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SEARCH FOR HEAVY NEUTRINOS IN THE CAPTURE OF MUONS BY
3He: DEVELOPMENT OF A HELIUM-FILLED GAS SCINTILLATION
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#  Abstract

We have developed a high-pressure 3He target based on the principle of a Gas Scintillation Proportional Counter (GSPC) to
observe with high luminosity and good energy resolution tritons emitted in the capture of muons by 3He. The techniques used with
this new detector are described and the first results obtained in the search for massive neutrinos which couple to muons are shown.

1. Purpose

The ultimate goal of the experiment is to detect, with high
sensilivily, a possible massive neulrino (with a mass belween
20 MeV/c? and 90 MeV/c2) admixed into the muon flavour. In
the capture process of a negative muon by a *He nucleus a
massive neutrino of this kind would manifest itself as an
anomalous peak in the measured triton energy spectrum of the
3H + v, decay channel. The experiment required the develop-
ment of a 3He (arget which allowed the observation of (he 3H
recoil spectrum with good resolution and background-rejection
capacily.

2. Introduction

The neutrinos which couple Lo the charged leplons of various
fTavours could be superpositions of mass eigenslates of non-
vanishing mass. The formulation of this scenario beyond the
Standard Model (SM) is discussed in refs | 1] and [2].

Most searches for lepton generalion mixing have cither been
looking for v oscillations or for v decay ol neutrinos emitled in
nuclear reactors or accelerators. Cosmological observations form
the other important source of information on this subject.
Complementary information can also be obtained by studying the
lwo-body decay ol systems decaying into a charged particle and a
neutrino [3]. In 7% and K1 decays |4-8] the energy spectrum of
the emitled-charged muon was investigated. The contribulion of
a massive neulrino (o v, would manifest itsell by the appearance
ol a peak with energy lower than the one corresponding o the
my, = 0 channel. The Q valuc limits this mass region to
my, <34 MeV/e? (1 =y + v) and Lo m, < 388 MeV/c?
(K — 1 + v) respectively. The experimental limitation of energy
resolution which can be achieved limits morcover the covered
mass region to my, 2 1 MeV/c2, respectively mr, 2 70 MceV/c?,

We must keep in mind that the vz mass is experimentally
measured (o be smaller than 35 MeV/c? {91, and that no massive
neulrinos v; (7 > 3) can be present below ~ 35 GeV/e? [10].
Moreover, neutrino masses larger than ~ 40 ¢V/c? are only
compatible with astrophysical observations il the neulrinos are
allowed 1o decay [ 11].
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A system equivalent to the m, or K|, processes is the one
obtained if a u is captured by a nucleus producing a two-body
decay into a single nucleus—neutrino channel. Our experiment is
of this type and measures the recoil energy spectrum of the triton
(1) emitted after muon capture on 3He.

The Q value of the reaction limits the range of the observable
neutrino mass to the interval 20 MeV/c2 < my, < 100 MeV/c2,
which overlaps the sensitivity limits of the 7, (m, < 30 MeV/c2)
and K (m, 270 MeV/c?) experiments.

The presence ol a peak of intensity /(m,) at a triton kinetic
energy 1 would indicate the contribution to v, of a neutrino of
mass

my = ,I.I'I(M(,fM(jH)}Z—ZMoﬂ ) )

where
My = M( 3He)-k My = Eyinging = M( 3He) ,

M@3H), M(*He) and m, being the 3H, 3He and muon masses.
The ratio of /(m,,) o the intensity of the (m, = 0) peak gives
the strength UZ; of the coupling [12,13]

pi
I(mv) _ r(HlV) _ p(mv) U:Ti 2)
1{0) r(o) p(0)
with the phase space [aclor
2 2
(2 2 A oy
p(mv)f(A ~mv) X [l —ZM(,] [2M(,] )

where A= M, - MGH) =,

3. Description of the detector

The apparatus is an active 3He target (sell-triggered TPC-like
GSPC) specifically designed to measure the kinelic cnergy of the
tritons produced in the capture of negative muons by 3He. It is
installed on the pE4 muon channel of the proton accelerator of the
Paul Scherrer Institute (PSI).
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Negative muons of 32 MeV/c momentum cross a lelescope of
two 0.5 mm thick scintillators and enter the detector through a
30 mg/cm2 HAVAR (Hamilton Techn. Inc., Lancaster) window.
They are stopped in the so-called stop region which is between a
plate Gy and a grid G| (fig. 1). The deteclor is filled wilh gas at a
pressure of 5 bar; for an event considered as “good”, the (1 *He)
system decays into a triton and a muon-neutrino.

FIGURE 1

Horizontal and vertical projections of the GSPC indicating the Gy, G|, Gy and Gy
electrodes, the primary photomultipliers P to Pg and the secondury
photomultipliers S| to Sg. The beam enters fiom the leflt in the Gy to G| region.

Five single-photon photomultipliers EMI 9829QB (P;) detect
the primary scintillation light first produced by the stopping p-
and then produced by the emitted triton; these two signals define,
in coincidence with the muon signal from the two plastic
scintillators of the telescope, a muon-captured event. The cloud
of ionization electrons produced by the g and ¢ tracks is drifted in
an electric field (300 V/em, drift velocity = 0.17 cm/us) towards
two grids G, and G, called light gap. The electric field in the
tight gap is so high (11 kV/cm) that the electrons excite the gas

atoms thereby producing in successive electron—atom scalterings
many thousands of scintillation photons per electron. The time-
dependent behaviour ol this “secondary” light, delected in six
photomultipliers EMI 9903KB (S;), is recorded in six wave-form
analyzers (WFA) in 50 ns steps.

This information is used to reconstruct the position, track
length, and energy of the muon and triton. In addition (o this, full
differential information, typical times (decay time, beginning and
end time of the u and r signals in the S; photomultipliers) and
integrated values of the y and r signals for the primary and
secondary light were recorded for a fast on-line analysis [14]. All
these data were stored on magnetic tape for a given event if, and
only if, a two-peak struclure was observed on the sum of the S;
photomultiplier outputs.

In order (o protect the five P; photomultipliers from the large
amount of light produced in the light gap, and to avoid spurious
coincidences in waiting for the capture reaction after a muon stop,
the high voltage on G, is set so as to collect on G, all the charges
produced between Gy and G,. After a muon capture has occurred,
the G, high voltage is pulsed for ~ 100 is to a value allowing the
relevant charge to drift into the light gap. During the same period,
the five P; photomultipliers are blanked by pulsing the photocathode
voltage. This is done by applying a voltage pulse simultaneously to
the photocathode and a grid mounted in front of it, in order Lo
prevent the photoelectrons from reaching the first dynode.

In a second experiment, performed with the same detector, to
be discussed on an other occasion, the gating function was
realized by a supplementary grid installed just in front of G, with
alternate wires pulsed to a voltage difference of 180 V. The
protection of the P; photomultipliers was performed in (his
second experiment by a suitable pulsing of their first dynodes.

The scintillation light of pure He (500-1000 A) has to be
shifted to the sensitivity region of the photomultipliers equipped
with quartz windows (4 2 1600 A). This is done by mixing 10%
of Xe to the 3He target gas. With this mixture ~ 75% of the
muons are captured on Xe and the detector has to be vetoed
during the first 2 ps following the muon stop to allow most of the
muons in atomic orbits on a Xe atom to be captured (7= 100 ns).
The stable and efficient running of the detector [15] compensates
largely for this important loss (90%).

The detector is pressurized at 5 bar in order to have a stop
density of a viable amount of muons in the fiducial volume
(7 X 9 x 13 cm3; = 40 mg/cm?2). Under these conditions a high
gas purity is necessary (£ 0.2 ppm of impurities) and high electric
fields have to be applied. Special techniques, such as fixing the
wires with a galvanic deposition of an Sn alloy on specially-
shaped frames, had to be developed.

4. Analysis: construction of the recoil energy spectrum
The light in the gas, produced by the stopping muon and by
the emitted-charged particle, the primary light, was detected by the
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five P, photomultipliers and gave timing information and (he start
signal for a potentially good triton decay sequence shown in fig. 2.

The energy spectrum was obtained from the light emitted in
the light gap seen by the six S; photomultipliers. The sharing of
this light amongst the photomultipliers and the time structure of
this light pulses allowed us Lo reconstruct the (rajectory of (he
charged particles (i.e. muon and triton) and to identily the caplure
products.
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'FIGURE 2 .

Pulsc scquence ol a good event: 7 = time (o let the g~ Xe system disappcar;
i = time inlerval (0 accepl events [tom muon capture in 3He; 14 = time to adjust
the drift lield and the minimal drifl time; 14 = time (o collect the secondury light
from the muon and lriton tracks.

The two peaks (muon, (riton) separated by the time elapsed
between the muon stop and the muon capture were obtained by
synchronising the six photomultiplier amplitudes S; (secondary
light). Events that did not have this signal structure were rejected.

The gains of the S; were adjusted by choosing a small region
in the fiducial volume and observing the triton signals originating
there. The drift velocities and diffusion coefficient required to
reconstruct the muon—triton trajectories were determined by
adjusting the parameters of the diffusion equation to fit the
observed pulse shape.

The reconstruction of the initial trajectories and the determi-
nation of the energy deposition along these trajectories, as well as
that of the total energies deposited, were performed in three steps:
(a) For each 50 ns sampling of the S; amplitudes in which at

least three were non-zero, a least-square adjustement allowed

us to determine the intensity and the position of the corre-
sponding flash in the light gap.

(b) In a second step, a linear fit was made to the positions of the
flashes in the light gap as determined in the previous step.
The flash position thus adjusted was considered as the “true”
one and it served to re-determine the corresponding flash
amplitude, which was assumed to be proportional to the
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energy deposited by the charged particles (muon, Lriton) in

the stop region (Gy-G )
(¢) The exact coordinales of these cells (cf. (a)) along the drift

direction were determined using the drift velocity.

Due to field inhomogenities in the stop region, caused by the
P; photocathodes which were kept on ground potential, we
observed variations in the drift velocity and position-dependent
collecting efficiencies for the ionization electrons of the charged
particles. These effects on the total amplitude were correcled for
each event.
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FIGURE 3

Comparison between the triton 1ecoil energy spectrum obtained by Clay ct al. [16]
and the spectrum observed in this woik,

The energy spectrum of the tritons, restricted to a small
central region of the stop region has a FWHM resolution of 0.9%;
if we consider a more extended fiducial volume of
6.5 x 4.5 x 3.0 cm?, we obtain the spectrum illustrated in fig. 3(b)
in which the triton peak has a FWHM resolution of 4.1%.
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In figs 3(a) and 3(b), we compare the obtained spectrum (o
the one observed by Clay et al. [16] using a conventional Gas
Scintillation Detector (GSD) filled with 3He. The improvement is
due mainly to the localizing ability of our detector, which allows
the rejection of energy deposition outside the fiducial volume and
permits the correction of the variation of the solid angle in which
the light is observed. Moreover, the enhanced light emission, in
the light gap, decreases substantially the contribution of the
statistical fluctuations. We learned that a careful shaping of the
collecting electric field will allow us to improve the energy
resolution to less than 1% FWHM as mentioned above [17].

5. Analysis: the background rejection

The energy spectrum of tig. 3 shows, in addition to the peak
around 1.9 MeV, attributed to the trilons emitted in conjunction
with a zero-mass neutrino, a peak around 0.77 MeV and a
continous background. It is important to reject these various
backgrounds if we wish to improve the sensitivity of the exper-
iment.

The peak at = 0.77 MeV is produced by accidental coin-
cidences between a muon stop and the absorption of a neutron by
3He nucleus

n+’He— p+'H  (0=0.774 MeV) .

The remaining background is interpreted as originating from
muon-decay electrons interacting in various materials and from
protons or deuterons of the other capture channels:

p+3He 5 e + v, + v, +3He (99.47 %) I
i +3He — vy + 3H (3.3 x 10-3) 11
U~ +3He — td+n (1.3 % 10-3) 111
p+3He = vy +p+n+n (3.7x 104 v

The integrated contribution of channels III and IV in the
energy window of 0-2 MeV was calculated to be 1.5% and 6%
respectively of the channel-II intensity, but protons and deuterons
of higher energy losing only a part of their kinetic energy may
also contribute to the background if no cut is applied on the
length of their trace in the detector.

Various constraints were used to reject the background
affecting only minimally triton recoils of 1.9 MeV or lower.
Essentially, the procedure was the following:

(a) First we rejected the events in which the end of the first
trajectory (muons) did not coincide with the beginning of the
second trajectory (tritons), taking into account the drift
distance before the emission of the triton. This cut rejected
very effectively most of the accidental coincidences of the
neutron capture peak at 0.77 MeV.

(b) Events with a distorted second track or showing no Bragg
peak are rejected to ensure that the total charge was confined
to the region of good charge collection.

(c) The biparametric range-energy plot of the second charged
particle allowed us to define the region which should contain

the recoil tritons; the events outside this region were also
rejected.

(d) Finally, the shape ot linear energy deposition along the trace
can also be used to distinguish between triton and deuteron
recoils (more difficull to reject by the range-energy con-
straint than the protons) as illustrated in figs 4 and 5.
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FIGURE 4

Deuteron event: (a) adjusted by a triton pulse and (b) adjusted by a deuteron pulse.
Along the lime axis. one bin represents 50 ns.

The effects of these various cuts are represented in
fig. 6((a)—(e)).

The energy spectrum resulting from these cuts is represented
in fig. 7. It is completely free of background at the limited
statistical precision of this first part of the experiment. The
number of 1.9 MeV triton recoils is 409, to be compared to 656
before the cuts were applied.
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FIGURE 5

Triton event: (a) adjusted by a triton pulse and (b) adjusted by a deuteron pulse.
Along the lime axis, one bin teptesents 50 ns.

6. Conclusion

No massive neutrinos were found to contribute to the muon
coupling; the corresponding 90% C.L. uppper limits are shown in
fig. 8. Although the precision of these limits based on a small
data sample is still moderate and, in particular, much worse than
the ones deduced from the (# — p + v) decay mode in the
neutrino mass region of m, < 34 MeV/c2, the considerations
discussed above allow to foresee a considerable improvement
from the second experiment.
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