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l. FORMULATION OF ALWWED {:J DECAY 

The shape of P-ray spectra in the allowed ap­

proximation is given byl) 

N(W)dW = L
3 

F(Z, W)pll(W -W)
2 

(l ~ ~) dW , (1) 
4v 0 

where 

~ = (IC5 1
2 

+ 1Cvl
2 

+ 1c~1 2 + lc~1 2 > IMFl
2 

(2) 

+ (ICTl
2 

+ ICAl
2 

+ ICTl
2 

+I cAl
2

) IMGTl
2 

and 

= y(c;cv + • ,. , c, c ,. ) 1~1 2 be' cscv + CS CV + s v 
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The plus sign in front of b/W is for {:J- decay, aoo 

the minus sign for {:J+ decay. The Fermi function 2) 

F will already include the finite size effect. The 



eymbola have their usual meaning: c8(C~) is the 

parity conserving (parity non-conserving) scalar 

coupling constant, etc., y a Coulomb correction 

term which is almost unity, M:F(MGT) the Fermi (Ga­
mow-Teller) matrix element, and b the Fierz in­

terference coefficient. In the case of pure Fermi 

or pure Gamow-Teller transitions, one has 

and 

(5) 

If the electron polarization is complete (+ v/c 

for p+ decay) the Fierz interference terms vanish 

automatically. This is particularly true of the 

generally accepted form of the p interaction, the 

V-A interaction. In fact, the Fierz terms even 

vanish for any VA interaction. On the other hand, 

the Fierz terms are the most sensitive tools for 

checking experimentally whether these assumptions 

are correct, in the sense that the experimental UP­

per limit for a Fierz coefficient b deduced from 

the experimental evidence on p interaction ty:pe and. 

electron polarization, is larger than that deduced 

from a direct measurement of the Fierz coefficient. 

This is at least true of p+ decay and of Fermi 

transitions. The best method for the experimental 
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' determination o:f Fierz coefficients consists in 

Illeasuring the spectral shapes, and not the K/ti" 
branching ratios. I:f b = O in Eq. (1), the spectral 

shape is called statistical, because it depends on 

the statistical sharing of the momentum between 

the electron and the neutrino in the phase space3). 

Besides the Fierz interference, there are 

other reasons why the spectrum of an allowed fl tran­

sition, i.e. a transition with the spin change aI = 

:: o, :!:. l and no parity change, may differ from the 

statistical shape: 

a) The conservation of vector current4) implies 

small correction terms which, however, are of second 

order and therefore vanish in the allowed approxima­

tion. They are usually barely observable, but are 

definitely observed in favourite cases5) (
12:a, 1~). 

b) Second order effects are always present, 

but usually observable only if the allowed matrix 

element is extremely small. This effect has been 

established 6 ) :for 32:P. 
c) If the neutrino or antineutrino rest mass 

does not exactly vanish, there will be a deviation 

at the upper end of the spectrum. Qualitatively, 

the same will be true of the neutrino degeneracy, 

i.e. if there are empty neutrino (antineutrino) 

states below zero energy, or filled states above 

zero energy 7 ) • 

d) Deviations of the b/N type (Eq. (l)], but 

With a b dii'fering in its meaning from Eqs. (3) , 

(4) and (5), have been reported as results of ex­

perimental work with no satisfactory theoretical. 
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explanation6 ' 8). 

2. FOBMULATION OF FORBIDDEN p DECAY 

The forbidden p decay is a deoay whioh does not 

talce place in the allowed approximation but in a 

higher order approximation. The first forbidden 

decay may again be defined by its selection rules 

~I = O, 1, or 2 with parity ohSDge, while the first 

forbidden approximation contains first order terms 

in ll/'>., where ). is the lepton wavelength and R 

the nuclear radius, in vN/c where vN is the 

nucleon velocity in the nucleus, a~d in the Coulomb 

field.Correspondingly, the higher forbidden transi­

tions are defined by their selection rules, and the 

higher order approximations by the order of the 

terms. 

:rt 1a not the purpose of this review to give 

all the formulas for the forbidden p decay in full 

detail, as was done in Eq. (1) for the allowed ap­

proximation. Instead 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 beat 

studied, in the allowed P decay. 

It is the general custom to describe the shape 

of a forbidden p spectrum by a correction factor3) 

Sn= 2= (6) 

J 

where the subscript n refers to the degree of ap-
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proximation (n : 0: allowed; n ; l: first forbidden, 

etc.) 1 and J refers to the total ane,-ular momentum 

carried away by the two leptons: J =AI, aI+l, ••• , 

ri+If· The meaning of Sn is as follows: 

N(W)dW = ~ F(Z,W)pW(W -vf)
2 

S (W)dW • (7) 
411" o n 

In the case of first forbidden P decay, one has in 

general 

In a particular transition, one or two of the 

s(i) maY vanish. Table 1 summarizes the selection 
l 

·rABLE l 

Matrix element J 6I 6rr 

Allowed CV f 1 0 0 no 

CA !~ l 0' !. 1 I no 

I (no O .. C) 

First CA f y 5 1 

forbidden CA f '5·1!/i J 0 0 yea 

CV J~ i l I yes CV f: j 1 o, :t. 1 

CA J<~x r) (no 0 .. O) 

CA f 1 Bij 2 O, :t,l, :t.2 yes 

(no 0 + O, no 0 ~1. 

no 1/2 + 1/2) 

(J designates the rank of the transition operator, 
when regarded as a tensor) 

I 
I 
' I 
I 
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rules and nuclear matrix elements in the allowed and 

the first forbidden p decay for the V-A interactio:c. 

A particular class of forbidden transitions are 

the unique transitions where a unique angular momentum 

J = n+l contributes only. Neglecting a Coulomb cor­

rection factor of about unity, one has3 ) 

n 

S~n+l)= const [ p 211 q2 (n-v) /[(2v+l) ! (2n-2v+l) ! J (8) 

v= o 

This reads for first, second, and third forbidden de­

cays, respectively, 

s ( 2) (p2 2 
(9) l = con st + q ) ' 

s(3) const [ p4 10 2 2 4 J • (10) 2 = + .3 p q + q 

s(4) 6 2 2 2 2 6 ]. (ll) 
3 

const [ p + 7p CJ. (p + q ) + q 

?a%ing Coulomb corrections into accou~t more 

?rorerly, Eq. (9) is replaced by 

..., ( 2) 

.;)l 

[In connection with this formula, it should 

nembered that F(Z,W) is taken to include 

finite size effect, cf. Section l.) 

In the case of non-unique transitions, 

be 

the 

the 

tion is even simpler at first glance: all first 

(12) 

re-

normal 

situa-

forbid-

den non-unjque spectra are expected to show roughly a 

statistical shape. In practice, however, this statement, 

which was considered to be valid for most transitions 



for many years, is no longer true. If the famous RaE 

spectrum, whose peculiar shape has been known for a 

long time, is exempted, then the first non-unique 

first forbidden spectra, where a deviation from the 
186 Jo) 

statistical shape was reported, are the Re spectra • 

Nowadays, a large number of such spectra are known. 

Most of them are o:f interest in connection with nu­

clear structure, but not weak interaction. They will 

be treated briefly in Section 5. Some cases are im­

portant for special aspects of weak interaction, such 

as 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 useful to fit 

the spectral shapes with the formula 

? s
1 

= const [l + aN + (b/W) +cw- (13) 

For the connection betwe·3n the parmnstors a, o, and c 

on the one han1, and the matrix elements ( rable l) on 
11) 

the 3ther, the paper by Kotani and Ross is recom-

mended. 

3. EXPERDTENTAL METHODS 

The classical instrument for the study of fJ-ray 

spectra is the magnetic spectrometer. If it is iron-

free the fisld strength is strictly pro port i,;nal to 

the current, and the field shape :ioes not at all de-

pend on the field strength. However, instruments with 

iron were also successfully used. One may have a some-
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what larger a p~iori confidence in the data coming 

from iron-free instruments. In the same way, a lens 

spectroneter seems to be more suitable than a spectro­

meter with a tranaverse field because of a smaller 

risk of backscattering from the vacuun chanber walls 

and, in particular, end plates. 

Besides the magnetic spectrometer, other types 

of spectrometers are important, and are becoming 

evsn more and more i11portant. These are mainly 41T 

devices such as the scintillation spectrometer, 

which seems to be most reliable though also most 

telious to operate with the activity distributed 

homogeneously during the crystal-growing process 

over the total crystal volume. Semiconductor set­

ups are used preferably in sandwich arramgements. 

Por low energies, proportional counters may be used. 

Also in the future, the choice of the right or 

wrong instrument will furnish material for many 

discussions. 'l'he only general, and generally accept­

ed, conclusion from the experimental results is, how-

3Ver, that there exists no strong correlation between 

rssul ts and types of instr.lments. 

4. EXPERH'.ENTAL DATA ON ALI.OWED SPECTRA 

During the last decade, many attempts have been 

made to measure the shape of allowed spectra with 

highest possible accuracy. Although conflicting 

results were reported, the situation may be charac­

terized by the statement that in all cases where the 
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al.lowed approximation is applicable, the spectra 

snow very accurately statistical shapes. Some tran­

sitions have been studied most thoroughly either be­

cause they are physically most interesting or be­

cause the experimental conditions are most favourable. 

The following examples will be discussed: 22Na and 

ll4rn (Gamow-Teller p+ and p- decays, respectively), 

and l3N (Fermi+ Gamow-Teller p+ decay). 

The most accurate shape-factor measurements of 
22Na ware performed by Lautz and co-workers with an 

Nal crystal, where the activity was built in during 

the crystal-growing process. Figure 1 shows a recent 

result12 ). The shape factor is plotted as a function 

of the p energy. As the shape factor is a horizontal 

straight line and the errors are small, the spectrum 

follows closely that of the statistical shape, There 

. . I 
. . - ·. ... ·· .. . . . : . · ..... · ........ . . .. .. .... . . .. 

•. · . .. 
~ . 

I I 
/#() 80 fflO 160 a:xi 2t.O 21)() 320 36'0 4oo 

Fig. l. Shape factor of the 22Na p spectrum as a 
function of p+ energy in keV, measured with 
a 4~ scintillation spectrumeter (one of 
several runs) 12 ). 
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is no room for the Fierz interference or any other 

deviations whatsoever. The value of b is given in 

Table 2. The work of Leutz et al.12 ) confirms the 

earlier work with a magnetic spactrometer13 ). 

Although the experimental eituation in 22tia is 

now very clear, the interpretation is not so clear 

as one may wiah with respect to the small experi­

mental errors. The comparative half-life (the ft­

value) of this decay is somewhat large for an al­

lowed transition. Therefore, noticeable interference 

with second order contributions is not a priori ex­

cluded. It might be, by mischance, that a small 

Fierz term present in the allowed approximation 

just cancels with a second order term. It is thera­

'fore ver'J valuable that a completely statistical 

shape has also been found for the pure Gamow-Teller 

transi.t:ton of 114rn which has a low ft-value. 

•1. 

+4 

+2 

0 

-2r 
-4 

0 

ff4 In 

C.,(W) - c;;(W} 
Co(W) 

0,4 

f t 

t f t 

06' 0,8 
El Ea 

Fig. 2. Shape factor of the 114rn ,l!i spectrum as 
measure~ with a double-lens spectro­
meter14). 

10 
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Figure 2 shows the shape factor l4) of 114:rn.. 

Again it is a horizontal straight line. 

The transitions of 22xf a and 114In are :pure 

Grunow-Teller transitions. There are no pure Fermi 

transitions which offer favouruble experimental con­

ditions. However, 13N is known to decay to 70;t2% by 

the Fermi and to 30;t2% by the Gamow-Teller inter­

action. These figures come from the ft-value, the 

known value of the vector coupling constant, and the 

model-independent value of the Fermi matrix element. 

• j 

0 0.2 04 OG as ~o lft1V 

Fig. 3. Shape factor of the l3N p 
spectrum as measured with 
a doubl~-lens snectro-
meter15 J. -

A.a the experi-

mental condi­

tions are not 

bad, lJN is a 

suitable nu­

cleus for check­

illg the shape of 

a Fermi spectrum, 

the Gan.ow-Teller 

contribution to 

b being known fro~, say, 22
Na and 114

:rn.. Figure 3 
13 15) shows the N shape factor which is also a straight 

line. 
16) 3? 

Figure 4 is a shape factor plot of -P. There 

is not much doubt left that this spectrum deviates 

substantially from the statistical shape. However, 

there are still arguments regarding the exact form of 

this deviation - in particular, whether the deviation 

varies linearly with energy or not - and about its 

exact size. These questions are not immaterial: if 

the deviation is linear the polarization is sti11 ex-



124 

C<WI 
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I I j u. 
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16 

nosliav 

0 at 04 f.2 tf/ £ MeV 

Fig. 4. Shape factor of the 3 2.P p spectrum as 16 ) 
measured with a double-lens spectrometer 
Note the small but not negligible 
influence of the source thickness on the 
slope. 

pectedl?) to be -v/c; if not, no such conclusion 

can be drawn. Although details of the interpreta­

tion ar2 still the subject of discussions, the de­

viation can in general be understood in terms of 

nuclear structure effects. 

Besides these examples, other spectra have 

been carefully examined. Tabla 2 gives a compila­

tion. Although no attempt was made to include 

every allowed p spectrum ever investigated, this 

compilation was thought to include at least the 

majority of recent results. 
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Inspection of Table 2 shows that, as mentioned 

at the beginning of this se ct1on, p -ray transit ions 

which can be expected to show a statistical s~ape 

really do have it. The unexplained b/li devia ~:l,uru1 

were reported by some groups. However, a large 

number of axperimenters6) did not obtain this effect. 

5, EXPERD.!ENTAL R:::SULTS ON FORBIDDEN DECAY 

This section deals with the general results ob~ 

tained in forbidden p decay on the basis of V-A 

:l.nteraction. 

A lot of work: has been dona in order to check 

the shape of unique first forbid:len p-ra.y spectra. 

They are most reliably studies in transitions where 

one state (initial or final) has spin zero. In this 

case 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 p­

transi tions are available. Unfortunately, no suit­

able p+ transitions are available, 

The most frequently, and perhaps also the most 
9o 9o 9o carefully studies decay is Y - Zr, where Y may 

or may not be separated from its parent 90sr. Figure 
18) 5 shows its shape factor where, other than with 

allowed decays {Section 4), the exPected correction 

factor si2) [Eq. (12)) is already included in the de­

nominator; hence a horizontal straight line is again 

6xPBCted if si2) (Eq. (12)) describes the shape cor­

rectly. 
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tO.S j 
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f 2 3 * 5 W(J7?C<') 

Fig. 5. Shape factor of the 90Y fJ spectrum as 
measured with ~n intermediate image 
apectrometer18J, 

Accord.ins to Fig. 5 this is not the case. There­

fore, the work of Riehs confirms earlier find-

ings6• 14•19) that a alight deviation exists. In fact, 
- + a survey of four 2 - O spectra all with normal ft-

values ( 42K, 
86

Rb, 90sr, 9°1) showed, within the 

respective errors, the same percentage-wise decrease 

of the shape factor between 0 and the maximum kinetic 
14) electron energy • An explanation may b~ found in 

20) weak magnetism terms, as Eman et al. have point-

ed out. It would be very interesting to see whether 

the sign of deviations is opposite for p+ decay, but 

there are experimental difficulties mentioned above. 

For a report of a large deviation in the fJ decay of 
166 Ho, cf. Section 8. 
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Higher forbidden unique spectra show the ex-
10 21) 40 pected behaviour: Be follows Eq. (lO) , and K 

6) 10 Eq. (ll) • The experiments, at least on Be, a.re 

not accurate enough to prove or disprove the exist­

ence of small Coulomb corrections or deviations 

such as those shown in Fig. 4. 

Table 3 is a compilation of unique forbidden 

shape factors. 

Y.any non-unique first forbidden spectra were 

:t.>ound to show substantial deviations from the sta­

tistical shape. They are summarized in Table 4, as 

well as the spectra showing a statistical shape, and 

the non-unique higher forbidden spectra. The spectra 

of 144ce, 144Pr, 
166

Ho, and 210Bi (RaE) will be treat­

ed in special sections. 

6. BETA DECAY OF RaE AND TIME ~VERSAL INVARHNCE 

·rhe time .reversal in nuclear p decay can be check­

ed in the moat straightforward manner by correlation 

experiments on the decaying free neutron. Ihis was 

performed and yielded a value of eV-A = 5~9° for the 

deviation from V-A (the stated error is the standard 

deviation) 22). In the RaE decay, owing to a very pe­

culiar destructive interference, there is also a 

chance to teat this very important symmetry principle. 

The experiments can be performed with a much better 

statistical accuracy than in the free neutron case. 

On the other hand, the interpretation of the experi­

mental data is not so straightforward. 

The moat thorough evaluation of all experimental 
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2fJ JQ 

Fig. 6. Shape factor of the 
RaE fJ spectrum as 
measured with a 
double -:- lens spectro­
meter23). 

·information which 

is available 

includes both the 

spectral shape 

and the electron 

polarization as a 

function of energy, 

or more adequately, 

of c/v. Figure 6 

shows the RaE 

spectral shape 

factor23) • As this 

is not a straight 

line at all, the 

spectrum deviates 

very strongly from 

the statistical 

shape. This ab­

normal behaviour 

n:akas the analysis 

very unpleasant. i'li th the help of the very elaborate 

theory of Fujita et al. 24 ), the present author analyzed 

his shape factor measurement and treated both the 

matrix elements and eV-A as completely free parameters. 
. 0 

The result was eV-A = 4.5±1.0 • This is, however, no 

real indication of a violation of time reversal, as 

0V-A vanishes within three times the experimental 

standard deviation • The reason why this is so is the 

large curvature of eV-A as a function of the experi­

mentally determined quantity "v-A' The usually applied 

linear error computation, therefore, fails completely 
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ill this special case. As stated in the original 

paper of the RaE spectrum, the experimental result 

18 ill agreement with the time reversal invariance. 

Recent analyses of tha RaE decay by Sodemann and 

Willther, and Vinduska and Sott25 ) came to the same 

conclusion. We can deduce that eV-A < 6° with a con-
o fidence level of 95%, in comparison with eV-A < 23 

with the same con:fidence level from the free neutron 

decay. As the nuclear fJ decay is leptonic and the 

decays of the long-lived K meson into two v mesons 
0 + -CK!. ... 'IT 'IT 

0 0 0 and K ... v u ) are non-leptonic, there is 

no direct connection whatsoever between T (or CP) 

violation in the latter case and eV-A for nuclear 

fJ decay, 

7, PSEUDO SCALA.Ii INTERACTION 

By means of a large number of experiments, -;ha 

weak inte=cction was shown to be of the V-A type. 

All evidence is also in favour of the interaction 

being universal. If one believes in this unjversali­

ty a priori, then the moat crucial test for a pseudo­

scalar part in the weak interaction is the branching 

ratio of u decay .R = (v+ e+ve)/(g+µ+vµ), where 

the theoretical estimate for the V-A interaction 
26) • 

and the experimental value .R = (1.24;t0 .03)10-<f. 

coincide very nicely • .R is sma..ll, as th~ v-e de­

cay is greatly hindered by the helicity requirement 

for e. If the interaction were pseudoacaJ.ar, i.e. 

with opposite helicity +v/c for the negative electron, 

then a would be about 5 due to phase space effects. 
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I:f' 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 p decay. Be­

cause of the selection rules, this cannot be done in 

the allowed p decay, but it can be done in the first 

forbidden p decay, particularly 0-0 transitions. Be­

sides this primary pseudoscalar interaction, there 

may also be an induced pseudoscalar interaction which 

arises from the strong interaction. Both imply the 

same experimental consequences. The induced pseudo­

acalar interaction apparently takes place in µ capture. 

When searching for the paeudoscalar interaction 

in nuclear p decay, the 0- .. o+ transition 144l>r .. 
144Nd.is particularly suitable - if it :I.a allowed to 

call any p transition suitable for this purpose. 

Bhalla and Roae27) first outlined an elaborate theory 

and compared it with experiments. They concluded 

IS,l/ICAI < 90 - which is a large number for an upper 

limit. Later experimental work done at Heidelberg28) 

also yielded no evidence for a pseudoscalar contribu­

tion. An upper limit of IS,l/!CAl<5 was reported, 

but this was due to a numerical error caused by a 

computer with a too low capacity, as kindly pointed 

out to the author by F.T. Portar29). A re-evaluation 

with a more suitable computer is therefore planned. 

8. CONSERVATION OF VECTOR AND ilIAL VECTOR CUBllENT 

AND G PARITY 

The concept of a conserved vector current4) (CVC) 
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18 recommended by electrodynamics, as the vector 

current part of the weak: interaction is analogous 

to electrodynamics, and there the electric charge 

18 conserved. It is also experimentally recommend­

ed in order to explain the fact that muon and nu­

clear vector decay coupling constants are equal, 

with no renormalization due to strong interaction 

(leaving a difference of about 2% to be explained by 

the Cabibbo angle30 >J. Experimental evidence, 

amongst other, came also from the spectral shape 
12 12 

measurements of suitable fJ transitions ( :B, N) 

where, owing to a large energy release and a large 

Ml matrix element, this twice-forbidden correction 

to the allowed approximation becomes measurable5). 

There is another way of verifying the eve 
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 eve theory was ob­

tained by Fujita from the RaE spectrum31). Many 

attempts were undertaken later to prove or dis­

prove this theorem on a large number of fJ transi­

tions, particularly by J. Deutsch and co-workers. 

As the CVC theory predicts a ratio of matrix 

elements to have a given value, and matrix elements 

cannot usually be determined from spectral 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 ) ICAl/ICvl = 
l.l9;t0.02 instead of unity. 

There may, however, be a partially conserved 

axial vector current (PCAC). Krmpotic and Tadic33 ) 

made attempts to draw conclusions from the spectral 

shapes of 0- - o+ transitions. 

Unfortunately, the experimental situation which 

is the basis of theoretical analysis is not at all 

clear for the three transitions which are suitable: 
1440 144- 144p 144Nd d 166Ho 166~ Th a .. ·Fr, r .. , an + .i:.r. e 

most favourable experimental conditions are those 

found in the decay of 144Pr. Hare, a recant result 

:from Heidelberg28) is in fair agreement with earlier 

studies6•34}, but there are small differences which 

may lead to conflicting conclusions33 ) • No experi-
144 mental differences exist for Ce, as there is 

28) only one measurement , but the spectrum was obtain-
144 ed by subtracting the Pr spectrum extrapolated 

down to low energies from the measured (144ce + l44l'r) 

spectrum. Thia extrapolation procedure is, o:f course, 

doubtful in the case of complicated and not yet 

understood spectrum, such as that of 144Pr. The 
28} . 166 

Heidelberg result for Ho is also obtained by 

subtraction of a computed component from the measured 

sum spectrum. Here the coDponent is of the first 

forbidden unique type. Its shape should be known, 

except for an uncertainty coming from the presence 

or non-presence of a small correction term, treated 

in Section 5. However, a recent direct measurement35 ) 



133 

of this unique component yielded a large deviation. 

If thiS is really true then the new shape factor 

l!l1lat be taken for the subtraction, and a differing 
- + snape for the 0 ... 0 component will result from the 

measurement of the aum spectrum. 

The 144Pr shape as measured at Argonne34) can 

be explained with a PCAC and with no G-parity viola-
14.:L 166 

tion, while the 'Pr and Ho shapes as measured 
28) 

at Heidelberg can be explained with the G-parity 

violation only33 ). 

10. NEUTR!i1'0 REST MASS AND NEUTRINO DEGE1'ERACY 

The question of the neutrino reat maaa haa always 

been interesting since the first postulation of this 
36) particle by Pauli • Aa a particle with the vanish-

ing rest mass always moves with the velocity of 

light, but a particle with the non-vanishing rest 

mass at small kinetic energy behaves non-relatiVi­

stically, one expects the largest deviation to show 

up near the p end point where the neutrino ener6y 

is very small. As the absolute resolving width :::; or 

p of any of the suitable spectrometers increases 

with increasing energy E, it ia advantageous to in­

vestigate transitions with low maximum energy Z • 
0 

For p- decay, tritium (3H) is best suited. Thia 

gives the antineutrino mass. If one does not be­

lieve in the particle-antiparticle concept a priori, 

one haa to measure also a p+ emitter. Unfortunately, 

no p+ emitter with high intensity and low maximum 

energy is provided by nature, because of competing 
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electron capture. 22Na seems to be a suitable 

compromise. 

Neutrino degeneracy, 1.e. the availability of 

empty neutrino or antineutrino states below zero 

energy or the non-availability of states above 

zero energy, also gives deviations at the end of 

the p spectrum, either below the and point extra­

polated from t~e Fermi plot (states of positive 

energy are filled) or above the end point (states of 

negative energy are empty). If the particle-anti­

particle concept for neutrino and antineutrino (hare 

defined as the chargeless particle emitted in p+ and 

fJ- decay, respectively) is correct, then •3mpty 

neutrino states below zero are connected with filled 

antineutrino states above zero, and vice versa. 

Detailed, also with regard to cosmology, were given 

by ·.veinberg ?) • 

3xperimentally no indications of finite (anti-) 

neutrino rGst mass or of neutrino d01generacy were 

found. The prese:rtly knO\m upper li:ni t for the anti­

neutrino rest mass comes from two exDerinents on 

tritium, both already performed a lo~g time ago37,3$). 

Alth·:mgh somewhat lo,1er upper li:n.i ts are given in 

the respective papers, the present author is inclined 

to state only an upper lifilit of l keV, at a con­

fidence level of 90%. However, there are experiments 

in progress which one can hope will yield a lower 

upper limit. 

Fieure 7 shows the 3H Fermi plot as measured by 

Langer and :/iioffat37). 



Fig. 

q£!)k_~ 

otev 

7. 3H Fgrrni plot as measured wph a 180° 
shaped field spec1;rometer37,, for the 
determination of the antineutrino rest 
mass, 

For the neutrino (from p+ iecay) no direct 

value was available until very recen-cly. How a 

preliminary r,~sult has bden obtained a-i; 2eii3l-

b0rgJ9), ;n < 6 keVat 90% confidence. 
II 

1037 

From Fig. 7 one may conclude that tha anti-

neutrino Fermi energy is 

E~ ii) < 1 ke V. 
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nuclide 
states 
lo ft 

TABLE 2 

Allowed fJ decay 

[References are quoted in Ref. 6) J 

Coefficients a and b 
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2 -1 2 ) (a, (me ) ; b , me 
Author and year 

6.He 

0+~1+ 3,50 -0.20 < b < 0.08 3cwarzschild 57 I 
-~~2--------------------------------------------------------1 

~ 
--B + 

13 
3".3 a = 0 .0093::!:0 .OC04 :.'.aysr-Kuckuk et al. 62 I 

i+4:~-----~-----~-=--~~~~~=~~~:~:---~~~-~~-~=~-----------63 
--l2N 16 .36 a = 0 .0031:!;0 .0004 1,'.ayer-Kuckuk et al. 62 I 
!~r32~--~§~1J ___ ~-=-=2~22~1~2~2.£2J ___ ~~.::_et_~!~-----------~;}_I 

i;2-:l/2- l.190 b = 0,001 !0.024 Daniel et al. 531 
--!3.l.-----------------~-----------~--~-------------------1 

F l 
i+ .. o+ 0.635 a= 0.0034.±0.0091 Hofmann 64 I 
_J~~---------------------~~--~----~--------~-~-----1 22mi. 0.543 0.25 < b < 0.)5 Ham;i.lton et al. 58 I 

3+ .. 2+ 0.545 b = -0.016 :tC.020 Daniel 53 I 
I 

7.4 b = 0.0008:!:0.0020 Leutz 61 I 

0.544 o.l < b <0.3 3rantley et al. 641 
~----------------~-=--~~~~:_;:::_~~----~:~~~-~~-~=~---------~2: 
I 24Na l.394 -0 .026 <b <0 .020 Porte.:.- et al. 57 ! 

4+ ... 4+ a 
0

=r-O.Ol50±0.0045J 

1

, 
6.1 1.389 Daniel 58 

1.388 ; : g:g~ ~g:~; Depotk"liar et al. 61 I 
l.392 a = -0 .012 ±0 .006 Paul et al. 63 

1

, 
l.393 a = -0 .005 ±0 .007 :;:;ehman.n 64 
1.394 a = 0.002 !0.010 Baakhuis et al, 65 

'"-~-.,.-~~~~~~~~~~~~~~~~~~~~~~-! 

a: see Ref'. 12) 
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Nuclide 
States 
lo ft 

3~ 
i+ ... o+ 

7,9 

l.712 
1.712 
1.711 
1.705 

1.711 

l.708 
l.705 
l.706 

TABLE 2 (contd.) 

Coefficients a and b 
2 -1 2 

[a,(mc ) ; b,mc 

b :::: 0 .03 :!:0.04 
b = -0.032 :!:0.045 

0 .05 < b < 0 .093 
a = -0.041 ±0.013 
a OS -Q,02 

0.2<b<0.4 

Author and yea;r 

Pohm et al. 
Porter et al. 
Daniel 
Graham et al. 
Johnson et al. 

a= 0.35 ~ b=4·9 Brabac et al. 
a = -0.0133±0.0011 Nichols et al. 
a = -0.042 ±0.010 
a= -0.03 
a = -0.025 ±0.007 

and 
b = 0.12 ±0.05 
b = 0.195 ±0.020 

Fehrentz et al. 
Depommier et al. 

]

Ch' ing-Ch 'eng Ju:!. 
et al. 

1,700 a= -0.025 Sharma et al. 
a "' O QUivy 
a = 0 ± 0.01 Persson et al. 

fa = -0 .09 ()X>-600 keV) ] 
1. 71 la = -0 ,01 ( 6oo-l65o kBV) Lehmann 

r--41:-----------------------------------------------~-----

1 ~~~:~~~~~-~~~~~--:-=-=~~~~~-~~~~~~----~::~----------------64 r 47ca . 

~~~~:;~~~~-~~~~~-------~-~~-~~~~-----~~::_::_:~~-------651 
56r,rn 

3+ -?2+ 2.838 O<b<0.3 Howe et al. 62 
7.2 ----------------------------------------------------------
56co 

4+ .. 4+ 1.46 a = -0.24 and b=0.04 Hamilton et al. 61 
8.7 Q.! 0.2<b<0.3 

--5g----------------~--------------------------------------
Co 

12+ .. 2+ 0.474 b = 0.3 Rb.ode et aL 63 

L-~~~~--------------------------------~--------~------
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TABLE 2 (contd.) 

~!de E Coefficianta a and b 
state o [ ( 2)-1 2 ] Au th or and year 

(?i V) a, me ; b,mc 

~o~: :e I 
5+ + 4+ 0 ,32 a :: 0 3onhoefier 59 

1~~~~;----:~::--~:pl~~:~-~----:~~-::-::~------~~1 
--~!:·/2-:--o--o----:~~~::-~~~=~~o9 -:---1_1_t ________ 1----~o-1 
91~.{· .9 0.25<b<0.45 •. am on eta• o l 
-~~-----------------------------------------------------~ 

I 
5+ ... 5+ 0.529 a== -0.01 .:!: 0.03 Daniel at al. 63 l 
--~!g ______________________________________________________ , 

1.996 
1.989 
l.987 

I 
0 .2 < b < 0 .3 Johnson at al. 53 1 

a = o.co36±0.0021 :acil.ols at al. 51 ! 
b = 0.05 ±0.02 J,:1niel '3t al. 61 f 
a = -o .0015±0 .0030 -, I 

1.988 or l Jmial at a..:.. 64 l 
b = 0 .005 :!:O .022 ) j 

~-~--~---~!2~2--=-=-~!2222E2!22~2---~~!i_~!-=~!-~---21-i 
l3lI , 

7/2+~5/2+ 0.606 a = 0.02 :!:0.02 Danial at al. 64 
6.6 



142 

Nuclsus 
States 
lo ft 

4lA 

TABLE 3 

UNIQUE FORBIDDEN p SPECTRA 

[References are quoted in Ref. 6) J 

E Coefficients a and b 
0 

( 2 -1 2 
(MeV) [a., me ) ; b,mc ) 

Author and 

7/2-.. 3;2+ 2.48 a = 0.00 :!: O.Ol Kartashov 61 I 
1-~~=--------------~-----------------------------------1 

l~§;:~:----~~~~ _ _:_:~~~~~~-~-~~~~----~::~:~__::_:~~-~I 
, 84Rb 

l~Q;~:-~-~~~~~-~-=--~~~--------------~~=-::_:~~-~~-
11 86Rb 

2- .. o+ 1.774 a :::: -0.017 :!: 0.002 Daniel et al. 64 

~-~:.±-------------------------.-------------------------1 
1 _,Osr l 
1

1 o+ .. 2- 0.546 a = -0.054 :!: 0.019 :)aniel et al. 64 
G.3 I 

r-33~--------------------------------------------------1 

j 4~---2"" 0.76 a= O.O ! 0.1 R.>i.ode 63 I 
r-~~~--------------------------------------------------1 
12:.:o+ 2.261 0.2<b<0.3 Joh:i.sonetal.53/ 
I 8.3 2. 265 b 0 .025 Yuasa 57 

I
. 2.271 a = -0.0047.:!:0.0008 .Nichols at al. 61 

2.268 b = 0.26 :!: 0.03 Andra at al. 54 
2.273 0.30 < b < 0.40 Langer et al. 64 
2.284 a = -O.OO??:o.0032 Daniel et al. 6~ j 

~-9i;:------~.!.~~-~-=-=2:.22.§1~2:.22.~§----~~~~--------.i~ 

~~~~:-~~~~---~~=-~"..:.".~~-----~::..:::~-~j 
I z;:a~:~-~~~~~-:-=-~~~:-~-~~=----~::'.:'.::~: ______ 66 

~aviations from unique shape. 
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·J:ABLE 3 (contd.) 

~ E
0 

Coefficients a and b I 
,,tas ) [ 2 -l 2) Author and year "' (;1ieV a,(mc) ; b,mc 

(J ft -4 

66110 I u- .. 2+ l. 78 a = -0 .105 ± 0. 010 3eekhuis 66 

§!~--------------------------------------------------4 
~~ I 
2 .. ;o+ 1.87 (shape like 90Y] nan.sen 66 

§!§----------------~--~----------------~-----------, 
~~ I 

+ , 6" [ ' ' i' 90y 1 0 ' ' I 
2- .. 4 J.. J. snaps ... 1(9 • J •• a..'lsen oo j 

2!~--------------------------------------------------1 
W8m - I 
2- .. o+ 1.37 lsee ori5inal paper J 311iott 54 i 
,, 3 ! 

-==!--------------------------------------------------1 
Z04n ~ . ,. I _ + 

0 76 
a "' -0 .02 c;gelKraut 60 

2 .. 0 • :J.eviation at E <SOkaV Leutz 62 

'
~-tt;~---------------~----------------~-------------1 
o+ .. 3+ 0.555 [upper 3/4 2m unique] ?el:i:::n~ et al. 5Ca 

~-!±!2-------------------------------------------------~ 

l 
22Na · I 

' 3+ .. o+ l.83 [2nd. unique] ',iri;ht 5Jc! 
13 i 

r-~----------------------------------------------------1 601"'0 

15+ .. ~2+ l.48 (p
2

+ 5,79 q
2 J Keiater 54 j 

~-i5~1-----l~1~----~~~-~~~~~~-~~~E~----i~~!~£~-------2~i 

1

4- .. 0+ 1.30 3r1 unique shape Leutz 65 I 
_ 18.1 I 

a: see Ref. 21). 

b: B.T. Wright, Phys. Rsv. ~ 159 (1953). 



Nucleus 
States 
lo ft 

TABLE 4 

Non-unique forbidden fJ spectra 

[References are quoted in Ref. 6)) 

E Coeffici3nts a and b 
0 2 -1 2 2 -2 

(ilieV) [a,(mc) ;b,mc ;c,(mc) ) 

2.00 

O <a < 0 .Ol 

a = -Ool2 ! 0.04 
b o.67 : 0.06 

I 
c = 0.013! 0.008 

2.00 a ; 0.15 ! o.26 
b = 0.81 ± 0,47 

~~~:-~~~~~ [;::.:..~:~;~~~~~~~~~~~~~~~~~~~-
' r .. 2+ 2.52 [q

2 
+ o.95p

2 ± 7 J 
8.7 

--------------------------------------------------------76As 
2- .. 2+ 2.42 a = 0.00 ;!: 0.04 Pohm et al. 

8.2 
----------------------------------------------------------34 Rb 
2- .. 2+ 0.78 b., 0.3 Langer et al. 

~-7~!-------------------~--~------~~------------------
1 86Rb 

2- .. 2+ 0.72 0,4 <b < o.6 Robinson et al 
7.7 0.722 a ., 0.00 ± 0.05 Deutsch et al. 

a = -0.7 :!: 0.7 
b :::: -0.5 ! 0. 7 
c = 0.14± 0.15 

Daniel et 

- -------~!..2....----------------~!:!~!!!!~L---
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TABLE 4 (contd.) 

E Coefficients a and b 
0 2 -1 2 { 2 -2) Author and year 

(MeV) [a, (me ) ;b,mc ;e, me ) 

a = 0 Johnson et al. 6~ 

l.lAg + 
; 2- .. 3/2 o.69 a "" -0.17 Robinsonet al. 58 

1;2------~--------~-----~-~--~~-----------------------; 
5mca. I ;z-.. 9/2+ 1.618 a= -0.78 and b = -17.2 Sharma et al, 63 

sg.~------------------------------------------1 
;2-.. JJ/2+ 0,34 a = 0 Johnson et al. 59 j 

:?t-~31~---~~ + O .S;~;:-~~- L:::-:-:~--~1 
1~5~2 _____________ ls_!._2~7 4P.::!: __ 1_~_±J ____________________ i 
:~; ;:___~~~~---~_.:_ 0 ·:~~~~~------~:~_::_~_· -~~ I 
;•6' 0.62 a• o.oo t 0.04 Oanial " tl. 651 
__ 2.:.1------------------------------------------------~----~1 

~~:--~~~~-~2·-~~~P2=~~=-5 ]-- 1"'.'.'.':::..::..:~.:...-~~~ 
7/2--.7/2+ 0 .432 a = 0 .00 :!: 0 .15 Deutsch et al. 61 

6.9 i42;;------------------------------------------------------
2- .. 2+ 0.56 a ., 0.0 :!: O.l Hess et al. 64 

7.1 
144~;----------~ -- --------------------
0+ + o- 0.316 a = -0,342 :!: 0.008 Daniel et al. 66 

I 7 ,5 
-~--------------------------------------------
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Nucleus 
States 
lo ft 

143Pr 

E 
0 

(MeV) 

5/2+ .. 7;2- 0.933 
7.6 

T.ABLE 4 (contd.) 

Coefficients a and b 
, 2 -1 2 ( 2 -21 Author and [a,,mc ) ;b,mc ;c, me ) 

0.1<b<0.35 Hamilton et 

a = -o .018 :!: 0.010] 
b = 0.06 ± 0.03 

I b = O .3 Spej ewski 

r
~~--4;-~-+--::9----[ ::-e -o-r-ig_i_n::~::r )----::::::---

6 .5 2 .984 (A. = if Y5/.f err> 0 ] Graham et 
2 .992 0 < i.. <10 Freeman 
2 .996 i.. = 5 ± 2 Porter et al. 

a = 0.0376 
3 .000 b = -0 .118 Daniel et al. 

----------~=-::2.!2277 _______________ _ 
147Nd 
5/2-... 5;2+ 0. 790 a = -0 .23 Sharma et al. 

7 .4 0 .806 a = -0 .07 ± 0 .01 Beekhuis et al, I 147;~-------------------------------------------- ~ 

5/2-... 5;2+ 0 .360 a "' 0 Sharma et al. j 
_1~Q _____ 2~~~i-----~-=-:2~~2-~-£~!2 __________ ~~!~~!~_!!_~!~ 
147Pm 
5/2+ ... 7;2- 0 .224 O<b<o:0.3 Hamil ton et al. ~: 
7.4 I4ep;---------------------------------------------

1- +O+ . [! rrxr/ J ir = -2.2 :!: 0.4] Baba et aJ.. 
9.1 
155~--------------------------------------------------

1- ,0-+0+ 1.020 a 111 0 Yoshizawa et al •. 63 
6.2 -----------------------------------------------152 Eu 

3- ... 2+ 1.48 Langer et al. 

_12.J._ __ _!~i~~-----~-~~~!! _______________ ~~~~!!~!~---
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TABLE 4 (contd.) 

E
0 

Coefficients a and b 

(Mev} [ ( 2)-1 b 2 ( 2)-2] Author and year a, me ; ,me ;c, me 

1,855 
2 2 

[ q + 0. 807p + 20 :!: 5 ] Langer et al. 60 

·~-------------------4 
1.857 [ 1 - 0.8771 - .1..03/H + I 

+ o.225w2-o.021w3] Daniel et al. 66 

l.846 a = -0 •21 :! 0 •03 Beekhuis 67a 
llllliL----------~-2.:.£J.8 :!: O .:.221--------------

a = l.ll 
b = -0 .85 Spejewski 66 

......... --_______ ,£-=._:9..!,24 ______________ __ 

l.79 E shape like 90Y ] Hansen et al. 66 

2+ a = -0 .005 :!: 0 .010 Deutsch 65 6.,L _______________________ _ 

a;w 
j2-.. 5/2+ a = 0 Spejewski 66 

1.6~:~:-:-:-::-------. -::::-:-al.~:_ji 
7,7 

. J86Re ---- • ·--------------- ----------

1- .. 2+ 0.934 a o: -0.12 Porter et al. 56 

;:~~:--------:-= -O:l :!: ~~::-------:eutsch et al,6~ 
8.6 
~- --------
.lt a&e Ref. 35). 
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Nucleus 
States 
lo ft 
198Au 
2- .. 2+ 

E 
0 

(MeV) 

TABLE 4 (contd.) 

Coefficients a and b 
2 -l 2 ( 2)-2 Author and [a,(mc ) ;b,mc ;c, me ) 

I 1.3 

0.966 
0.968 
0.964· 
0.962 
0.957 
0.960 

a = -0.llO ! 0.017 
a = -0.142 ! 0.010 
a = -0.046 ! o.OlO 
a = -0.062 ! 0.007 
a ., -0.02 

Wapstra et al., !; 
de Vries et al~ 
Graham }' 
Chab.n et al. ·~ 
Sharma at al,· ~'"~ 
Hamil ton et al.,si ! 
Nawbol t •.· .• ·.·• I 0.965 

0.960 

a = -0.33, c = 0.074 
a = -0.30, c = 0.07 
a = -0.155 ± 0.015 
a = -0.017 :!: 0.006 
a = -0.014 ± 0.024 
a = -0.33 ± 0.09 
c = 0.068 ! 0.022 

Q{ •· Lehmann et al. 6 •.. 
Kee:er et al.• 61' 
Lewin 6;. 
Parsignaul t 

l 
0,962 a= -0.34 ± 0.04 T chk: 

c = 0.10 ! 0.02 .ua ar et al, 6; 

0. 961 a = -0 .057 ± 0 .006 Paul 6$ 
O. 962 a = -0 .050 :!: 0 .010 l3eek:huis 6~ 

-------------------~-=-=2.!21~_;_2.!22~--------~£!i!!!ki _____ ~ 

1

199.,_ 
3/2~:1/2- 0.46 -0.2 <a <-0.4 Lehmann 

~2<~~;~----------------------------------------------------

~~~;~----~:~~-----:-=-=".~~~--0 :~~-~::_:~:~ •: 
i- .. o+ 1.155 [ "'below ] Plassmann et al, 

8.o 1.160 a = 0.578 
b = 28.466 Daniel ______________ ...£..=..:2.!~58 ________________ _ 

3601 
2+ .. o+ 0.714 [p2+ o.6q2 J Feldman et al. 52 

-=~.:: ____ _2.7l! __ _L~_:_i2.!21-~-2.!2ll~1-----~~!~~-et_~j6 
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T.AJ3LE 4 (contd.) 

Coefficients a and b lfUcleUS 
states 
l.O :ft 

Eo 
(MeV) ( ( 2)-1 b 2 ( 2,-2] Author and year a , me ; , me ; c, me / 

46Se 2 2 

4+ .. 2+ l.48 [ .. {p + 0.6q)] IVoJ.f'son 56 J.l____; ____________________________________________________ _ 

59Fe 2 2 
3/2-.. 7/2- 1.573 [p + 3 .3 q ] Wortman et al.63 l£!2 _______________________________________________________ J 

2: .:Oo+ 1.3 [ ... p 
2 J Daniel 58'o I 

9~~:2-------------------------------------------------------~ 

~i;~12:_~~90_·~-~::_~~~-=-o·~~~:~-------~:~~:: _______ 52 

I 2 2 

r~~;:~~~:-~~~~~----~~-:-~~~-=-~~~-~----------~i=~~_<:::::~:: 5J_,, 
135,,8 

v 2 2 
7/2++3/2+ 0.205 [p + (lO :!: l)q J Li:iofsky et al. I 

~~~/2~-~---~-~~~~::~:;-;----~~::::::~:-.1.-::~1 
12 ( 2 2 n q + 0.003p J Yamazaki et al.5 

[q
2

+ (0.015 ! 0.004)p
2

) Danial at al. 62 l 

-----------------~:!:_l2~9~±_;_~~£<l2l~---H~_;:!_~~~---§6 j 
7Bb 

3/2-.. 9;2+ 0. 275 
17.6 

( see original paper ] 

b: R. Daniel, z. Phys. 150, 144 (1958). 

Egelkraut 
et al. 

61 




