,
incorporating effects such as turbulent diffusion, massive mass loss, strong magnetic
fields, a burnt-out core, etc. However, all of these models have run into problems in trying
to reproduce other measured parameters (e.g., the luminosity) of the Sun. Other
explanations offered by Morrison included incorrect nuclear cross sections, the need to use
selected subsets of data from the solar neutrino experiments which are in better agreement
with the SSM predictions, and other possibilities too numerous to list. However,
subsequent speakers addressed essentially all of the concerns raised and the general
consensus was that the solar neutrino problem is real.

Other explanations to resolve the solar neutrino problem involving new physics (such
as Weakly Interacting Massive Particles (WIMPs), neutrino magnetic moments, neutrino
decay, neutrinos oscillations, etc. have also been proffered. Petcov* reviewed the status of
theoretical work on MSW oscillations29, vacuum oscillations30, and solutions involving
magnetic moments of the neutrino3l. Akhmedov* demonstrated the possibility of v —V
oscillations via natural mechanisms which exist within the Sun involving a handedness to
the magnetic fields due to the rotation of the Sun. Nunokawa* discussed neutrino spin
precession with flavor mixing as a possible solution to the solar neutrino problem and
concluded that this mechanism cannot yet be ruled out. Pal* discussed neutrino
interactions in matter which might ultimately be of interest in solar neutrino studies,
although the effects are quite small compared to current sensitivities. Finally, Halprin*
discussed the possibility that neutrino oscillations could occur even in the case of massless
neutrinos through a flavor changing gravitational interaction and used the current results
of the solar neutrino experiments to rule out part of the parameter space for this type of
interaction.

Most of the explanations involving new physics have been ruled out or disfavored by
either laboratory or astrophysical measurements. While vacuum oscillation and magnetic
moment solutions are still possible, it appears that perhaps the most likely particle physics

solution is that of matter enhanced neutrino oscillations, the Mikheyev-Smirnov-
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Wolfenstein (MSW) oscillations. In order to try to resolve the source of the deficit, two
radiochemical gallium experiments, SAGE (Soviet-American Gallium Experiment) and
GALLEX (GALLium EXperiment) were mounted. The threshold of the gallium
experiments is sufficiently low that it is sensitive to the dominant flux of low-energy p-p
neutrinos, which are produced in the primary energy producing reaction of the Sun, the
fusionof two protons. The flux of the p-p neutrinos is determined to about 2% accuracy in
a relatively model independent manner and is directly coupled to the measured solar
luminosity. The gallium experiments have now announced their first results, and also
find a significant deficit. Bowles* reported that SAGE finds the deficit (compared to the
Bahcall-Pinsonneault SSM) to be $(SAGE)/SSM = 0.44 +0.13/-0.18 + 0.11 while Stolarczyk*
reported that GALLEX observes ¢$(GALLEX)/SSM = 0.62 + 0.13 £ 0.06. Spiro* showed
analyses demonstrating that the runs in the three radiochemical experiments are all
distributed statistically, as expected. Thus, as the results of these two experiments appear
to be Poisson distributed and are dominated by statistical uncertainties, Spiro* felt it seems
reasonable to take a weighted average to obtain ¢(Ga)/SSM = 0.55 + 0.11 as the result of
the combined gallium experiments. If one assumes only that fusion reactions power the
Sun and that the Sun is in thermal equilibrium, one expects a minimal rate in the Ga
experiments of 0.60 SSM. A rate significantly lower than this would require one to invoke
new physics, rather than a change in the astrophysical models of the Sun, as the solution
to the solar neutrino problem. Thus, while the Ga experiments seem to favor a particle
physics solution, they are not yet precise enough to definitely rule out an astrophysics
solution. In addition, it will be important to check the quoted efficiencies of the gallium
experiments using an artificial neutrino source. Both SAGE and GALLEX are planning to
do this with intense 51Cr sources. However, using the results of the four experiments, a
recent analysis32 indicates that any model invoking a cooler Sun is ruled out at the 99.99%
CL. All four experiments are consistent with the hypothesis of MSW oscillations, and the
regions in the parameter space of Am2 versus sin228 are shown32 in Figure 2. There are
two allowed solutions, the one with sin226 = 10-2 is called the nonadiabatic solution, while
the one with 5in228 = 0.6 is called the large mixing angle solution. These solutions differ
in their prediction of the energy dependence of the effect of oscillations on the solay

neutrino spectruhl.32 The nonadiabatic solution gives strong suppression of the 7Be and



565

8B neutrinos but leaves the p-p neutrinos essentially unaffected. The large mixing angle

solution provides for a roughly equal suppression of neutrinos at all energies.
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Figure 2. Allowed region of neutrino oscillation parameters for solar neutrinos. The limits
set by the chlorine, Kamiokande, and combined gallium experiments are as indicated by
the inset legend.

In order to determine the origin of the solar neutrino problem, it now appears that
model-independent tests must be made. This could done by either directly measuring the
solar neutrino spectrum and looking for the distortions predicted by the MSW oscillations,
or to measure the flux of ve and compare it to measurements of the total flux of ve + vp +
vr. Four experiments to do this are either under way or working on prototype
development. The Sudbury Neutrino Observatory (SNO) experiment, as reported by B.
Robertson*, is a large water Cherenkov detector using 1 kiloton of heavy water (D20). In
this experiment, one will be able to directly measure the 8B neutrino spectrum by

observing the energetic electron emitted in the charged current (CC) reacon ve +d — p +
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p + e~. In addition, one can measure the total flux of all neutrinos above a 2.2-MeV
threshold by observing the neutron created in the neutral current (NC) reaction ve + d — p
+ n. While the canonical plan to detect neutrons in SNO is by adding 2.5 tons of NaCl and
observing the gamma from neutron capture on the Cl, work is underway to develop ultra
low background 3He proportional counters to provide neutron detection, as reported by
H. Robertson*. Finally, in SNOone can also observe the elastic scattering (ES) reaction ve
+ e~ — ve' +e”. In the Super-Kamiokande project, as reported by Kaneyuki*, a 50-kiloton
water Cherenkov detector will be built to study the elastic scattering (ES) reaction. This
experiment will give rates almost 100 times higher than Kamiokande and will be able to
measure the 8B neutrino energy spectrum from the recoil electron spectrum. The SNO and
Super-Kamiokande projects expect to come on the air in the fall of 1995 and spring of 1996,
respectively. In another detector under development, the Borexino project33 would use
300 tons of scintillator viewed by an array of photomultipliers to directly observe the 7Be
neutrinos via the ES reaction. This experiment is under development and hopes to come
on line about 1996. Finally, a 3-ton prototype of a liquid argon time projection chamber
has demonstrated the feasibility of full track reconstruction over drift distances of a few
meters, as reported by Montanari*. Thus, this detector looks quite a lot like an electronic
bubble chamber in its ability to reconstruct tracks and identify particles. Plans are now
under way to use this technique in a 5-kiloton ICARUS detector, which would detect 8
solar neutrinos primarily by the ES reaction. These experiments will provide real-time
information with better resolutions, lower backgrounds, and count rates almost 100 times
higher than previous solar neutrino experiments. One thus expects that they should be
able to determine theorigin of the solar neutrino problem in a model-independent manner
before the end of this decade.

One detection scheme for solar neutrinos, proposed by Weber, that involves use of
coherent scattering from sapphire crystals to detect solar neutrinos, seems not to be
feasible. Measurements by McHugh* of the scattering of solar neutrinos from sapphire
crystals mounted on a water balance indicate an absence of coherent effects, with a limit of
about 2% (68% CL) of that expected. It appears the cross sections are incoherent for
scattering from crystals, which results in cross sections reduced by many orders of
magnitude from that for coherer{t scattering, thus rendering a solar neutrino experiment

impossible.
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SUPERNOVA NEUTRINOS AND DARK MATTER

The dark matter problem, in which more than 90% of the Universe is comprised of
some unknown (nonbaryonic) form of matter was reviewed by Caldwell* with some
additional discussion by Krauss*. The need for dark matter now seems to be well
established and ir.tensive experimental efforts are underway to determine the origin of the
dark matter. Searches for MAssive Compact Halo Objects (MACHOs) are underway by
three groups using the gravitational microlensing technique. Initial tests indicate they
have sufficient sensitivity to observe objects with masses greater than 107 solar masses in
the halo of our galaxy. One year of observations are now being analyzed and within the
next year or so we should know if MACHOs are a dominant form of dark matter. The
recent observations of COBE (COsmic Background Explorer) and IRAS (InfraRed
Astronomical Satellite) seem to indicate the need for about 20-40% of hot dark matter
mixed in with cold dark matter in order to reproduce the observed large scale structure of
the Universe. A prime candidate for the hot dark matter is a tau neutrino with a mass of
about 7 eV. Axions are also still a dark matter candidate and efforts are under way to
build a large cryogenic cavity inside a superconducting magnet which would allow
detection of axions by their coupling to the magnetic field. Weakly Interacting Massive
Particles (WIMPs) have been largely ruled out as dark matter candidates by experiments
using ultra low background solid state detectors in which a WIMP would be detected by
observation of the recoil nucleus when the WIMPs scatter in the detector. Finally a
number of efforts are under way using cryogenic detectors which have the potential of
being able to observe the nuclear recoils from neutralinos (thelightest stable
SUperSYmmetric particle) scattering in the detectors. Thus, it is hoped that the origin of
dark matter may be determined within the next decade.

If the tau neutrino has a mass in the few eV range, as possibly indicated by COBE and
IRAS, it is of crucial importance to find a means to measure such a mass. Neutrino
oscillations, such as the NOMAD experiment, provide one means to probe this mass
range. However, a more direct means is by studies of the neutrinos emitted in supernova
explosions, as discussed by Krauss*. A great deal of detailed modeling of supernovas has
now been carried out and the question of the effect of a non zero neutrino mass has been
looked into. If a supernova goes off in our galaxy during the operating lifetime of SNO

and Super Kamiokande (and any other large detectors which are operational), the count
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rates that one expects toseeare of order 103 events in SNO and 104 events in Super
Kamiokande. With such high statistics, the detailed evolution of the neutrino pulse can be
studied. It appears that both model-dependent and model-independent effects of a non
zero neutrino mass should be observable for masses of tens of eV. Studies also indicate,
although with less reliability, that it may be possible to determine neutrino masses as low
as a few eV. Thus, there is some hope that a nearby supernova may provide the best

information on a possible tau neutrino mass in the few eV to few tens of eV range.

CONCLUSIONS

At present, laboratory measurements are all consistent with the hypothesis that
neutrinos are massless. In particular, there is not a 17 keV neutrino. Nonetheless,
extensions beyond the Standard Model generically predict non zero neutrino masses.
There are possible indications of new physics in no n bb decay with emission of a Majoron
with a branching ratio of around 10-4. However, while an unexplained excess of events
below the endpoint is observed in all of the experiments, the data are probably
inconsistent with Majoron emission. There appear to be systematic effects in the tritium
beta decay experiments which are not completely understood. The consistent observation
of a best fit of negative my2 could possibly indicate the presence of new physics, but a
great deal of work remains to be done before one can seriously consider new physics as
the solution to this problem. Possible evidence for neutrino oscillations is observed in
atmospheric neutrinos and solar neutrinos. In the case of atmospheric neutrinos, only one
experiment has the sensitivity to claim consistency with neutrino oscillations. A number
of possible systematic effects may also account for the observations, and further studies
are under way. In the case of solar neutrinos, four experiments all see significant deficits
below the rates predicted. Various analyses indicate it is unlikely that changes to the
Standard Solar Models can accommodate the results. The most likely consistent
exblanation is that we are observing matter-enhanced MSW neutrino oscillations. Yet,
given the extreme dependence of the neutrino fluxes on the core temperature of the Sun, it
is difficult to definitively rule out astrophysical solutions. But a new round of experiments
will provide model-independent tests, which should provide the solution to the solar
neutrino problem in the next five to seven years. Finally, measurements of the 3 K

microwavebackground radiation scem to favor that some fraction of the dark matter may
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be comprised of a (tau) neutrino with a mass of several eV. If the large solar neutrino
detectors now under construction should be lucky enough to observe a supernova within
our galaxy during their lifetimes, it may be possible to address the question of a tau
neutrino mass of several eV.

It is clear that the new round of experiments under construction and being discussed
will greatly impact our understanding of neutrino mass and mixing. If we are fortunate,
the early indications we are seeing with the present round of experiments will be borne
out with new data by the end of this decade. It may well be that these experiments are
providing us with the first window to the long-sought new physics beyond the Standard
Model.
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GRAVITY WITH LEVITY

E.G. Adelberger
Physics Department, FM-15
University of Washington, Seattle, WA 98195

ABSTRACT

The gravitation sessions of this workshop are briefly summarized and a personal overview of
the field is presented.
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I was asked to give this summary talk only after I got to the workshop, and then discovered
that the last of the sessions I was supposed to cover ended only a few hours before I had
to give my talk. So perhaps you will forgive me for not being able to prepare a beautiful and
comprehensive summary talk such as the one we just heard from Tom Bowles, and for delivering
instead a light-hearted overview.

For many years gravitational physics was essentially uncoupled from the rest of physics.
The theory, general relativity, seemed completely unrelated to the quantum field theories that
formed the basis of particle physics; the experimental techniques, which involved the study
of macroscopic classical objects, had little in common with those used in most other areas of
physics; and gravitational effects are so weak that they could be ignored in the microscopic
arena that occupied the attention of the ‘mainstream’ physicists. Much of this has changed in
recent years, particularly in theory, where attempts to unite particle physics and gravity (for
example via super-strings) are now well known. But one of the most interesting things about
this workshop was learning other ways in which gravitation has worked its way into the rest of
physics. But let us start with the main dish and then go on to the dessert.

The classic torsion-balance technique continues to produce new and interesting tests of the
universality of free fall (UFF). The new aspects come largely from a different way of looking at
the UFF. Instead of the traditional check of the gravitational weak equivalence principle which
was cast in terms of the parameter

7(A, B) = 0.5[(mi/mg)a — (mif/mg)pl/[(mifmg)a + (mi/mg) 8],

we now think in terms of searching for new non-gravitational Yukawa interactions that may lie
hidden ‘under’ gravity. The relevant parameters are the coupling constants, ranges, charges,
and possible spin-dependence of the hypothesised interactions. This naturally opens up new
areas for investigation: instead of assuming that any violation of the UFF has an infinite range
as does gravity, we now must consider all ranges, from the Planck length (1.6 x 10735 m) up to
infinity! From this point of view, there are two enormous gaps in our experimental results: one
between the ranges that have been probed with mechanical experiments (~1 mm> A > oo)
and the very small distances probed by particle experiments, and a second between the length
scales probed by existing accelerators and the Planck length. I find it interesting that there
may be a special interest in a length scale intermediate between infinity and the Planck length
that is quite accessible to torsion-balance techniques. This scale (A &~ 0.3 m) is associated with
amassm = M%/Mp, where Mz and Mp are the Z° and Planck masses respectively, and m is
a ‘see-saw’ mass acquired by some hypothetical, originally massless, scalar boson[1].

This new way of looking at UFF tests has stimulated the development of a generation of
instruments designed to be sensitive over a wide range of length scales[2]. At this conference
we heard new results from the E6t-Wash group testing the UFF on the galactic length scale to
probe the dark matter at the center of our galaxy, and for ranges down to 1 cm to probe length
scales characterized by exchange-boson masses up to 10° eV. The Virginia group reported
sensitive new tests for spin-dependent forces using electron-polarized test bodies and sources.
Previous results, notably from the Irvine group, probed spin-independent interactions with
ranges down to a fraction of a mm. But we have essentially no sensitiveresults for length scales
much shorter than 1 mm. This seems to be an area where the techniques of atomic physics
(laser-cooled atoms and atomic fountains) and materials science (atomic force microscopy and
various nanotechnologies) could be fruitfully applied.

We heard interesting talks and a round-table discussion about STEP, a proposed high-
quality drag-free satellite for testing the equivalence principle with a designed sensitivity of 1
part in 10'7. This represents a remarkable factor of 10° improvement over the most precise result
quoted for a laboratory experiment[3]! It is clear that a satellite offers substantial advantages (a
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=600 times larger signal and probably a more benign environment compared to ground-based
experiments) and some significant disadvantages (you have one shot at the experiment and
cannot change things on the basis of experience). To attain this fantastic level of precision
one will have to anticipate all the subtle systematic errors that one normally discovers by
incremental development of an apparatus. It is good to see that these problems are being
tackled by a large and diverse group, and I wish them the best of luck. I should point out
that a successful result from STEP will not eliminate the rgle of laboratory UFF experiments.
This has to do with the question of the range of the UFF-violating interaction. Although the
satellite sees a factor of ~600 larger signal for an interaction with A\ >> reqren, the situation is
reversed for shorter ranges where a laboratory experiment can have a signal that is enormously
larger than that from a satellite orbiting ~500 km above the earth.

We heard relatively little at this workshop about gravity-wave observatories. These new in-
terferometric instruments, now being actively developed in the US and in Europe, are designed
not to study gravity itself (the existence of gravity waves has been very convincingly demon-
strated in precise studies of the binary pulsar by Taylor’s group at Princeton) but to study
astrophysics (the properties of neutron stars revealed by the gravitational radiation emitted in
the final stages of an in-spiraling binary system, etc.) This is a very high-tech area where much
work is still needed before we can expect to detect events. The Italian VIRGO project reported
impressive developments in vibration isolation, one of the key factors that limit the detector
performance. Hopefully, we will hear more on technical progress in gravity-wave detectors in
next year’s Moriond Workshop.

Finally, it was nice to see McHugh’s results that convincingly disproved Weber’s claim of
enormously enhanced coherent v scattering cross-sections from crystals such as sapphire. While
very few people accepted Weber’s theoretical arguments or his data, it is nevertheless good to
have a careful experimental test of his claim. The 17 keV neutrino was not the only anomaly
whose funeral was announced at this workshop.

So far I have discussed only experiments, and not done justice to theory. That is because I
am not really competent to do so. But, speaking as an experimentalist, I was very interested to
hear Damour’s talk on general relativity as a cosmological attractor of scalar-tensor theories.
After hearing so many theorists explaining why we shouldn’t see any violations of the UFF,
it was refreshing to hear a scenario in which an effect could be lurking within the reach of
future experiments. I have long enjoyed DeRujula’s wonderful analogy between physicists and
farmers. The theorist is like a farmer who takes his pig, the experimentalist (you can already
tell that this joke was invented by a theorist), to a field to dig for truffles. The grateful pig of
course loves truffles and digs industriously through the dirt. But if he finds a truffle, the farmer
immediately takes it away. However, there is one problem with this analogy; the farmer only
leads his pig to fields that are known to contain truffles. Now it may be asking too much of our
‘farmer’ colleagues to lead us ‘pigs’ to fields that are known to contain truffles, but it is good
for our morale when the farmer can at least conceive of a way in which the field may contain
truffles!

As I said at the beginning, gravity is creeping into all fields of physics. This workshop
covered particle physics (v’s), atomic physics and gravitational physics. It was exciting to
hear about the lovely laser cooling and interrogation techniques that have advanced to the
point where gravity can be studied using atoms in free fall. The rapid developments in the
techniques of atom-interferometry may also have spin-offs for experimental gravity-could one
use an atomic Sagnac interferometer to test the Lense-Thirring precession? In fact, even particle
physics experiments are now able to detect gravity! I assume many of you have seen the plot of
the diurnal variations in the energy of the LEP ring shown in Figure 1. The energy variation
is caused by the solid-earth tides (primarily from the moon) distorting the ring’s shape. But
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Figure 1: Variation of the energy of the LEP ring at CERN due to tidal effects. Because the RF
frequency is constant, the energy reflects the circumference of the ring. Note the predominant
24 h period of the tidal effect.

how many of you stopped to ask why the effect appears to have a dominant 24 h period, when
everyone knows that the tides have a 12 h period? This puzzled me when first saw the data,
but I think I now understand it. If the moon were directly above or below the ring, tidal effects
would symmetrically shrink the ring radius so that the circumference (which dictates the beam
energy because because the RF frequency is constant) is decreased by a factor proportional to
a/r where a is the ring radius and r the distance to the moon. On the other hand when the moon
in in the plane of the ring it distorts the circular ring into an ellipse so that its circumference is
increased by a factor proportional to a/2r. Now if the earth’s rotation axis were perpendicular
to plane of the moon’s orbit this would lead to a tidal circumference variation with a 12 h
period. But because the earth’s rotation axis is inclined and LEP is neither on the equator nor
on the pole, one gets a 24 h period as well. This is an amusing problem for you to work out
and then assign to your students.

I would like to close by thanking Thibault Damour for organizing such a balanced, wide-
ranging, and interesting session, and the speakers for giving such lively and stimulating pre-
sentations. This Moriond Workshop amply demonstrated that, in spite of the title of this little
talk, gravity should not be taken lightly.
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Erratum

DARK MATTER AND THE POSSIBLE EXPANSION OF SPIRAL GALAXIES

D. F. Bartlett and Tyler Pike*, Department of Physics,
University of Colorado, Boulder, CO 80309-0390

We would like to correct a significant error in our earlier report to the Moriond confer-
ence of January, 1990.! At that time we showed that Warmel’s study of the Doppler shifts
of the 21-cm line in hydrogen® could be interpreted as indicating substantial expanding (or
contracting) motions in several galaxies within the Virgo cluster. If true, these motions
might help provide an alternative for dark matter as the cause for the flat rotation curves
of spiral galaxies.

We now believe that the evidence was faulty, caused by our lack of appreciation for
“beam smearing”. The Westerbork Synthesis Radio Telescope used for these observations
is aligned along an E-W axis. The resulting poor resolution in the N-S direction causes
highly elliptical resolution ellipses in Warmel’s contour plots for the velocity of a galaxy’s
hydrogen towards the earth. The effect is to pull contours of equal velocity in the N-S
direction leading us to to confuse galactic rotation with expansion. In particular, the very
significant radial motion we originally reported in the contour plots for NGC 4222 and
NGC 4294 can be ascribed to beam smearing.

The former galaxy has now been observed by Cayatte et al® as part of a study using
the tri-axial Very Large Array which leads naturally to analyses with little beam smearing,.
It is interesting that Cayatte’s equivelocity contours for this galaxy show no evidence for
radial motions.

1. D. F. Bartlett and Tyler Pike in Proc. of 25th Rencontre de Moriond pp.
433-438, O. Fackler and J. Tran Thanh Van, eds. (Editions Frontiérs, 1990).

2. R.H. Warmels, “The HI Properties of Spiral Galaxies in the Virgo Cluster, 1.
Westerbork Observations of 15 Virgo Cluster Galaxies,” Astron. Astrophys. Suppl. 72,
19-56 (1988).

3. V. Cayatte, J. H. van Gorkom, C. Balkowski, and C. Kotanyi, “VLA Observations
of Neutral Hydrogen in Virg» Cluster Galaxies, I. The Atlas”, Astronomical Jrnl. 100,
604-634 (1990).

*Now at University of California, Berkeley.
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