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SHAPES OF p~BAY SPECTRA

H. Daniel
CERN, Geneva, Switzerland and Max-Planck-Institute

of Nuclear Physics, Heldslberg, Germeny

1., FORMULATION OF ALLOWED @ DECAY

The shape of f-ray spectra in the allowed ap-

proximetion is given by
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The plus sign in front of b/W is for g~ decay, and
the minug sign for ﬁ+ decay. The Fermi functicnz)
¥ will already include the finite size effect. The
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symbols have their usual meaning: Cs(Gé) ig the
parity conserving (parity non-conserving) scalar

coupling constant, ete., y a Coulomb correction
term which is almost unity, M?(MGT) the Fermi (Ga-
mow-Toller) matrix element, and b the Fisrz in-
terference coefficient. In the case of pure Fermi
or pure Gamow-Teller transitions, one has

-] & ry -’ ’ LE ]
CSCv + CSCv + Cs Cv + CSCV

b, =
F 2 2 2 ,
legl™ + 1oy 1™ + Jcgl™ + ICyl
and
& » e " B ry
CoC, + CoCp + Cp"Cj + cTﬁA
Pop = 3 3 T3 T3 - (5)
e I™ + 1oy 1™ + 1egl™ + Tegd

If the selsctron polarization is complets (I v/e
for ﬁ; dscay) the Fisrz interference terms vanish
automatically. This is particularly true of the
generally accepted form of the g interaction, the
V-4 interaction. In fact, the Fierz terms even
vanish for any VA interaction. On the other hand,
the Filerz terms are the most sensitive tools for
checking experimentally whether these assumptlons
are correct, in the sense that the experimental up-
per limit for a Fierz coefficient b deduced from
the expsrimental evidence on g interaction type &nd
electron polarization, is larger then thai deduced
from a direct measurement of the Fierz coefficient.
This is at leasgt true of A% decay and of Permi
transitions. The best method for ithe experimental
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étermination of Flerz coefficients consiats in

. aguring the spectral shapes, and not the K/,e+
ranching ratioa. Ifb = 0 in Eq. (1), the spectral
ghape 18 called sta#istical, because 1t depends on
_tne statistical sharing of the momentum between

the electron and the neutrino imn the phase apace3).
Beglides the Fisrz interference, there are
_other reasong why the gpectrum of an allowed g tran-
gition, 1.e. & transition with the spin change ATl =
0, + 1 and no parity change, may differ from the
gtatistical shape: o

gmall correction terms which, however, are of second

a) The congservation of vector currsent implies
order snd therefore vanish in the allowed approxima-
tion. They are usually barely observable, but are
definitely observed in favourite casess) (123, 12N).

b) Second order effects are always present,
put usually observable only if the allowed matrix
slement 1s extremely small. This effect has bsen
establishads) for 32?.
¢} If the neutrino or antineutrino rest mass
doesg not exactly venish, there wlll be a dsviation
et the upper end of the spectrum. Qualitatively,
the game will be irue of the neutrino degeneracy,
i.e. if there are empty neutrino (antineutrino)
states below zero energy, or filled states above
%2810 enargy7).

d) Deviations of the b/W type [2q. (1)1, but
with & b differing in its meaning from Egs. (3),
(4) and (5), have been reportad as results of ex-
Perimental work with no satisfactory theoretical
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explanation6’8).

2. FORVULATION OF FORBIDDEN g DECAY

The forbidden g decay is a decay which does not
take place in the allowed approximation but in 8
higher ordexr approximation. The first forbidden
dseay may again be defined by its selection rules
AT = 0, 1, or 2 with parity change, while the firsgst
forbidden approximation contains first order terms
in B/A\, whers A is the lepton wavelength and R
the nuclear radius, in vN/b whers v 1s the

nucleon velocity in the nucleus, and in the Coulomd
field,.Correspondingly, the higher forbidden tranagi-
tions are defined by their selection rules, and the
higher order approximations by the ordexr of the
terms.

It 18 not the purpose of this review to give
all the formulas for the forbiddem § decay in full
detail, as was done in Eq. (1) for the allowed ape
proximation. Instesd of this, the V-A interaction
will be assumed unless stated otherwise. The reason
is that the basic questions underlying the full
description were mostly studied, and are best
studled, in the allowed F decay.

It is the general custom to describe the shape

of a forbidden # spectirum by & correction factorB)

s, = Z sé‘” , (6)
J

where the subseript n refers to the degree of ap-



117

pmximation (n = 0: allowsd; n = 1: first forbidden,
atc.), and J refers to the total angular momentum
carried away by the two leptons: J = AT, aI+l,...,

: Ii+If’ The meaning of Sn is as follows:

H(W)aw = i}? F(Z,W)pav(wo-w)z s_(W)av . N

1n the case of first forbidden § decay, one has in
general

s, = s§°)+ s§1)+ 352)

In 8 particular transition, one or two of the

sii) mzy vanish. Table 1 summerizes the selection

TABLE 1
Matrix element J AT A
Allowed  Cy N 0 0 no
CA j“} 1 0, +1 ne
{no O~ C)
Pirst Cy fy5 3
forbidden C, fc?vi?/ij © © yes
-
CV ff i ‘{
CV a 1 O, : 1 yes
Cy f@x?‘) (no ¢=»0)
c, fiBia. 2 0, £ 1, 2 yos
(no 00, no 0351,
no 1/2 » 1/2)

-~ (J designates the renk of the transition operator,
when regarded as a tensor)
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rales snd nuelvar matrix elements in the allowed ang
the first forbidden g decay for the V=i 1nteractionqx'

A particular class of forbidden transitions are
the unique transitions where a unigue angular momeniyp
J = n+l contributes only. Neglecting a Coulomd cor-

rection factor of about unity, one has3)

n
s conat ) e T /l2nn) 1 2a2it) 1] ()

v= 0O

This reads for first, second, and third forbidden de-

cays, respectively,

S§2) = const (p2 + q2) R (9)
Sé3) = const [p4 + %Q p2q2 + q4 1, (10)
S§4) = const [p6+ 7p2q2(p2+ q2) + qs I. (11)

Tzxing Coulomb corxrrsctions into account mors
»roperly, Zq. (9) is replaced by
(2)

- 2
8,77 = const (g~ + 9L1) . (12)

[In connection with this formula, it should be re-
membered that F(Z,¥) is taken to include the normal
finite size effeef, ef. Section 1.]

In the case of non-unique transitions, the situa-
tion is even simpler at first glénce: all first forbid-
den non~-unique gpectra are expected to show roughly a
gtatistical shape. In practice, howevsr, thig statement,‘
which was congidered to be valid for most transitions
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_gor many years, is no longer true. If the famous RaE
gpectrum, whosge peculiar shape has been known for a
1ong time, 18 exempted, then the first non-unique
rirst forbldden specira, where a deviation from the
gtatlgtlical ghape was rsported, are the 18689 spectrabz
Yowadays, & large number of such spectra are known.
yogt of them are of Interest in comnection with nu-
clear structure, but not weak interaction. They will
pe treated briefly in Ssction 5. Some cases are im-
portant for special agpects of weak interaction, such
ag time reversal invariance, pseudoscalar interaction,
or conserved axial vector current. They will be treat-
ed in Sections 6, 7 and 8. Particularly with regard to
the nuclear structure work, it is often ussful to £it
tha speetral shapes with the formula

8, = const {1 +a%+ (o/W) + cwg} . {(13)
For the connection bestwesn the parasmetsrs 2, b, and ¢
on the one hand, and the nmatrix slement

g
11

{Pabls 1) on
the other, the paper by Kotanl and Ross ) is rzcom-~

nanded .

3. EXPERI¥ENTAL MBETHODS

The clasgical instrument for the study of g-ray
gpocira 18 the magnetic spsctrometer. If it is iron-
frse the fisld strength is atricily proportiocnal to
the current, and the field shape does not at all dsg-
pend on ths fisld strength. However, instrumenis with

iron were also successfully used. One may have a some~
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what larger a pwloril confidence in the data coming
from iron-free ingtruments, In the same way, a lens
gpectronater gseems to be more suitable than a spsctro-
meter with & transverse field because of a smaller
risk of backscattering from the vacuum chamber walls
and, in particular, end plates.
Begides the magnetic spectrometer, othsr types
of spsctrometers are Ilnportant, and are becoming
even more and more important. These are mainly 4«
devices such as the scintillation speétrometer,
which seems to be most reliable though also most
tedious to operate with the activity distridbuted
homogeneously during the crystal-growing process
over the total crystal volume. Semiconductor get-
upg are used preferably in sandwich arramgements.
For low energiss, proportional counters mey be used.
Also in the future, the choice of the right or
wrong instrument will furnish material for many
discussions. The only general, and generally &ccept-
8d, conclusion from the experimental results is, how-
sver, that thare sxigts no strong correlation betﬁesn

rssults and types of instruments.

4., BXPERINMENTAL DATA ON ALLOWED SPECTRA

During the last decade, many atitempts have been
made to measure ithe shape of allowed apecira with
highest possible accuracy. Although conflicting
rogults were reported, the situation may be charac-

terized by the stetement that in all cases where the




121

allowed approximation is applicable, the spectra

ghow very accurately statistical ghapes., 3ome tran-
gitions have been studied most thoroughly either be-
cguge they are physically most interesting or be-
cause the experimental conditions ére mogt favourable.
The following examples will be discussed: 22Na and
114In (Gamow=T2ller ﬁ+ and 8~ decays, respectively),
and lBN (Fermi + Gamow~Tsller g7 decay).

The most accurats shape-factor measurements of
zzﬂa wsre performed by leuiz and co-workers with an
¥al crystal, where the activity was built in during
the crystal-growlng process. Figure l’shows a recent

12)

result +» The shape factor is plotted as a function

of the § senergy. As the shape factor is & horizontal
gtraight line and the errors are small, the specirum
follows closgely that of the gtatistical shape. There

4

0 0 1m0 w0 20 200 320 360 4o

FMg. 1. Shape factor of the 22Na £ spsctrum ag &
function of B* energy in keV, measured with
a 4w sgcintillation spectrumeter (one of
geveral runsg)i?),
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is no room for the Fierz lnterferencs or any other
deviations whataoever. The value of b is given in
Table 2, The work of Leutz et al.la) confirms the
earlier work with a magnetic spectrometerl3).
Although the experimental situation in 22Na ia
now very clear, the interpretation is not so clear
ag ons may wish with respect to the small experi-
mental errors. The comparative half-life (the £t~
value) of this decay 1s gomewhat large for an al-
lowed transiiion. Therefore, noticeable interference
with sscond order contributions is not a priori ex-
cluded, It might be, by mischance, that a small
Fisrz term present ln the allowed approximation
just cancels with a sacond order term. It is there-
‘fore very valuable that @ completely statistical
shape has also been found for the pure Gamow=Teller
trangition of 114In which hag a low ft-value.

T v Y T T T T

Y Co(W) - Co(W)
Co(W)
+ 4t %
+ 2+ 4%
) | %
ol i : %J 1 , $ %}

-4t

i N | % b 4 i :
A IO T

o 0z o4 ae 08
£/E,

" 114

Pig. 2. Shape factor of the In 8 gpectrum &s

meagsured with a jouble-lens spsctro-
metertd),
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Figure 2 shows the shape factor 4) or *4n,

Again it is a hoxizontal stralght line.

The trangitions of 22Na and 114In are purse
Gamow=-T21ller transitions, Thers are no pure Fermil
trangitions whieh offer favoursble experimental con-
ditions. However, By ig known %o decay to T0:x2% by
the Fermi and to 30+2% by the Gamow-Teller inter-
actlion. These figures come from the ft-valus, the
known value of the vsctor coupling constant, and the
nodel-independent value of ths Fermi matrix element,

43 the expsri-

%

AC(Wiag mental condi-
Ctw) 0“?,9' Lttt f tionalars not
4 bad, 3N is a

0 02 04 06 Q8 {0 MV suitavle nu-

cleug for checke

Plg. 3. Shapa factor of the 13N 8 ing the sgnspe of
gpectrum as measured with

8 double-lens spactro- a Fermi spsctrum,

metartd), the Gamow-Taller
contrivution to
\ 22, 114
b being known from, say, Na and In. Pigures 3
ghowsg the l3N shape factorlS) which 1is also 2 straight

line.,

Figure 4 is a shape factor plot of 32?. There
is not much doubt left that this spectrum desviates
substantially from the gtatistical shaps., However,

16)

there are gtill arguments regarding the exact form of
thisg deviation - in particular, whether the deviation
varies linearly with energy or not - and about its
exact size, Thesge questions are not immaterial: if
the deviatlion is linear the polarization ig still ex-
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Fig. 4. Shape factor of ths 32?5 gpectrum as 6)
meagured with a double-lens spectromster
Note the small but not negligible
influence of the source thickness on the
slope.

pectadl7)
can be drawn. Although details of the interpreta-
tion are still the subject of discussions, the de-

to be =v/c; if not, no such conclusion

viation can in general be understood in terms of
nuclear sitructure effects.

Begides thesé examples; other spectra have
been carefully examined. Table 2 gives & compila-
tion, Although no attempt was made to include
every allowed B specirum ever lnvestligated, thia
compillation was thought to include at leagt the

majority of recent results.
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Inspection of Table 2 shows that, as mentioned
at the beginning of this section, g-ray trsnsitions
which can be expected to show a statistical shape
really do have 1%, The unexplained b/W deviauiuns
gore reported by some groups. However, a large
pumbar of experimantarss) did not obtain this effsect,

5, EXPERIMENTAL RZSULTS ON FORBIDDEN  DECAY

This section deals with the gensral resulis ob-
tained in forbidden g decsy on the baails of V-4
interaction.

A lot of work has been done in order o check
the ghape of unique first forbidden g-ray spectra.
They are most reliably studies in transitions whexs
one state (initial or final) has spin zero. In this
cage J [Eq. (6) ] must be 2. These transitions,
mostly of the type 2"+ 0%, are also experimentally
very favourable in the sense that many suitable g~
transitions are available. Unfortunately, no suit-
able g% transitions ars available,

The most frequently, and perhaps also the most

9°Y _ 9o

carefully studies decay is Zr, where 9°Y may

or m8y not be separated from its parent 9°Sre Fizure

5 shows ite shepe factorl8)

whare, other than with
allowed decays (Section 4), the expacted correction
factor 852) {Eq. (12)] 18 already included in the de~
neminator; hence a horizontal strzight line is again
expected if S§2) [Eq. (12)] describes the ghape cor=

rectly.
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Fig. 5. Shape factor of the 9°Y B spectrum as
measured with §n intermedicte image
spectrometerl8 0

According to Fig. 5 this is not the case. There-
fore, the work of Riehs confirms earlier find-

ings6’l4’19) that a2 slight deviation exista. In fact,

e survey of four 2~ - 0" spectra all with normal £t-
9 9

values (42K, 86Rb, ‘OSr, “%Y) showed, within the

respective errors, the game percentzge-wlse decrease
of the ghape factor vetween O and the meximunm kinetic

14)

electron snergy . An explanation may be found in

20) have point-

weak magnetism terms, as Eman et z1.
sd out. It would be very interesting to see whether
the sign of deviations is opposite for g* decey, dbut
there are experimental difficulties mentioned above.
For a report of a large deviation in the § decay of

16630, cf. Seetion 8.
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Higher forbidden unique spectra show the ex-

21) 40K

pected behaviour: loBe follows Eq. (10)
. The experiments, at least on loBe, are

6
Eq. (11)%
pnot accurate enough to prove or disprove the existi-

, and

ance of amall Coulomb coxrections or deviations
guch as thosge shown in Fig. 4.

Table 3 is & compilation of unique forbidden
gbape factors.

¥any non-unique first forbidden specira were
found to show substantisl deviations from the sta-
tistical shape. They are summarized in Table 4, as
well as the gpectrs showing a gtatistical shape, and
the non-unique higher forbidden spectra., Tha spectra
of Tge, Mhpr 1665, 0ns®1083 (mam) will ve treas-

ed in special sections.

6, BETA DECAY OF RaE AND TIME RZVERSAL INVARIANCE

The time reversal in nuclear g decgy can be check-
ed in the mosat straightforward menner by correlation
experiments on the decaying free neuiron. Ihis weas
performed and yielded a value of SV;A = 5i90 for the
deviation from V-A {the stated error is the standard
deviation)az). In the RaE decay, owing to a very pe-
culiar destructive interference, there is also &
chance to test this very impoxrtant symmetry principle.
The axperiments can be performed with a much batter
statistical accuracy than in the free neutron case.
On the othexr hand, the interpretation of the experi-
mental data 1s not so straightforwerd.

The moat thorough evaluation of all experimental
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Fig.

very unpleasant, With the help of the very elaborate
theory of Pujita et al,
his shape factor measurement and treated both the

matrix elements and BV-A ag completely free parameters.

6. Shape factor of the
Ra®E g gpsctrum ag
meagursd with a
double -~ leng spectro=
nate

24)

The result wag 8

real indication of & violation of time revergal, as

8y-a

large curvature of ev.__A as a function of the experi-
mentally determined quantity «

venishes within three times the experimental
gtandard deviation . The reason why this is so is the

“information which

, the present suthor analyzed

_ 4.5+1.0°, This is, however, no

» The usually applied
linear error computation, therefore, fails completely

V-4

i8 svailable
includes both the
gpectral shapa.
and the electron

polarization as &

function of energy,
or more adequately,
of ¢/v. Figura 6
ghows the RaB
gpectral shape
factor?3) . Aa this
is not a straight
line at all, the
gpactrum deviatas
very strongly from
the statisgtical
ghape. This ab-
normal behaviour

rakes the analysis
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in this special case. As stated in the original
_ paper of the’BaE spectrum, the experimental resuli
48 in agreemsnt with the time reversal invariance.
gpecent analyses of tha Raf decey by Sodemann and
 yinther, and VinduSka and Sott2>)
conclusion, We can deduce that 8, , < 6° with a con-

came to the same

fidence lewel of 95%, in comparison with ev-,A < 23°
with the same confidence level from the free neutron
decay. As the nuclear § decay is leptonic and the
decays of the long-lived X meson into two # mesons
(Kg"’ o and K®+ #°%°) are non-leptonic, there is
po direct connection whatsoever between T (or CP)
violation in the latter case and SV-A for nuelsary

A decay.

7. PBEUDOSCALAR INTERACIION

By means of a large number of experiments, ths
weak interzction was shown to bs of the V-4 typa.

All evidsnce 1s also in favour of the interaction
baing universal. If one believes in this universali-
ty & priori, then the most crucial test for a psesudo-
scalar pert in the weak interaction is the branching
ratio of # decey R = (v = e+ve)/(v»u+vu), where
the theoretical estimate for the V-A interaction

and the experimental valueZ®) R = (1.24+0.03)10™%
coincide very nicely. R is amall, 88 the =#~e de-
cay 1s greatly hindered by the helicity requirsment
for e. If the interaction were pseudoscalar, i.e.
with opposite helicity +v/c for the negative eleciron,
then R would be about 5 duse itc phasge space effecta.



130

If one does not believe in the universality of
the Fermi interaction a priori, one has to look for
direct experimental evidence in favour of or against
the pseudoscalar interaction in nuclear g decay. Be-
caugse of the selectlon ruleg, this cannot be done in
the allowed § decBy, but it can be done in the first
forbidden g decay, particularly 0-0 transitions. Be-
gides this primery pseudoscalar intersctlon, thers
may also be an induced pseudoscalar interaciion which
arises from ths strong interaction. Both imply the

same experimental consequences. The induced pssudo~

scalar interaction apparently takes place in u capture,
¥hen searching for the pseudoscalar interaction
in nuclear § decay, the 0~ » 0" transition 144, .
14454" 40 particularly suitable - 4f it is allowed to
call any # transition sultsble for this purpose.
Bhalla and E@aez7) first outlined an elahorate theory
and conpared it with experimenis. They concludsed
!qgf/icA[< 90 - which is a large number for an upper
limit. Later experimental work dons at Heidalbergza)
alg0 ylelded no evidence for a pseudoacalar contribu-
tion. An upper limit of lCPl/icAl< 5 was roported,
but this was due to & numerical error caused by a
computer with & too low capacity, as kindly pointed
out to the author by F.T. Porterd)
with a8 more sulitable computer is therefore planned.

. A re-evalunation

8. CONSERVATION OF VECTOR AND AXTAL VECTOR CURRENT
AND G PARITY
The concept of & conserved vector current4) {cve)
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~is pocommended by electrodynsmice, as the vacior
eurrent part of the weak interaction is analogous

to electrodynamics, and there the slectric charge

18 conserved. It 1s also experimenially recommend-
‘ed in order %o explain the fact that muon and nu-
clear vector decay coupling constants are equal,
with no renormalization due to strong interaction
[leaving & differance of about 2% to be explained by

30)

the Cabibbo angle 1. Expsrimental evidencs,

amongat other, came also from the spectral shape
meagsurementa of suitable g transitions (123, 12N)
where, owing to 2 largs energy rslease and a large
¥l matrix element, this twice~forbidden coxrsction -
4o the allowed approximatlion becomes measurableS).
There ig another way of verifying the CVC
theory which is even more tightly connected with
electrodynamics and is an extension of the Siegert
theorem in electrodynamics. In fact, the first
experimental evidence for the CVC theory was ob-
tained by Pujita from the RaE spectrum>>)

attempts were undertaken later %o provs or dis-

. Many

prove this theorem on & large number of & transi-
tions, particularly by J. Deutsch and co-~workers.
Ag the CVC theory predicts a ratio of matrix
elemants to have a given value, and matrix elements
cannot usually be determined from speciral shapes
only, this work is not a subject of a detailed
treatment in this paper; in the case of RaE, how~
ever, the spectral shape alone is sufficient.

The axial vector current part of the weak in~
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teraction has no analogue in electrodynamics. It is
not surprising that it is not completely conserved.
This is manifested by the ratio32) ey l/1cy | =
1.194+0.02 instead of unity.

There way, however, be a partially congerved
axial vector current (PCAC). Krmpotié and Tadié33)
made attempts %o draw conclusions from the spectral
ghapes of 0 =~ o% transitions.

Unfortunately, the experimental situation which
is the basis of theoretical snalysis is not at all
clear for the three transitions which sre suitable:
T44og JLédpy L4p. 445 ana 1684y o 1605, mme
moat favourable experimental conditions are those
found in the decay of 144?r. Here, & recent ressult
from Heidelbergzg)
studiess’34), but there are small differences which

nay lead to conflicting conclusion833). No experi~
144

is in falr agreement with earlier

mental differences exist for Ce; ag thers is

28), but the spectrum was obiain-

8d by subtracting the 144Pr spectrum extrapolated

only one mesasurement

down to low energiss from the measured (144Ce +144Pr)
gpectrum. This extrapolation procedurs is, of course,
doubtful in the case of complicated and not yet
understood spectirum, such as that of 144Pr. The
Heidelberg28) result for 16630 is also obtained by
subtraction of a computed component from the measured
gum gpectrum. Here the component is of the Lirst
forbidden unique type. Its shape should be known,
except for am uncertainty coming from the presence
or non-presence of a small corrsction term, treatad
in Section 5. However, & rscent direct maasurement35)
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of tnis unique componeni yielded a largs deviation.
1f this is really txue then the new shape factor
guat be taken for the subtraction, and a differing
shape for the 0™ = 0% component will result from the
‘measurement of the sum spactrum.

The 44 Pr shapa ag measured at Argonne
e explained with a PCAC and with no G-parity viola-
tion, while the 144Pr and 166Ho ghapes as measured

28) can be explained with the G-parity

vioclation only33).

34) an

gt Haidelberg

10 . NEUTRINO REST MASS AND NEUTRINO DEGENERACY

The question of the neutrino rest mass has always
peen interesting since the first postulation of this
particle by Pauli36). As 8 particle with the vanish-
ing rest mass &lwaysg moves with the velocity of
l1ight, but a particls with the non-vanishing rest
: mass a1 small kinetic energy bvehaves non-rslativi-
gtically, ons expects the largest deviation to show
up nsar the g end point where the nsuirino energy
is very small. As the abaolute resolving width = or
p of any of the sultable spectromsters increases
with increasing anargy 3, it is advantageous to in-
vegtigate Transitions with low maximum energy u .
For g dscay, tritium (33) i3 best suited. Thia
givea the antineutrino masgs. If one do0es not bhe-
lieve 1in the particle~antiparticle concept & priori,
one has to measure also 8 ' emitter, Unfortunately,
no ﬁ+ emitter with high intensity and low maximum

energy is provided by nature, because of competing
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eleciron capture. 22Na goems 0 be & guitable
compromige.,

Neutrino degeneracy, i.e. the availability of
empty nsutrino or antineutrino states below zsro
anergy or the non-availability of states above
zero energy, also gives deviations at the end of
the # agpeetrum, =21ther bslow the end point extra-
polated from tas Parmi plot (states of positive
ensergy are £illsd) or above th2 end point (states of
negative 2nargy ave empty). If the particle-anti-
particle concapt for neutrino and antineutrino (hare
defined as the chargsless particle emitted in ﬁ+ and
B~ decay, respectively) is corrsct, then ampty
nautrino statss balow zero ars connected with filled
antineutrino states above zero, and vice versa.
Detailed, also with regard to cosmology, ware given
oy Weinberg7).

Zxperiment2lly no indications of finite {anti-)
n2utrine rest mass or of neutrino dszeneracy waere
found. The presgently known upper limit for the anti-
nauirino rest mass comss from two experiments on
tritium, both already performed a long time ag037’38).
Although somewhat lower urper limits are given in
the regpscitive papers, the pressnt author 1s inclined
to stats only an upper limit of 1 keV, at & con-
fidence level of 90%. Howaver, there are expsriments
in progrsss which one can hope will yield a lowerx
uppsr limit.

Figure 7 shows the 3H Porml plot as measured by
Langer and Moffat37).
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Fig. 7. 3H Farmi plot as ﬂeasured i th a 180°
shapsd fi:214d spectromaner« , Tor the
dstarmination of the anitinautrinoe rast

masg,

irect

2

. . . + .
For the neutrino (from g decay) no

1=}

value was available until very recantly. How &
praliminary result 2as bsen obtained at Haidal-
rg39), o 5 kaV 8% 90% confidsnce.

oa <
7 one may conclude that the anti-

v
From Fig.

neutrinoc Fermi energy is
2P ¢ 1 xev.
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Allowed £ dacay
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[ Refarsnces are quoted in Ref. &) ]

Coefficisnts a and b

0 R
(31aV) [a,(mc2)'l; b,m02 ] Author and year
3.50 ~0,20 ¢<b < (C.C8 3ewarzgschaild 57
13.38 a = 0.0093%0.0C04 Yayer-Xuckux 2% al., &
* a = 0.0028x0.0005 Lee et al, 53
16.36 a = 0.0031%0.0004 IKayer-Kuckuk e% al. &2
16,43 a = ~0,0027+0,0003 Lee at al. 23
1/27»1/27 1190 » = 0.001 X0.024 Daniel et al. 53
0.635 a = 0.0034i0.0Q9l Hofmann 54
0.543 0.25 ¢<b < 0.35 Hamilton et al, 58
0.545 b = -0.016 20.02C Danial 53
b = 0.0008%0.0020 Lesutz 5L
0.544 O0.1<Db <0.3 3rantley et al. 54
b = 0.001 *0.003 Leutz a8t al, 572
1.394 -0.026<1 <0.020 Porter et al. 39
a3 = -0.015020.0045
1.389 or } Daniel 58
v = 0.072 *0.023
1.388 a = 0.000 %0.005 Depormiar et al. 51
1.392 a = -0.012 *0.006 Paul et al. 53
1.393 a8 = 0,005 £0.007 Lehmann 54
1.394 & = 0,002 *0.01C Beakhuisg st al, 55

gsee Ref. 12)
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TABLE 2 (contd.)

6.6

Ruclide Eo Coefficients a and b “
-l 2 f
izzt;: (eV) [a,(mc®)™ ; b,me® )  Author and year
3 o -—-———-—-\{
2? 1.712 b = 0.03 10.04 Pohm et al, .
1t =-0f 1.722 b = -0.032 20.045 Pohm et al.
7.9 1.711 0.05<b <0.093 Porter et al.
1.705 a = ~0.041 %0.013 Danisl
a s -0.02 Graham et al.
1.711 0.2<b <0.4 Joanson et al.
a = 0,35 and b=4.9 Brabsc et al,
1.708 8 = -0.0133%0.0011 Nichols st al,
1.705 & = =0,042 #0.010 Fehrentz ot al,
1,706 a = -~0.03 Depommisr et al,
a = =0,025 0,007 Ch “ing~Ch "eng Jui
and et al,
b = 0.12 20.05
b = 0.195 %0.020
1,700 & = =0.025 Sharma st al.
a s 0 Quivy
L3 = 0 %z 0.01 Persson et al.
a = ~0.09 (3o0~600 ka2V)
RN (600»15501{9*/)} Lehnana
41,
H
1/2°+7/27 1,198 a = -0,017 %0.005 Paul
5.0
47Ca :
7/2=+1/27 1.979 0<b<0.3 Langer et al.,
5.5
56y
3+ 22+ 2,838 D<b<0,3 Howe et al,
7.2 . .
5604 o
4t -4+ 146 257 ‘24 and =004 pony1ton et al.
8.7 . or 0.2<b <0.3
5830 '
2t 2% 0,474 b = 0,3 Fhode at al.
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Tuclide Coefficiants a and b
gtate ¢] 2y =1 2 Author and year
Yoa £5 (ke V) {a,(mc®) ~; b,me"]
60CO
5+..4+ 0.32 a = 0 Bonhoeffer 59
a3 ' —_—
: 6663
ot= 0" 4.153 complicated Camp 8t al. 63
7.8
892:
a =-0,33 and b =0.0% .
- -+ Py 4 . at ¢
9/2 ;9,/2 0.90 0 25 cb<0.45  familton st al, 50
n
1lo 22 ,
gr= 6+ 0.529 a2 = -0.01 * 0.03 Daniel %t al. 53
8,2 o
41y 1.996 0.2 <1 <0.3 Johnson st al, 58
1t 0% 1.983 a = 0.0036%0.0021 Hichols et al. 51
4.4 1.987 b = 0.C5 %0.02 Danial a2t al. 5
a = -0.0015%0.003C .
1.988 or { Danisl 8% al. o4
b = 0.005 £0.022
1.380 a = —0;9005t0.0020 Andy2 o3 a%: 54
:131I
7/2++5/2% 0,606 a = 0.02  10.02 Danisl st al. 54
| 6.6
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UNIQUE FOHEBIDDEN g SPECTRA

References are quoted in Ref, 6) ]

TABLE 3

8.6

Nuclsus EO Coefficients a and b

Stat 2, =1 2 Author and a
102 ;: (eV) [8,(me”) 75 byme” ] & yoar
"’1A

7/2723/27 2,48 a = 0.00 * 0.01 Kartashov

61

42,

K
2= 0% 3.52 a
3.4

i

~0.010 £ 0.C04

Daniel at =1,

8431:

2= =0t 2.164 a
7.8

]

-0.025 % 0.003

2=+ 0t 1.657 » = 0.2 Langer et al, 64
8.5
SbRb
2= - 0t 1.774 & = =0.,017 £ 0.002 Danizl et al, 64
| 8.4
P35y
ot - 2- 0.546 &8 = -0,054 % 0.019 Danisl st al. 64
R
47 2% ¢.76 a = 0.0 % 0.1 #ode 63
SOy
2=+ ot 2,261 0.2<b <0,3 Johngon =2t al.53
8.3 2.265 b = 0.025 fuasga 57
2,271 a8 = -0.0047+0,0008 Nichols st al, 61
2,268 b = 0.26 * 0.03 André et al. 54
2.273 0.30 <b<0.40 Langer et al. 54
2,284 a = -0,0072:0.0032 Dani=l at al. 64
2.280 a = ~0.006410.0016 Rishs 64
5Ty
1/2-25/2+ 1,545 0.3<b<0.,4 Langer st al, 64
8.5
T,

Beekhuis

66

Jeviations from unigue shape.
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TABLE 3 (contd.)

Eo Coefficients a and b

D & wa
(seV) [a,(mc”) l; b,m02] Author and year

1.78 a = ~0,105 % 0.010 3Beaxhuis 56
1.87 fshape like 90‘.’] Hangen 56
1.51  [shape like 90‘[} Hansen 56
1.37 {see original paper] 2lliott 54
0.76 a = -0,02 Sgelkrasut 50

‘ deviation at E «PkeV Leutz 52

iman 2% al. Ca

0.555 [upper 3/4 2rd uniqus] Fs

1.83 [ 2nd unigue] Wrizhs 33
- 2 2 .- n

1.48 [p7+ 5.79 ¢} Keistsr 54
1.45 2nd unigua gihape Joligon 56
1.30 3rd unique shape Leutz 55

: gas Ref, 21).

: B.T. Wrish%, Pays. Rsv. 90, 159 {1353).
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TABLE 4

Non~unique forbidden g gpectre

[References are quoted in Ref. 6)]

Huclsus Eo Coafficiz2nts a and b
a R 2= 2 2,=2, Auth :
iggt;fz (sieV) [a,(me”) ™" ;b,me" je, (me) ™ ) SHPHOT and
42K
o« 2+ 1.98 0<a<0,01 Pohm et al
75 2.00 a = -0.12 ¥ 0.04
b = 0.57 ¥ 0,06 André et a
¢ = 0.013% 0.008
2.00 8 = 0.15 * 0.26
b = 0.81 % 0.47 Daniel et
e = ~-0.02 * 0.03
f?Ga , )
3= = 2% 3.15 [q +R,P + 15 + 10] Langer et
9.2
72ge
-t 2 2,
3™ =2 2.52  [q° +0.95p" % 7] Langer ot
8.7
16,4
2= » 2% 2.42 a = 0,00 * 0.04 Pohm et al,.
8.2
34Rb
2= » 2% 0.78 Do 0.3 Langer et al.
7.1
86Rb ‘
2= 2 2+ 0,72 0.4 <b< 0,5 Robinson et a
7.7 0.722 a =0,00 % 0,05 Deutsch ot al
a = "'007 i 007
b= ~0.5 £ 0.7 Daniel e% al.
¢ = 0.14% 0.15
a w0 Spe;jewgki
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TABLE 4 (contd.)

Tous B,  Cosfficients & and ©

e 2. = a
ﬁ;: (MeV) [a, (me?) F;b,me? se, (me?)~2) Author and year

Johngon et al. 60

4
[«

,‘01/2"- 0.32 a

15
-53/2+ 0.69 8 = ~0,17 Robinsonet sl. 58

-0.78 and » = -17.2 Sharma et al. &3

&
&
O
S~
[av)

+
H
(233
et}
(o]
f<v}

]

)2—»1p@+ 0.34 a s0 Jonngon 8t al. 59
{ 2, o.87¢p2+ 15 5]
2.317 q2 2 - Langar et al., 60
{g + 0.874p%+ T % 4]
1.04 8 = 0.00 X 0.04 Daniel e% al., 65
0.62 a z 0.00 % 0.04 Danisl et al., 65
2 o 2 4= b T o o
-2+ 2.175 [g "+ 0.845p 7+ 18 ¥ 5] Langar 8t al. &0
902
109
2--7/2% 0.432 a = 0.00 % 0.15 Deautsch et al. 81
609
0,56 ax 0.0 % 0,1 Hegs et al. 64
0,316 8 = ~0,342 * 0,008 Danisl st al, 66
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TABLE 4 (contd.)

Coefficients & and b

Nucleus Eo

; - 2 2.=2
i:;t;: (MeV) (a, (mcz) l;b,mc je,(me”) 7] Author and
143P1,

5/2++7/2™ 0.933
7.6

0.1 <b<0.35

Hamilton et

a8 = -0,018 * 0.010} Persson et g
b= 0,06 % 0.03 :
b= 0.3 Spejewski
Litpy
0~-0t 2.99 [aee original paper] Laubitz
6.5 2.984 [x=1ify5/fer>0] Graham et al
’ 2.992 0 < A<10 Freeman
2.996 A=54+2 Porter et al
a = 0.0376
3.000 b = -0,118 Daniel et al
¢ = ~0.0077
14Txa
5/2=+5/2" 0.790 a = -0.23 Sharma et al
7.4 0,806 a = 0,07 +0.01 Beekhuig et al
Ty
5/2=5/27 0.360 ax0 Sharme st al
7.0 0.364 a=-0.20 * 0.15 Baskhuis et a%
147Pm - '
5/2%-7/27 0.224 O<b < x0.3 Hamilton et al
T.4 '
148Pm ' '
1= -0t [/a-xr//ir = =2.2 + 0.4] Baba 8t al.
901 : . '
150Eu |
1-,0"-0% 1.020 a 50 Yoshizawa et
6.2
152
3= fg-z» 1.48 [q2+ 0.79p%+ 5 * 2] Langer et al
12.3 1l.492 ag above Schneider
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TABIE 4 (contd.)

Eo Coefficients 8 and b
(e V) [a,(mcz)"l;b,mcz;c,(mcz)-a] Author and year
2 2 e
1.855 [q "+ 0.807p"+ 20 X 5] Langer et al, 60
{1~ 0.87TW - 1.03/% + -
1.857 + 0.205W2-0.021%3 ] Daniel et al. 66
a = -0.21 ¥ 0.03 £
1.846 e = 0.038 * 0.004 Beekhuls . 67a
a = 1,11
b = -0.85 Spsjewskdl 66
Cc = “0024
90.
1.79 Eshape like “"Y} Hangen et al., 66
a = -0.005 * 0,010 Deutach 65
a8 =0 : Spejewskl 66
1.071 a = 0,12 Porter et al., 56
0.934 a = =0,12 Porter et al. 56
a = ~0,01 * 0.02 Deutach et al.65

e Ref. 35).
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TABLE 4 (contd.)

Nucleus E0 Coefficients a and b
- 2 2,=2 th
i::“;: (MeV) (a, (me?) Lb,me? e, (me?)™2) AUthOT 8nd
198y 0.966 & = -0.110 ¥ 0.017 Fepstra et o
o= a2t 0.968 a =~0.142 ¥ 0.010 de Vries et
7.3 0.964° & = -0.046 * 0.010 Graham «
0.962 a = ~-0.,062 ¥ 0.007 Chabra et g}
0.557 a 3 ~-0,02 Sharma et a)
0.960 a = ~0,33, ¢ = 0.074 Hamilton et
8 = "0;30, C = 07 Newbolt
0.965 a = ~0.155 % 0.015 " Lehmann et a]
0.960 a = -0,017 % 0.006 Kesler et al
a = -0,014 * 0.024 Lewin
0.960 a = -0.33 % 0.09
c = 0.068 t 0.022 Paraignault
0.962 a = -0.34 % 0.04 .
¢ = 0,10 * 0.02 Lachkar et al
0.961 8 = =0.057 % 0.006 Paul
0.962  a = -0.050 I 0.010 Bsekhuis
a = =0,073 * 0.008 Spe jewslci
199:";1,2
3/2%+1/2= 0.46 ~0.2<¢a <=0.4 Lehmann
7.6
o~=o0* 1.57 a = -0.154, b = ~0.484 Hows et al,
5.2
210p ;
1=+0%  1.155 { svelow ] Plassmamn et al
8.0 1,160 & = 0.578 ' .
b = 28.466 Daniel
¢ = "0.658 .
2;"0+ 0.704  [p% 0.6q2] Feldman et al.
3.3

0.7 [p® + (0.57 £ 0.03)4°] Johnson et al, %
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Eo Coefficients a and b

(Me¥V) [a,(mcz)-l;b,mcz;c,(mc2)~2] Author and year
2 2

1.48 [~(p" + 0.5¢7) 1] Wolfaon 56
2 2 ”

1.573 [p” +3.3 q73 Wortman et al.63
2 -

1.3 [~p7] Daniel 58b

2 2 -
0.290 {p™+ (2.0 £ 0.5)q ] Feldman 52

0.150 [p2+ {10 * l)q2]

der Mateosian
at al, 53

q/2++3/2% 0,205 [p2+ (10 * l)q?']
13.2

Lidofsky et al.
53

13705
2
1/2++3/2% [q + 0.0085p
2 £q2 + o.oo3p2 ]
2
[q2+ (0.015 * 0.004)p"
[q?+ (0.004 * 0.002)p

2

]

-

3

Langer et al., 51
Yamazaki et al,58
Danisl a8t &l., 52
Haus et 2l. 66

| 87Rb
13/27.5/2% 0.275 { see originsl paper ]
I 17.6

Egelkraut 61
et al,

b H. Daniel, Z. Phys. 150, 144 (1958).







