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1. INTRODUCTION

'HL experiments which established the ex-
istence of naturally and arti6cially radio-

active emissions of negative and positive electrons
by atomic nuclei and the critical calorimetric
experiments which showed that part of the energy
released during a P-decay process escapes in some
yet undetected form were completed before 1933.
In that year there was introduced the currently
accepted picture of the P-process, in which Pauli's
neutrino hypothesis occupies a central position.
The assumption is that in the process a nucleon
is transformed from a proton into a. neutron (or
vice versa) with the simultaneous creation of a,

positron (or negatron) and an (anti) neutrino.
The latter particle is hypothesized to be the
carrier of the missing energy and the failure to
detect it after its emission is ascribed to its having
no charge, probably no magnetic moment, and
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only small non-electromagnetic interactions with
other particles.

The experimental basis for the hypothesis thus
had originally a rather negative character. Its
strength lay in the fact that the only apparent
alternative was to discard the law of conservation
of energy (also that for angular momentum) for
the individual processes. Such an alternative be-
came very implausible when it was shown in
numerous specific cases that a maximum P-energy
exists which fits into energy balances as the con-
stant energy release in the given process. Evi-
dence of a more positive character is afforded by
the successes of Fermi's (F4)* theory of P-decay,
which is based on the neutrino hypothesis. The
results of this theory have shown, for instance,
that the observed distribution of energy among
the P-particles is just such as is to be expected

* See references at end of article.
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when the energy is shared between an electron
and a neutrino. More satisfyingly direct ob-
servation of the neutrino was undertaken by
Crane and Halpern (C4) and Allen (A5). These
investigators attempted to observe the recoils of
nuclei from neutrino emissions. Allen's work
seems the most nearly conclusive. He made his
observations on Be', a nucleus suggested by Kan
Chang Wang (K5) and many others since it is
a light nucleus undergoing X capture and there-
fore having no electron emitted together with
the neutrino. Allen found recoils somewhat too
energetic to be due to the known y-ray and more-
over could find no y-rays coincident with the
recoils. Unfortunately, the quantitative aspects
of the method are subject to relatively large
corrections. Thus the present status of the neu-
trino can be summed up as follows: Although the
detection of an individual neutrino has perhaps
not yet been carried out in a completely decisive
way, the neutrino hypothesis seems to be the
only one which can correlate the known facts,
and it has probably done this, through the Fermi
theory, completely enough to justify the assump-
tion. A recounting of the successes and of the
present limitations of the Fermi theory will

occupy most of this review.
Comparatively recent experiments concerned

with the nature of processes allied with P-decay
are the detection of X capture, the production of
artificia isomers, and the discovery of nuclear
fission. E capture is a natural extension of
positron radioactivity. The latter process involves
the absorption by a nucleon of one of the infinitely
many electrons in negative energy states, the
vacancy so caused being observed as a positron.
The absorbed electron might also be one of the
bound, atomic electrons, especially out of the E
shell, which has the highest density near the
nucleus. The vacancy thus created would be
easily observable only through the x radiation
emitted when it is subsequently filled. The evi-
dence on this point is summarized in Section 8.

One case of nuclear isomerism has been known
since 1921 (H1), but the prevalence of the phe-
nomenon has not been appreciated until numer-
ous cases of it have been recently turned up
among the artificially produced nuclei. A pair of
nuclei are experimentally recognized as isomeric
when in spite of being identical in their con-

stituents, they decay with different periods; in
fact, one of the pair may even be a naturally
occurring stable nucleus (D5). Weizsacker (W7)
has shown that such an occurrence is to be ex-
pected theoretically if the two lowest states of a
nuclear system differ little in energy and greatly
in angular momentum. Such properties make the
time required for the radiative transition ordi-
narily expected from the upper state to the lower
comparable in length to P-decay periods. Thus
the clarification of the phenomenon is essentially
a problem in p-decay. For this reason, a more
complete review of the subject will not be at-
tempted here, especially since still adequate
reviews are given elsewhere (W1, 85).

The newest means of producing beta-activities
is the nuclear fission process discovered by Hahn
and Strassmann (H2). It differs from the con-
ventional nuclear disintegrations induced by
bombardment in that the target nucleus splits
into two nearly equal parts instead of emitting a
single nucleon, n-particle, or y-ray. It has so far
been successful only with the heaviest nuclei as
targets. Its chief interest for P-decay lies in the
fact that it offers a method of obtaining radio-
active nuclei too different in constituency from
naturally occurring ones to be produced by the
ordinary disintegration processes.

Another group of experiments which may turn
out to have an important bearing on P-decay is
that concerned with the meson. The possibility
of their connection with P-decay arose from
theoretical considerations due to Yukawa (Y1).
These began with the idea that the P-emitting
properties of nucleons might also be made to
account for the forces between nucleons in the
same way that the electromagnetic field simul-
taneously accounts for the creation of photons by
charged particles and for the forces between these
particles. However, the charge with respect to
the electron-neutrino field which must be given
to nucleons to account for the slow P-decay is
found to be too small to account for the magni-
tude of the strong nuclear forces. Yukawa sought
to avoid this difficulty by proposing two steps for
the P-process. First, the nucleon emits a single,
new kind of particle, which will here be called the
meson, with a strength adjusted to account for
nuclear forces. Then, the meson, in turn, may
emit an electron and transform into a neutrino



with a strength adjusted to account for the rate
of P-decay. The meson itself would not be
detected in the usual P-process if its rest mass
were too large to allow its creation from the
energy available. It happens that tQis mass is
related to the range of nuclear forces, which leads
to a value for it of approximately 200 times the
electron mass. Subsequent experiments seemed to
make plausible the essential features of Yukawa's
picture. Particles of about the meson mass have
been discovered in the cosmic rays (S7, A4).
Further, they were proved to decay (R6). How-
ever, difhculties have been encountered in fitting
together quantitutively the experimental facts
about mesons, the current deductions concerning
nuclear forces, and the rate of P-decay (see, for
example, 84).

Besides the more fundamental inquiries into
the general nature of P-decay outlined above,
there have been performed an enormous number
of experiments multiplying and clarifying specific
instances of the phenomenon. Several compendia
of the results of such work have been successively
published (for example, D4, L6, L5, S3). The
most general methods used to associate observed
decay periods with the proper isotopes and to
establish the nature of the particles have been too
long practiced to need further exposition here.

One newly-developed technique for clarifying
the inter-relation of several types of radiation
from a single nucleus perhaps deserves special
mention. This is the coincidence counting method
by which the association of a P- and a p-ray or of
two p-rays, following immediateIy upon each
other in a disintegration, can be shown. In the
method, the coincident emissions are detected
by a pair of Geiger-Miiller counters which are
connected to an amplifying and recording circuit
which responds only to simultaneous discharges
of both counters. To identify the energies of the
associated radiations, absorbers may be inter-
posed or a magnetic spectrometer used with one
of the counters as detector. These types of experi-
ments have been carried out by Norling (N3),
Feather and Dunworth (Fi), Langer, Mitchell,
and McDaniel (L1), and others. The last-named
collaborators have also introduced a method of
obtaining the energy of a y-ray coincident with
another particle by measuring triple coincidences
caused by the second particle and by the passage

of a Compton electron through two counters
between which absorbers may be interposed.

The measurement of P-y-coincidence rates as a
function of P-energy is a much less ambiguous
means of proving the complexity of a P-spectrum
than by trying to analyze the superposed con-
tinuous spectra themselves. A simple spectrum
must give a coincidence rate per P-particle which
is independent of the P-energy since all its parti-
cles leave the residual nucleus in the same state.
A definite deviation from constancy is conclusive
proof of an alternative P-process to a diA'erent

residual state.
On the theoretical side, almost all investi-

gations of P-decay have been interpreted in terms
of the Fermi theory of the process mentioned
above. Fermi's formulation is not completely
unique, and much of the discussion concerns the
experimental evidence for and against its various
possible modifications. Interest has centered
chieAy at two successive points at which the
di6'erent versions diverge most widely. The dis-
cussion at the first point has crystallized to
choosing between Fermi's original version, con-
structed according to a criterion of simplicity„
and a suggested modification, known best as the
K-U theory, which was constructed according
to the apparent demands of existing experimental
evidence. At a second point, the theory is sub-
divided according to the angular momentum
changes that are allowed during the P-decay. The
two interesting versions of these are Fermi's
original selection rules and a modification in them
introduced by Gamow and Teller (G1). Here they
will be known as Fermi rules and G-T rules.
The concern of Sections 2, 3, and 5 will be to
recall the formulation which enables precise
mathematical statements of the various versions.

The chief result of Section 3 is a formula for
the energy distribution of the P-particles emitted
in so-called "allowed" transitions. The experi-
mental evidence for these cases is reviewed in
Section 4. In Section 5 theoretical and experi-
mental bases for distinguishing between allowed
and forbidden transitions are established. The
energy distributions to be expected in forbidden
transitions are given in Section 6, and also
their comparison with the best-measured cases
is carried out there. In Section 7, a more thorough
inquiry into the absolute probability of P-decay
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is made, especially insofar as it is aH'ected by
the states of the parent and product nuclei. In
Section 8 a brief resume of the theoretical and
experimental facts concerning E capture is given.
Finally, in Section 9 conclusions which have de-
veloped concerning the questions mentioned in

the preceding paragraph are summarized.

2. FERMPS FORMULATION

Fermi (F4) put the theory of P-decay into
mathematical form by adding to the Hamiltonian
for the nuclear system a perturbing energy term
like the following, for each constituent nucleon:

H=GI(0 pg*)0"Q+(0 ~')*0 *Q'I. (1)

Here and throughout this article all quantities
are made dimensionless in the following way:
All masses are given as multiples of the electron
rest mass ni, lengths are given in units of It/mc,
and unit time is h/mc'. Thus W is the total (in-
cluding rest) energy of the electron in units of
mc', and P=(W' —1)& is the electron momentum
in units of mc. TVomc' is the energy released by the
decaying nucleus, so that (W0 —W)ntc' is the
part of the energy borne oR' by the neutrino, its
mass being assumed zero in accord with the
energy balance for several cases of ~P-decay

(K4, B7, C2). With GHi, being defined us (1) ap-
plied to the kth nuclear particle:

Q is defined as an operator which, when applied
to a wave function describing the initial nudeus,
substitutes for it one in which a proton replaces
a neutron. Q* causes a nucleon to make the
opposite transition. ip and y are wave functions
of the electron and the antineutrino, respectively,
each to be evaluated at the position of the
transforming nucleon. In O~ and O~ lies the lack
of uniqueness of the formulation. Each may be an
operator afFecting in some arbitrary way the
operands. that is, 0~ aEects

expand

er, Os the wave
function of the nucleon. G is a constant, to
be empirically evaluated, which measures the
strength of the interaction between the nu-

deon and the electron-neutrino held and conse-
quently determines the scale on which P-decay
takes place. Instead of merely advancing the
form (1) of H as a hypothesis, Fermi put his
original introduction of it on a more elegant basis
by fitting it into a formalism analogous to the
quantization of the electromagnetic held into
photons. Thus the form (1) of H insured the
simultaneous appearance of an electron and a
neutrino during the transformation of a nucleon.
The concrete merits of Fermi's theory will rest,
however, on the direct experimental test of the
expression for II.

From a given H, it is a straightforward matter
to obtain the rate of P-decay. The probability per
unit time PdW of the ejection of a P-particle
with energy between 8" and 8'+dS' will be
given by:

Zgw=(G2/2~)(~H~2). ,pW(W. —W)"-dW. (2)

The first integration J'des is over the direc-
tions of the neutrino momentum, a form con-
venient if y is represented as a plane wave of unit
density. The first summation Pi„;is over the
angular momentum quantum numbers of the
electron, appropriate if its wave function f is
expressed in spherical coordinates and is nor-
malized to one in a sphere of unit radius. The
J'ds stands for integration over all internal
nuclear coordinates including the space and spin
coordinates of the transforming nucleon and
therefore also of the electron and neutrino. U and
V are the wave functions of the initial and 6nal
nuclei, respectively, properly symmetrized so as
not to distinguish between identical neutrons or
protons which may make the transition. The
mean life r of the P-decay will be given by:

(4)

and expressed in seconds it is r(i't /ntc') =(1.24
X10 i')r sec.

After introducing H in the form (1), Fermi's
next step was to adopt criteria from which the
operators O~ and O~ could be determined. He
hrst imposed the requirement of relativistic
invariance as is appropriate in a theory involving
a neutrino of vanishingly small rest mass. Next,
as the simplest assumption possible, he chose
(O~yiP*) to consist merely of (relativistically
invariant) bilinear combinations of the Dirac



Here P is one of the Dirac matrix operators, its
eA'ect as an operator being defined by (5). The
form (5) transforms like a scalar, that is, it re-
mains completely invariant in a, Lorentz trans-
formation. The i/i and q components can be
arranged into four other such combinations (85),
having the transformation properties of (b) a
polar vector, (c) a tensor, (d) an axial vector,
(e) a pseudoscalar, which is also a complete in-
variant except that it changes sign in a mirroring
transformation. These transformation properties
will be found to have great importance for the
selection rules. Of course, the energy II must
always remain a scalar and that can be arranged
by choosing On in such a way that (V~H»U)
takes on the following forms for the choices of
iP, y combinations named in the parentheses:

(~«l«): ~=(V*PQ»U)(4'Pq)

(Polar V.): V =(V*Q»U)(iP~(p)

(6a)

—(V*aQ»U) (0'aq) ' (6b)

(Tensor): T= (V*PeQ»U) (f*poq)

+ ( V*peiQ„U) (P*Peq'); (6c)

(~alai V.): A=(V* Q»U) (4'~q)
—(V'ysQ»U)(4'v»q) ' (6d)

(Pseudosc ): P = (V"PvIQ. » U)(4'"Pv»q) (6e)

In these expressions the operators p, e, e, y& may
be regarded as merely shorthand for r presenting
bilinear combinations such as (5). e is a ~ector
whose three components are the Dirac n matrices.
e difkrs from the usual Pauli spin matrices only
in being doubled to four rows and four columns.
P is the fourth Dirac matrix, and y&= —ia,a„a,.
Once some one of the forms (6) for (V*H»U) is
settled upon, the problem becomes unique and
the calculation of (~H~')», in principle straight-
forward.

It may be that no single one of the interaction
forms (6) is the correct one, taken by itself. But
any expression linear in each of the wave func-

components Pi, |f2, iPii, F4 of iP with q~i, q ~, q 3, q 4 of
q as exernplijled by:

(o'q 0*)= (4*pq) =k—*q i+A*qm

6'q'—» A*q»—. (5)

tions U, V, P, and q must be expressible as a
linear combination of the forms (6) if it is to be
Lorentz invariant. Accordingly, the properties of
such generalized expressions can be judged from
the results obtained with the forms (6) sepa-
rately, except insofar as interference between the
forms in the linear combination becomes im-
portant.

Taking one of the forms (6) singly is the
natural generalization of Fermi's original choice,
which was to take the polar vector form (6b).
In doing this, he allowed himself to be led by the
analogy of the electromagnetic field; the inter-
actions in the latter case are expressed in terms
of a polar four-vector potential. But other points
of view can be assumed, which make certain
linear combinations seem more natural. One can
be led to such a diA'erent point of view by the
meson theory; Wigner and Critchfield are re-
sponsible for another.

Critchfield and Wigner (C5) have pointed out
that the P-process may be viewed as a simul-
taneous creation of four particles: for example,
a proton, an electron, and a neutrino in positive
energy states and an unobservable neutron in a
negative state. The fact that each is a particle
with spin ~h and accordingly can be equally well
assumed to possess a continuum of negative
states lends support to this picture. Now one is
led to treat the four particles on an equal basis.
The interaction form is expected to have some
fundamental symmetry with respect to inter-
changes of any pair of U, V, iP, and q. It turns
out that a completely symmetrical expression
cannot be formed, but also satisfactory is the
antisyrnmetrical combination

5—A —I'

of the forms (6). Of course, such a treatment of
p-decay ignores any connection of the meson with
it, whereas Fermi's original choice of a single
one of the forms (6) puts the nucleons (U and V)
on one level and the light particles (iP and q) on
another, in consonance with the two-step, meson
process of p-decay.

The means by which the forms (6) may enter
into the meson theory can be most readily seen
in the "classical" treatment of the meson field
analogous to the classical relativistic formula-
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tions of' the gravitational and electromagnetic
6elds which ignore the existence of quanta and
are therefore only a first approximation (B4).

Assuming that inter-nucleon forces are de-

rivable from a potential 6eld requiring, like

gravitation, only a scalar C for its complete
speci6cation, we let

gously,
p. =g(t'*AU) (10a)

may be used in place of the crude point charge
picture. Then the addition to the energy of the
system due to the inQuence on the existence of
light particles of a meson 6eld having nucleons
as sources is given by:

1
724 ——4 —a24 = —4x p.

C2
(8) 3C =

J
dv&piC

„

=
~

dvipi dv„p.(e ""/-r)

Here V2 is the Laplace operator, the dots on 4
represent time derivatives, c is the light velocity,
~ is a constant, and p is defined as a "charge"
density which serves as a source of C. Equation

(8) differs from the usual relativistic generaliza-

tion of the Poisson equation only in the addition
of the term —~24, which was introduced by
Yukawa (Y1) in order to replace the static
centro-symmetric, point charge solution of the
Poisson equation,

with
C =g/r,

4 =ge '"/r,

which is in better consistency with the short-

range nuclear forces. Thus the known range of
the forces sets the value of 1/» at approximately
2 10 "cm, and their known strength gives g the
approximate value 5X(4.8.10 ")erg&-cm&=5e,

if e is the elementary electric charge. The g

(= J'pdv over the point charge) serves the same

role in the meson field as e in electromagnetism,
and it is appropriately referred to as the nucleon's
"charge with respect to the meson field. " From
the quantum-mechanical point of view, (8) is a
Gordon-Klein equation for the wave function of
a quantum with a rest mass p =»k/c=185 elec-

tron masses.
Now, if the mesons play the role in P-decay

discussed in Section 1, the possibility of their
decay into an electron and a neutrino adds
another sink to the meson field, so that p =p +pI,

p representing the charge on nucleons and

p~ the contribution to the sources and sinks of
the field due to the light particles. From (8),
it is readily seen that p must be a scalar quantity,
and therefore it may be assumed that

pi =g'(4*0~)

after considering the properties of (5). Analo-

1 4m
V2A ——A —I(:2A = ——].

C C

(12)

Since (A, ic4) and (j, ip) form polar four vectors,
one can put

j=g'(/*ed) and p =g'($*y) (13)

and thus introduce the form V of (6b) into the
meson theory.

Still more complicated meson helds may arise
if they may also have as sources elementary
dipoles such as are introduced into electromag-
netic theory by replacing the electric and mag-
netic 6elds E on I with D =E+4xP and B=H
+4+M, P and M being electric and magnetic
dipole moment densities, respectively. Now (8)
and (12) are not sufficient to describe the fields
since E and H are not merely derivable from
C and A, but are given by

1.
E= —grad C ——A+4xP,

e

H = curl A+4m. M.
(14)

=gg'~ dvidv. (e '"/r)(I'*P&)(4*Pe)

Thus is introduced essentially the form 8 of (6a).
The exponential in the integrand in effect re-
quires that f and ip be evaluated at the position
of the nucleon, r =0, in consistency with Fermi's
procedure.

Others of the forms (6) than just (6a) can be
incorporated in meson theories of more compli-
cated types than as specified by (8). If the meson
possesses internal degrees of freedom (spin), it is
not fully describable by a scalar point function
such as 4 and may need for its speci6cation also
a vector potential A, as does the photon, which
has a non-zero spin. Then, besides (8), one has



KVith these complications, (11) is replaced by

X=~I dv&{ p&C„—(j~ A„)(c+(M&H„—Pi E„){

—Xv+Xp+X

with

Xv =gg') )I dvrdv. (e ""(r)V-,

(16)

(16a)

which would be expected from Fermi's original
theory with form V of (6b),

Xr ',gf', " —t——dv(dv„(e ""ir)T, - (16b)

which is expected from (6c), and

—«r

+—+-
r Kf Kr 3

e
dP )dgr1,

3(M~ r)(M„r)—M) M„

Since the six components of E and H form a skew-

symmetric four tensor of the type used in the
interaction form T of (6c), this form can be
produced in the meson theory by letting

thus introducing interaction V of (6b) in a new

way. Interactions A and P can take the place of
V and 5, respectively, if a pseudoscalar C and
(therefore) an axial vector Ii are supposed to
describe the meson field. Similarly, if the (A, icC )
discussed above is assumed to be an axial rather
than polar four vector, the four current (j, ip)
can be supposed to be the axial vector giving
form A of (6d).

To sum up, the simplest generalizations of
Yukawa's meson field theory of A3-decay produce
interaction forms which can be arbitrary (be-
cause f' is independent of g') linear combinations
ofSand V, of Vand T, of TandA, orofA
and P.

Of course, these attempts to find an a priori
basis for making a choice among the interactions
(6) are at present in a speculative stage. It may
turn out, for example, that the meson theory has
no connection with the phenomenon of P-decay.
Ke therefore proceed in the succeeding chapters
to compare with the experiments the conse-
quences of each of the forms (6) taken separately.
This procedure is the simplest one and should
perhaps be followed until it becomes evident that
the experiments will be capable of distinguishing
among different possible linear combinations.

3. THE THEORETICAL ALLOVfED SPECTRA

Allowed transitions are defined from the the-

3(P~ r)(P„r) oretical standpoint as those for which the two
——P~ P, (16c) following assumptions are valid:

2

in which M„and P„diA'er from the P~, M~ given
in (15) in that V, U replace f, y. K' is a new con-
tribution to the P-interaction by the meson
theory; it vanishes for constant f, q because of
the angular dependence but must be considered
when the variations of P, y over the nucleus are
taken into account. LSee Sections 3(b) and 6].

Extension of the original scalar theory, which
was completely specified by (8), in a manner
similar to that of the last paragraph substitutes
for the derived force,

F= —grad 4 +f'(&*ap),

(a) The second terms, if such exist, in the ex-
pressions (6) for (V*Hi, U) are neglected
The argument for this rests on the fact that
the operators e and y~ are known to have
eigenvalues of the order of (v/c), v being the
velocity of the particle concerned. Nucleons
in the nucleus are believed to have velocities
of the order of yg the velocity of light.
Accordingly terms containing (V*aQ~U) or
(V*y&Q&U) will have a magnitude about —,',
that of terms with (V*Qi, U), (V*tlQi, U), or
(V*eQzU). The terms neglected here will for
convenience be referred to as "velocity
terms" hereafter. Further arguments for
excluding them at this point will appear
when selection rules are discussed in Sec-
tion 5.
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in which q is the neutrino momentum

(lgl =Wo —W) and which are validly em-

ployed for the lightest nuclei, one obtains

(iP*Ocy) = (A*OcB)

X[1—t(1+0).r —2(p+0 r)'+ . .j (18)

Since the energy release usual in P-decay
limits (p+cl) to values of only a few mc units,
while I' is of nuclear dimensions and there-
fore of at most the order of (1/40)(h/mc),
the successive terms of (18) grow smaller by
factors of at least 10. It will be seen in

Section 6 that for heavier nuclei the ratio of
the second to the first term is often (aZ/2)
instead of Ip+i1IA although further terms
resume the value

I p+il I
R for their ratios to

their predecessors.

With the approximations (a) and (b), the
computation of &I&I')A, for (2) becomes com-
pletely straightforward. Taking plane waves for
the neutrino and Coulomb field solutions for the
electron wave function, the results for the five
cases (6a) ~ (6e) are:

&l~l'&"=F(z w) I
f'Pl'

&I&l')~=F(z W) I
J'll'

&IIII'&4.=F(Z W) I f tidal'

&I&l'&"=F(z W) I
f~l'

& IHI'&4. = F(Z. W) I fvnl'

(19a)

(19b)

(19c)

(19d)

(19e)

in which
I f I' is a symbol for

I
fag' V*

Q4 Ul' and

4(2pR)"-'e s~'&
I
r(s+iaZ W/p) I

'
F(Z, W)=

[1'(2s+1)j'

(20)

(b) All terms except the first (and largest) one in
an expansion of the light particle wave
functions ip and y into powers of the position
vector r of the transition are neglected. One
needs these wave functions in the combina-
tion (Q*Ocy), in (2), (3), and (6). Then, for
example, using plane waves

it=A exp [ip rj and y=B exp [—iil rj,

E. is the nuclear radius; a the fine structure con-
stant, 1/137; Z the nuclear charge, to be taken
negative for positron emitters; s=(1—44'Z')&;

and the F's are the gamma-functions. F(Z, W)
shows the eR'ect of the Coulomb field on the
emission of the electrons. It emphasizes slow
negatrons and fast positrons, as should be ex-
pected. It is exactly unity for Z=O and is not
far difFerent from unity for charges as high as
Z = 20. Good approximation formulas for F(Z, W)
will be given in Section 5.

The most striking feature of the results (19) is
that all the forms (6) give an identical energy
dependence for the allowed P-spectrum obtained
by using (19) in (2):

PdW=(G'I J' I'/24r3)

XF(Z, W) p W(WO —W)'d W. (21)

The nuclear matrix elements
I

J' . .
I

are ex-
pected to be comparatively independent of lV
and Z and of order unity because of the normal-
ization of the nuclear wave functions, unless
some selection rule is violated.

One of the first detailed comparisons of Fermi's
allowed spectruin (21) with experiments was
published by Uhlenbeck and Konopinski (K2)
who showed that many of the existing data indi-
cated that the distribution (21) gave too little
weight to slow electrons. They also showed how
Fermi's theory could be modified at its most
arbitrary point [represented here by the state-
ment leading to (5)j to make it conform to the
apparent experimental facts. The K-U modifica-
tion consisted of the introduction for O~, in a
relativistically invariant manner, of a space-time
gradient on the neutrino wave function. y. In the
allowed approximation, this led to

PxpdW=(G'I f I'/2n')

X F(Z, W) p W(W0 —W) 4d W, (22)

because 41y/41t = i(WO W)—y. This—dilfers from
Fermi's allowed spectrum (21) only by a factor
(W& —W)' which obviously supplies the emphasis
on slow electrons sought by Uhlenbeck and
Konopinski. A more detailed examination of the
Fermi and K-U allowed spectra will be made
during the exposition of the experimental data
in Section 4.
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FIG. 1. Kurie plots for the positrons emitted by Cu~ ac-
cording to Tyler (T3). The curves FI and F~ are Kurie
plots made in accordance with the Fermi theory I Eq. (21)j,
by using two sets of data resulting from the use of thin and
thick sources, respectively. The same data treated in
accordance with the KU modihcation (Eq. 22) give the
curves XUI and XU2. The correct theory should yield a
straight line. It is seen that the thin source data support
the Fermi theory whereas the thick source distorted the
spectrum toward apparent agreement with the EU form
over a large central section. The deviations of E U1 and
&Ug at the upper ends are typical of those mentioned in
Section 4(c). In the hgure, (&/f) =—&/pe'I".

4. THE EXPEMMENTAL ALLOWED SPECTRA

Great strides toward the elimination of falsify-
ing eAects in the measurement of the energy
distributions of P-particles have been made since
the introduction of Fermi's theory. One step is
demonstrated by the work of Richardson (R3)
and Alichanian, Alichanow, and Dzelepow (A1).
They were among the first to show that previous
experimental methods missed many of the slowest
electrons in the spectra of heavy elements; they
found that RaE, for example, had practically as
many electrons of near-zero energy as at the
maximum of the distribution. Another, and very
difficult, step was the study and elimination of
the overemphasis on moderately slow electrons
caused by thick sources, work most intensively
carried out by Flammersfeld (F7), Lawson (L3),
Tyler (T3), and Neary (Ni). Tyler's Cu~ meas-
urements (Fig. 1) show graphically the effects
due to scattering and energy loss in a thick
source. Finally, the necessity of especially long
runs in the sparse part of the spectra near their
upper limits was recognized first in the work of
Lyman (L7) and of Langer and Whitaker (L2).
The general experience of the various observers
seems to point to the conclusion that cloud-
chamber data are less reliable than recent P-spec-
trometer data, a fact which is principally due to

scattering in the gas of the cloud chamber and to
the statistical fluctuations which are more in-
evitable in data from that instrument than from
the spectrometer. The tendency of the experi-
mental data obtained by more and more im-

proved techniques has been to give less and less

support to the criticisms advanced against
Fermi's original spectrum (21) by Konopinski
and Uhlenbeck.

The comparisons of Fermi's allowed spectrum
with experiments are usually carried out by a
method introduced by Kurie, Richardson, and
Paxton (K4). The quantity (X/pWF)&, X being
the number of observed electrons per unit energy
range, is plotted as a function of the energy t/t/'.

It follows from (21) that this procedure should
yield a straight line with an intercept at H/'= W'0 if
the Fermi theory is correct. Similarly, (X/pWF)'
is plotted when the K-U distribution (22) is put
to a test. These types of graphs are usually
referred to as "Kurie plots. " Their chief advan-
tage is, of course, that they make the test of the
theory independent of the measurement of lVO.

If the theory is accepted, they provide a straight-
line-extrapolation method for finding the end
point.

Almost all except the most recent experimental
energy distributions seemed to give good agree-
ment with the K-U theory over the main body
of the spectrum. Most of the agreements should,
however, be discounted, for the following reasons:

(a) Many of the agreements noted were pro-
visional in that there was cause for doubting
the validity of the allowed approximations
[Sections 3(a), (b)] in the specific cases. The
distributions actually to be expected for such
cases may be very diR'erent from the allowed
spectrum, as will be seen in Section 6.
A criterion for judging whether a given ob-
served spectrum is allowed will be derived in
Section 5.

(b) As emphasized most recently by Bethe,
Hoyle, and Peierls (86, see also E2), there
are strong reasons for believing that many of
the distributions which show deviations from
the Fermi spectrum toward the K-U form
are in reality superpositions of two or more
simple spectra each leading to a different
state of the product nucleus. The extent of
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this possibility and the evidence for it will

emerge in the course of the further discussion
below.

(c) A glaring discrepancy in the application of
the K-U theory, even to indubitably al-
lowed and simple spectra, appeared when
the nudear masses became accurately enough
known to show that the former agreement
had been obtained at the cost of assuming
energy releases S'0 much larger than the
mass differences allowed (K4, B7, C2, H4).
Of course, allied with this were systematic
deviations of the Kurie plots from linearity
near W= Wo(L7, L2).

(d) As already indicated, it has developed that
errors in the spectrum measurements them-
selves had been grossly underestimated. How
errors due to thick sources tend to distort a
Fermi distribution into just the K-U type is
demonstrated by Tyler's measurements on
Cu~ (Fig. 1); the Kurie plots for the Fermi
theory give a better straight line with the
thin source data, whereas the thick source
falsifies the main body of the spectrum
toward better agreement with the K-U
theory.

Thus, the evidence of the spectra, v hich has
previously comprised the sole support for the
K-U theory, now definitely fails to support it.

On the other hand, complete and unambiguous
confirmation of Fermi's allowed spectrum is pro-
vided in only a small number of cases. The out-
standing example is Lawson and Cork's (L4)
carefully measured In"4 spectrum (Fig. 2). It
yields by far the most perfect agreement with
Fermi's allowed distribution shown by any data.
The difhculty characterizing the measurements
of most allowed spectra, that either the electron
energies are too low for an extensive range of
accurate measurement or that the half-life is too
short to maintain a good intensity, is for In'"
fortuitously absent. The 72-second P-decay, ap-
propriately short for the 1.96-Mev energy release,
follows upon a 50-day y-ray, so that measure-
ments can be carried out with leisurely accuracy.
Conversion electrons from the p-ray are easily
corrected for because they form only sharp peaks

oa os oe oe ENEROY (Mw), &
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Frc. 2. Kurie plot of Lawson and Cork's (L4) data on
In"', made in accordance with the Fermi theory. The near-
perfect linearity strongly supports the Fermi spectrum
[Eq. (21)j. In this figure, X is the number of electrons per
unit momentum range.

between 130 and 180 kev. That the In" 4 P-tran-
sition is indeed allowed will be shown in Sec-
tion 5.

CU6

The Cu~ positron spectrum shown in Fig. 1

was measured with the same precautions as In'",
but the lower energy release reduced the range in
which accurate measurements could be made. Xo
deviation from linearity in the Kurie plot appears
down to an energy below 0.3 Mev. The Cu~
negatrons, also measured by Tyler, show like
results. The deviations below 0.3 Mev may still
be due to scattering errors. Because Cu~ emits
both positrons and negatrons, the evidence that
the allowed approximations (a) and (b) of Sec-
tion 3 are applicable to both transitions is some-
what obscured, but is shown to be largely con-
firmatory by Table II.

Another allowed spectrum which has ap-
parently been measured with accuracy com-
parable to the cases above is the positron spec-
trum of N'~ (K1, L8, T2). Like Cu~, this shows
perfect agreement with the Fermi theory in the
upper part of the spectrum from about 0.6—0.7
Mev to the limit of 1.20 Mev. The deviation at
low energies, however, seems here to be definitely
beyond experimental error. This fact, together
with the existence of a 280-kev y-ray, found by
Richardson (R1) and observed to be emitted
coincidentally with annihilation radiation by
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Lyman (L8), makes plausible the existence of a
superposed low energy spectrum. Lyman reports
that his results are in agreement with the Fermi
theory for a y- to P-ratio of about 0.25, the limit
of the low energy spectrum being taken as 0.92
Mev. Watase (W5) disagrees with this, finding
that his spectrum can only be fitted by the Fermi
theory if the superposed spectrum has a limit of
0.6 Mev. The importance of this problem as a
test of selection rules will be described in

Section 7.

This certainly allowed spectrum (see Section 5)
was measured by Townsend (T2) and begins
deviating slightly from the Fermi form below
about 300 kev (end point, 981 kev). The devia-
tion may still be within the accuracy of Town-
send s apparatus.

Bethe, Hoyle, and Peierls (86) have hypothe-
sized composite spectra to explain apparent devi-
ations from the Fermi theory by 8", F", N",
OI~ and F'7. However, the spectra of 8",F"-0, 0",
and F" have so far been measured only by the
cloud-chamber method. Of these, perhaps the B"
measurement should be the most reliable because
of the high energy release (12 Mev). Bayley and
Crane's (83) 8" data agree well with Fermi's
distribution above 8 Mev, but deviate badly at
lower energies, by a factor 4 at 2 Mev. Fowler,
Delsasso, and Lauritsen's (F5) data agree better
with the K-U spectrum, but then with the cer-
tainly too large lV0=27. A superposed decay to
the known (C2) 4.3-Mev level of C" may explain
whatever deviation is not ascribable to experi-
mental error, but the y-ray has not been found

(83). Gronblom (G2 and Section 7) treats the
theoretical possibilities for composite spectra for
NI3, O", F" and similar nuclei. It will be seen in

Section 5 that all the nuclei mentioned in this
paragraph are indeed expected to undergo al-
lowed transitions with the exception of F",
which therefore may not be expected to have a
spectrum of the allowed form. It is interesting to
note that the semi-empirical mass values listed
by Barkas (81) lead to a F"-Ne" mass diHference

of 7.2 Mev, just the sum of the energies of the P-
end point (5.0 Mev) and the only known y-ray

(2.2 Mev). This argues for a simple spectrum, its
deviation from the Fermi form to be accounted
for by the fact that the transition is forbidden.

5. ALLOWED AND FORBIDDEN
TRANSITIONS

(a) In Theory

In the allowed approximation (Section 3),
there are produced in the formulas for the decay
probability certain nuclear matrix elements

f f f

=
[ fdic, &* QI.„Uf,hsted in (19). It

is obvious, therefore, that the magnitude of the
allowed transitions will also depend on how much
the operators of the transition, Qq, operating
on the initial state function U, can make it
overlap on U, the wave function of the final
nucleus. The amount of this overlapping will be
determined by the relative symmetry of the
initial and final nuclear states and can be ex-
pressed in terms of selection rules. Because
angular momentum and parity are always con-
served, there will exist at least* selection rules
with respect to these two quantities. The initial
and final nuclei (denoted by subscripts i and f)
will each have a specific total angular momentum

J and either even or odd parity. The eigenfunc-
tions U and V are orthogonal unless J,= Jf and
the parity of the two states is the same. If the
states dger in these respects then

~

J'
vanishes unless the operation. . . alters the
symmetry of U to one corresponding to the J and
the parity of V. The operation. . . corresponds
to a "carrying oA" by the light particles of the
difference (Jf—J;) in the angular momentum and
of the change in parity.

The polar vector form of interaction** (6b)
originally adopted by Fermi led to the nuclear
matrix element

~

J'1~ for allowed transitions.
The identity operator 1 certainly does not alter
the symmetry properties of U, and hence no
difference of total angular momentum or parity
between U and V can be allowed. Since the
operator P is a scalar just as 1, interaction form
(6a) yields the same selection rules for allowed
transitions. The pseudoscalar y~ changes sign in
mirroring transformations so the parity of y~?J is

* For further possible selection rules cf. Section 7.
**The symbol V used to denote the form (6b) is of

course not to be confused with V, the nuclear wave
function,
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TABLE I. Selection rules.

Interaction
form {63: Fermi (6b3 G-T (6c)

Matrix
elements

Parity
change

Matrix
elements

Parity
change

Allowed 0, %1
(No 0~)

no no

First for-
bidden

0, ~1
{No 0 0)

0 yes
0, a1 yes

{No 0~0)
0, &1, ~2 yes

(Noo 0, 1~0, ~

yes

+1, ~2
(No 1~0)

Second for-
bidden

no no

&2, +3
{No 0~2)

0~0

no
I
J'exrl no

I
J'e rl no

opposite to the parity of U. Consequently, the
interaction (6e) leads to the selection rules 5J=0,
(yes) for allowed transitions, the (yes) signifying
that the parity must change.

Selection rules very diferent from the original
Fermi ones result from the pseudovector and
tensor forms (6c) and (6d). Here, the Pauli spin
operator, the axial vector a, causes initial states
U to overlap on final states V in accordance with
the selection rules: 6J=0, &1 (no) with 0—+0

forbidden. Arguments that these selection rules
are to be preferred over Fermi's original ones, or
at least that they ought to be superposed on
Fermi's on the basis of expenmental evidence,
were advanced by Gamow and Teller (G1 and
below); hence, the name "G-T rules. "

Transitions which violate the allowed selec-
tion rules discussed above are described as
forbidden. In such cases, the nuclear matrix
elements obtained with the use of the first term
in the expansion (18), giving the allowed
transitions [approximation (b) of Section 3],
vanish, and so the second term of (18) is to be
used. It will, of course, yield transition proba-
bilities smaller than the allowed ones by a factor
of about ~p+q~'R'=1/100. The important fact
for the selection rules is that. it introduces into the
nuclear matrix element the vector r. In Fermi's
original interaction form (6b), this will lead to a
replacement of I f1

] by I fr
I
. The vector

character of r, like that of e, leads to 6J=0, ~1
(No 0—+0). Since r is a polar vector, rather than
an axial vector like e, a change of parity will be

required: (yes). The G-T rules for forbidden
transitions will be characteristic of quantities
formed from e and r. The results will thus contain
matrix elements expressible in terms of the
irreducible representations:

~ fe r ~, a pseudo-
scalar;

~
feXrl, a, polar vector; and ~fo,x,

+aux; —(2/3)8;p" r~, a symmetrical tensor with
zero spur. The corresponding selection rules are
given in Table I.

When forbidden transitions are considered, not
only must the smaller terms of the expansion (18)
be reconsidered but also the small second terms in

(6b), (6c), and (6d) must be readmitted. Only the
first term of (18) need be used in evaluating these
small velocity terms. This procedure is the
proper one because a given case presents the
problem of finding a transition probability for a
given total spin and parity change; the velocity
terms, evaluated with the first term of (18), can
be seen to give the same class of selection rules as
in the last paragraph. For example, e is a polar
vector just as r and will therefore lead to selection
rules for

I feJ the same as for
J fr[.

Of course, in cases for which neither the
allowed nor the first forbidden selection rules
of the above paragraphs are obeyed, one must
continue introducing higher powers of r from
(18), thus obtaining selection rules character-
istic of second forbidden, third forbidden, etc. ,

transitions.
Table I contains a summary of the selection

rules for allowed, first forbidden, and second
forbidden transitions for two of the interaction



BETA-DECAY 22i

).0-.

0 P.O SO l00

RR t~:::-"--~ ~ gl ~ IW-, ~

~-+ . "' 1'"
+.

' . ' '. """".:-,:".""' ' ":" +
s" '+H "+
4: +" "~',:
~+. ~ ~ +- ~ ++ ' +. . .;

&m+5+ %AH. sW +H+ 'H+ ~+ t+fi H
gj& M'4m~& —.

"jttt M:4s Ii I i ,'j.j -.jj.jjjjjjj&' ', '; ';;,'', g.'g4.+ s:. ::".::-:. .":::::.: w:. . ::: .+ ~"w. -. ::i.~+am::. :::.:.*:: . :.s%:W-.:+~-~

'. .:.=;,:;",++|+I:: '.

I 2 5 e 5

.:.::.:i Wt +'+I' """"."":-.
' .' i i. ++I+ ~ +I+ i+4 f, . . . . .' .': "+".*~

+. + ~44, , ;.. . , si +w s.

+i "'" ' + i+" ~ si+ ~ --+ M 0 ""S . t ~m +Hi s gt ~-:"'j".j
. +t"- +. $" .'.'. "..t+fi Ir".-. t."..-. ''

k.

JW+ 3+I"+if

9 t5

FIG. 3a. The functions a(Z) and ts(Z) [Eq. (24a)]. u+ and ts+ are for positrons;
log~p u and 10m for negatrons. For the two curves extending ofF scale, the affected
ordinates are lowered on the graph by 0.3 unit from their proper values, as indicated.
F)6. 3b. The function 1ogqp f)(W'p}, fEq. (24a}j. The inset is for a contracted scale of
energies as indicated. The dotted curve is logIp f(0, Wp} of Eq. {24a).

forms (6). The polar vector form V of (6b)
gives Fermi rules and the tensor form T of (6c)
gives G-T rules. Selection rules for the other
three forms (6) are easily constructed with these
as guides (K3). In the columns headed "matrix
elements" are given symbols for the matrix
elements which will occur in the several cases. In
the next columns are given the selection rules for

R;;=
~

J'x;x;—(I/3)b;, r'~,

A;;=
~

J'a;x,+n;x, —(2/3) b;;e r ~,

B,r ~

J's ~,+cr;x;—(2/3) 8,,e r ~,

(23a)

(23c)

which the corresponding matrix elements will not
vanish. The various tensors concerned are, leaving
out P's, which are of no practical importance:
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TABLE II. Empirical dassihcation of allowed and forbidden transitions.

Emitter Radiation
Half-life

(sec.}
W»

(773m 2)

Refer-
ence Emitter Radiation

Half-life ~e
(sec.) (773c')

Refer-
ence

Group OA:

Be'(1)
Be7(2)
C11

N»(f)
N»{2) ~

O15

F l7

Nels
a21

Mg»
F125

Si27

P29

$31

Cl»
A35

Sc41

He»
Cin

F ls

Als»

Cl»(2)

I-I 3

{Alss(2}

Group JA:
Lis

1»

F20

Na24

Al»(f)
Sc44
Sc4»

P3»

C134

VSS

K
K, v
p+
p+

P+, v
p+
p+
p+
p+
p+
p+
p+
p+
p+
p+
p+
p+

P
P
P ~ v
P v
P, v
p+

P

5 X10»
5 Xf07

1230
750

3000
125
64

20.3
23

11.6
7

4.9
4.6
3.2
2.4
1.9
0.9

0.8
9

6720
7

6660

109
0.022
&144

0.88
8

12
5.3 X104
( &)144
1.4 X105
1.6 X105

153
1980
462

0.70
—0.18

2.86
3.35
2.8
4.37
4.78
5.31
6.00
6.52
6.85
7.93
8.16
8.57
9.14
9.57

10.68

8.25
7.57
2.37
6.85
2.3

1.03
24.5
3

24.5
12.7
10.8
3.74
Z.45
3.89
2.26

6.87
5.90
5.50

2300
5610
3460
5480
8100
4160
3350
1840
5330
3090
2400
3550
3800
3260
3420
3450
2480

1160
5970
5850
2400

11000

1410
6600)110Q

2.8 X10'
1.Q X105
0.7 X105

12.7 X105
( &)1.5 X105

1.9 X105
2.S X105

0.5 X105
2.8 X105
0.4 X105

H4
H4

L8
L8

WS

WS

W9
B2
W8
WS
WS
W8
E1

02

K3

$6
$6

Group OB:
V52

Mn»
Mn»
Mn»»(2)
Ni»
Co»0

Cnsl

Cu»2

Cll»4

Zn»3

Zn«
Ga» S

Ga70
Ge75

As»
Se(»1)
Br'S
Br»3
Vr&»&

QSS

( b94

( b»5

Mo&»&

43101
Rh'»4
Ag106'

Ag103

Agl 1»

In 1 1»

In&»»
114

In 11»

In117
Sb120

I12»(2)
Bal»9

P
p+
P+, v
P v
p+

P, v
p+
K
p+

P
p+
K
p+

P
p+

P, v

P
p+

P
P+, v

P
p+
p+

P ~ v
P
p+

P
P
P'(K)
P
P, v
P+
P+, v
P
P
P, v
P, v
p+

P, v
P

234
2760
1260

3 1 X104
1.3 X105

640
&1.3 X104

&1.3 X104
630

&4.6 X104

&4.6 X104

&4.6 X104
2280
3420
408Q
1200
4860

1.8 X105
1140
384

8400
1 2 X105

7200
396

4500
1020
540
44

1470
138

22
3900
1380

72
13

3240
7020
1020

& 1500
5160

5.01
4.9
5.3
3.0
2.29
3.94
2.76
2.76
6.1
2.13
2.29
2.29
5.5
2.96
4.72
4.33
2.97
2.17
3.9
5.5
3.1
2.0
2.34
3.74
3
6.2
3.2
5.5
5.0
6.5
6.5
4.13
4.33
4.88
7.25
2.66
4.39
4.00
5.2
3.0

4.2 X104
11.3 X104

6.2 X104
9.6 X104
6.5 X104
3.6 X104

&2.4 X 104

)1.0 X10'
8.4 X10'

&6.6 X 104

&2.2 X104
&2.2 X104
15.5 X104
4 3 X104

12.0 X 104
13.0 X104
7.6 X104
5 7 X104
7.7 X104
2.4 X104

13.5 X104
1.7 X104
0.5 X104

2.8 X104
9.7 X104

12.0 X f04
1.7 X104
2.2 X104
4.6 X10&

18.3 X104
2.9 X104
4.3 X104
1.9 X104
2.4 X104
3.4 X104
4.8 X104

14.1 X104
1.0 X104

&10.0 X104
18.4 X104

T2
D6

$1
$1

I 4
L4

e23

Mg27
@129

Sj»3
A41

Ca45(2)

Group 8A

Na22
P32

Cl3»(1)
K42

Ca4'(1. )

elo
C14

Cl»»
+40

Group OB:
$35

Sc43
Tj45
V'»7

(7Jrtd I35gIter A}:
P+. v(K)
P
P
P
p+

P

P. v
P
P (P+, K)
P

40
612
402

1.0 X10&
6600

&1.6 X107

& 103

1.2 X10»
3330

4.5 X104
1.2 X10»

&1.6 X10'

1013

&f0»
&10»

4.5 X20&»

7.6 X10»
1.4 X104
1.1 X104

1980

9.03
4.52
5.89
4.52
3.94
1.4

2.08
4.37

10.38
7.84
3.74
2.8

2.1

1.28
2.4
2.4

1.21
3.S4
3.35
4.72

1.0 X105
0.4 X105
1.0 X10'
7.6 X10'
2 7 X105

&5.0 X105

)1.5 X107
8.6 X107
2.1 X107
6.8 X107
1.3 X107

& 10.0 X10'

0.6 X10'3
)4 X109
&2 X10»
9.9 X10'»

1.9 X10~
12.0 X104
5.5 X104
6.9 Xf04

C3
R7

BS

Group IB:
Ca49

Sc4»{2)
Sc»7

Sc49

fAD»1

+4»

Mn»»(1)
Fe»9(1)
Fe»(2)
Ni»'
CU»»

Ga»»

Ga'4
Ge7'
Ge77

As74

As'S
Br»0

Br»2

Kr SS

Rb»
Zr»9

Mo&»»

43

P, v
P . v(K)
P, v
P
P, v
P+(K, v)
P, v
P, v
P, v
P, v
P
p+

P
p+

P
P', v(P )
P
P
P ~ v
P
P ~ v
p+

P, v
P. v

9000
&7.3 X10»

2.3 X105
3490

6 2 X10»
&1.4 X10»

13,300
8 X10»
8 X10»

9350
300

3 4 X104
7.9 X105
1.1 X105
2.9 X104

&1.4 X10»
3780
1080

1.2 X10'
1.1 X104

900
2.8 X105

1140
3300

5.5
1.5
3.15
4.53
1.72
3.0
6.63
1.9
f.S

4.Z2

6.6
7.1
2.57
3.25
4.72
2.8
3.74
4.92
2.37
5.6
8.5
3.0
4.5
5.9

2.1 X10»
&5.6 X10»

3.1 X10»
0.3 X10»
1.3 X10»

)3.4 X10»
S.S Xios
4.2 X10»
0.8 X10»
1.3 X10»
0.2 X10»
1.2 X10»
4.2 X10»
0.4 X10»
4.9 X10»
1 9 X10s
0.2 X10»
0.3 X10»
0.5 X10»
5.0 X)0»
3.8 X10»
0.4 X10'
0.2 X10»
2.3 X10»

T2

S1
S1

W6
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Emitter Radiation
Half-life W'8

(sec.) {zz»c3)

Refer-
ence Emitter Radiation

Half-life Wo

(sec ) (zz842)

Refer-
ence

Group 18."
Pd(10z)
Agl13

Cd 11»

Sb138(2)

I188(1)
I131

Csl34
Ce&143)

Dyi»5
HplBB

W187

Os 193

A11198

Group 8B
Fe»9(f)
Cp»8

Ga78

Asz4

Rbss
Rbss
Sr89
~98
Mp&»)

Sb138(f)
I138

Eu
W185

P ~ v
P ~ v
P ~ v
P, v

v
P

P
P, v

v
P ~ v

(aw(E higher B):

4.7 X104
1.2 X104
2.2 X10»

&2.4 Xfo»
& 1500

6.9 X10»

1.1 X104
1.3 X108

9000
1.3 Xf0»

8.3 X104
3.9 X108
4.0 X10'

&4.1 X108
6.2 Xfos
5.0 X104

&1.4 X108
1.7 X108
1.1 X104
4.8 Xfos
2.2 X10»

2.4 X10»
2.4 X105
1.1 X108
&3 Xioz
6.7 X108

3.0
5.3
3.2
2.6
5.1

2.16
3.0
1.2
4.7
4.2
3.15
1.69
1.7

2.76
3.66
6.1
3.4
4.05
5.6
3.94
6.1
3.9
4.45
3.2
2.6
1.9

&0.3 X108
0.6 X108
0.3 X108

&0.4 X108
1.5 Xios
5.0 X ios
3 8 X10s
1.8 X108
0,4 X108
0.6 X108
0.6 X108

0 X108
0.4 X108

IIS
w6

1 2 X108
5.4 X108
8.2 X108

&3.2 X108
&0.7 X108

3.9 X108 D3
o.4 X1os

8.4 X108
5 4X10
4.9 X108

11.0 X108
3.9 X108 s4
2.0 X108

Rel8B

R e188

Os191

Ir194

All 198

P

P, v

P. v

Rbsz

Group

T}304

AcC"
ThC"
ThB
RaB
AcB
UX3
U33Z

P, v
v

P, v
P, v
P v
P, v
P, v

Group 1C:
ThC
Rac
Ms Thl
MsTh3
93239

RaE

P, v
P, v
P, v
P, v
P, v

Group 8C:
Ac

Group gB {and higher B):
3.2 X10»

6.5 X104
1.2 X10»
6.8 X104
2.3 X10»

3.1
5.9
3.94
5.26
2.6

6 X10'8 1.26

253
291
186

3.8 X104
1610
2100

68
6 X105

4.1

3,73
4.51
1.70
2.27
2.23
5.5
1.5

3630
1180

2 1 X108
2.2 X104

2 X105
4.3 X10»

5.4
7.1
1.1
4.1

1.9
3.3

4.3 X108 1.4

0.5 X108
1.5 X108
0 6X108
1.0 X108
0.1 X108

4.8 X1018

1.3 Xioz
1.7 X10z
1.0 X10z
2.5 X10z
O.4X1Oz
9.8 X1oz

BS
BS
L4a
L4a

0.5 X109 L4a

2.0 X10»
1.3 Xf0» B5
2.8 X10» B5
1.5 X10» B5
0.5 X105 B5
O.6 X1O» L4a
2.7 X10» B5

16.4 X10»

(23d)

—(4/5) 8 ('i'»)(r ' r
I

(23e)

in which the enclosure of subscripts in parentheses
means that there is a term for each permutation
of the subscripts. Some of the matrix elements
occurring in the second forbidden transitions
repeat the allowed selection rules. Since only
the allowed matrix elements will be noteworthy
for cases obeying the repeated selection rules,
the corresponding second forbidden rules are
omitted from the table together with those ma-
trix elements which thus fail to yield new rules.

Transitions with J=0—+J=0 and J=0~J= 1

have certain special properties. Thus, 0—+0 transi-
tions with parity change are not obtainable
through the interactions 5 and V of (6) in any
approximation. Similarly, the pseudoscalar and
axial vector interactions I' and A do not provide
for 0~0 (no) transitions. These facts are the
results of the impossibility of forming the scalar
needed for 0—+0 transitions out of an odd number

of vectors only one of which (e or (r) is distinct
from the others (r's). The scalar interaction
further prohibits completely 1~0 (no) transitions
because of the impossibility of forming a vector
out of an even number of identical vectors. For
similar reasons, the pseudoscalar fails to provide
for 1(-)0 (yes) transitions. If it should happen
that for a given case the only levels energetically
available through the usual P-process require
transitions violating rules of the character dis-
cussed here, then the nucleus will only decay
through some less usual process. In the analogous
case of electromagnetic radiation, two-quantum
transitions take place. Perhaps, here, for example,
a p-ray would accompany the usual electron-
neutrino pair. It is to be noted that the tensor
interaction T imposes none of the limitations
discussed in this paragraph.

(b) Empirically

Allowed and forbidden transitions are dis-
tinguishable experimentally through the com-
parison of the observed half-lives of the P-
emitters, after due allowances for difI'erenees in
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nuclear charge Z and energy release 8'0 are
made. A speci6c procedure for this follows. From
(4) and (21), one has for the mean life r in allowed
transitions:

1/. =(G ji' "j /2 )f(Z, W.), (24)

wht re

~o

f(Z, Wo) = l d WW(W"- —1) i(WO —W)'F(Z, W).

In an approximation (N2) which is valid for
W0»1+ (o.z)'/2:

f(Z, Wo) =n(Z)(W" '

X j o(W,) —w(Z) (Wo —1)'j, (24a)

4 x
j az j (1+s)

u(z) = (2R)" "--

(»~)'-

o(WO) = (Wo' —10WQ+15W, —6) i30,

w(Z)=-,'~jnZj je-"-'—1j-'.

pmc is some average of the electron momentum.
u, v, and m are plotted in Figs. Ba and 3b. The
formula (24a) does not approach the correct
Z=O limit although the error is negligible for
Wo»1 (in the development, —',W' is considered
small compared to unity). For Z=0, one can use

f(0, Wo), plotted in Fig. 3b. This curve is inaccu-
rate for (Wp —1)—+0, in which case one has

(W10):

f(0, W0) =0.216(WO —1)"".for (Wo —1)(&1. (24b)

A good approximation for f(Z, Wo) with ZWO
and (Wo —1)((1 is easy to obtain only for

negatron emitters (Z) 0):

for ( Wo —1)«2s'u'Z' (24c)

The comparable formula for positron emitters
(Z&0) contains so many terms of nearly equal
magnitude that it is inconvenient to use. An

additional error of less than 10 percent, in most
practical cases, is introduced if one uses for posi-
tron emitters with (W0 —1)«2irma'Z' just (24c)
multiplied with: exp (—2irjnzj/j 0.6(Wo —1))i)
These last approximations for f(Z, Wa) have a
range of validity which overlaps the range of

(24a), while both degrees of approximation are
stiU more than adequate for their purpose here.
The formula (24a) is adequate for most of the
cases to be treated.

Values of the product ft, with t the half lif-e,

are given in Table II, for P-emitters whose energy
releases and lifetimes are known. The quantity
ft should be independent of energy release and
charge for allowed transitions, and further,
should be distinctly greater for forbidden transi-
tions than for allowed ones. A rough measure
of the magnitudes to be expected for the ratio
of the ft value of a forbidden transition to the ft
values of transitions one degree less forbidden is
given by

1/j p+qj'R'=1/(P'+g')R'=1/(W R)."

As mentioned before t'Section 3(b)), for heavy
enough nuclei this magnitude may be replaced by
(2/aZ)2 for the ratio of first forbidden to allowed
values of ft Anucl. eus will be heavy enough if
its atomic number Z surpasses a certain critical
value Z, which can be defined by the equation
of oZ/2 to WOR. Using for R(h/mc) the value
1.5.10—"A& cm and A =2Z, one obtains:

W, ~R~
Z, =4

j
—

j
=1.6W, i.

a EAi)

As will be seen in Section 6, there is at present no

way (because of ignorance concerning the precise
5J and parity change) of predicting for exactly
which nuclei with Z»Z. , (az/2) replaces (WOR).

In the first column of Table II are listed the
isotopes for which the ft values were calculated.
Occasionally, the isotope symbol is followed by
the symbols (1) or (2). This signifies that for
the isotope in question a complex P-spectrum
has been reported. The symbol (1) refers to the
high energy P-transition and (2) to the less
energetic one. The second column gives the type
of radiation emitted: p and p+ signify negatron
and positron decay, respectively. X means X
capture, and y signifies that y-rays are also
emitted. When an isotope emits not only the
radiation for which the calculation was made, but
also other types, these are denoted in parentheses
following the symbol of the radiation actually
being considered. For example, Cl" emits not
only the negatrons to which the data in its row



apply, but also emits positrons and captures E
electrons as sign i6ed by (P+, Z).

The third column of Table II gives the car-
rected half-lives of the various activities, in
seconds. The corrected half-life coincides with
the observed half-life only when the isotope emits
only one type of radiation and with a single
energy release. The time which it is appropriate
to use in computing the ft value of complex
decays is the inverse of the partial decay constant
responsible for the transition in question. Ac-
cordingly, for a pair of transitions from the same
nucleus one uses times t j and t2 determined by the
observed half-life t=(t 'i+km ') ' and the in-
tensities Ii, I2 of the emissions (Ii/Ig = f2/ti). In
only a few cases are the relative intensities known
(Be', N'~, CP', Mn"), this being indicated by the
fact that definite values are given ti and t2 in these
cases. For all other isotopes the observed half-life
is used, even for transitions known to be complex.
For these latter cases, the symbol & precedes
the half-life value since it is certain that the
corrected half-life is greater than the observed
one. The error produced by this will rarely exceed
a factor 2 or so, because if ti and t2 are too
diR'erent one of the transitions would have had
too low an intensity to be observed.

The fourth column of the table contains the
end-point: energies of the P-spectra, in units of
mc', with rest-energy included, consistent with
the definition of %0 in earlier chapters. The
quantity ft computed as outlined above is given
in the fifth column. The method of computing f
for Z capture is given in Section 8.

The last column contains the references for the
various cases; only references consulted in addi-
tiom to Livingood's (L5) and Seaborg's (S3)
summaries are given.

Certain isotopes require special comment.
The complex transitions of Be' and N" are

treated in more detail in Section 7. There, doubts
concerning the existence of complexity for N"
will be discussed.

The H' decay is the only one in the table for
which it was necessary to use the formula (24b)
to obtain f

Following White, Delsasso, Fox, and Creutz
(W9), we take the same energy and half-life
values for AP' and Al'6. These are probably
identical within experimental error, 512' has not

yet been produced without the accompanying
Al" radiation. When AP' is produced by itself
(Na+n-n), the lifetime of 7 sec. is observed.
This value is about the expected one for AP' from
the theoretical standpoint (Section 7), i.e., the
energy release is the same as one expects for the
difkrence in Coulomb energy between AP'
and Mg".

Al" decay has not been shown complex by ex-
periment, but probably is complex because the
nucleus emits a 2.3-Mev y-ray, yet its P-energy
release is 3.2 Mev exactly as expected from
Barkas' semi empi-rica/ mass values (Bi) for a
transition to the ground state of Si". In a similar
way it can be concluded from Barkas' masses
that F"and K" undergo simple transitions even
though they emit p-rays.

There are a great many cases of y-radiation
which may indicate complex transitions; how-
ever, one cannot be sure that the radiation does
not follow a simple P-transition instead, so the
possibility of complexity is ignored. It is ignored
even for the natural radio-elements because of
conflicting evidence on this point. As pointed out
above, such a procedure will not lead to signifi-
cant errors for the transitions considered.

The elements in Table II are divided into
groups A, 8, C roughly according to atomic
weight, group A consisting of the lightest nuclei,
8 of heavier ones, and C almost exclusively of the
natural radio-elements. OA, 08, and OC are the
allowed transitions in each group; 1A, J8, and
IC the first forbidden ones, etc. , from eke em-

pirical standpoint. Comparisons of the ft values
characteristic of nuclei in OA, 08, and OC give
the reason for the grouping according to atomic
weight. The ft values in OI3 and OC are pro-
gressively larger tha, n in OA. This phenomenon
was first pointed out by Nordheim and Yost
(N2). Qualitative reasons for it are discussed
in Section 7. There was, of course, some arbi-
trariness in setting the boundaries between the
various groups of Table II. The transition from
OA to 08 is fairly distinct, in accord with
the Wigner picture to be discussed in Section 7;
but, for example, the boundary between lA and
18 is less definite. Still more arbitrary, however,
are many of the distributions of members among
&he pl]owed, fj.rs& forbidden, etc. , groups. In
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general, an attempt was made to give each group
as homogeneous ft values as possible. The most
uncertainly grouped cases are easily spotted by
the wide deviations of their ft values from the
norm of their groups.

It is necessary to emphasize that the groupings
made in Table II are to a great extent provisional,
especially because of the lack of distinguish-
able gaps between the ft values of the different
classes of nuclei ~ Many of the assignments of
nuclei to the various classes mill turn out to be
mistaken for several reasons. First, a constant
ratio of about 1/100 was assumed to exist be-
tween the ft values of two classes differing by
one degree of forbiddenness. Actually, this ratio
is a function of atomic number and energy
release, as mill be more completely shown in

Section 6. The assertion made at several points
above, that sometimes the ratio is measured by
(WOR)2 and sometimes by (nZ/2)2, is an indi-

cation of this and of the further fact that the
ratio also depends on precisely what change of J
and parity takes place of the several changes
possible at the given degree of forbiddenness.
Another factor contributing to the fluctuations of
the ft values is the operation of further selec-
tion rules than those on J and parity. Such rules
will be discussed in Section 7. Their violation in

a given transition may cause its ft value to
assume the magnitude characteristic of a more
highly forbidden transition (in the theoretical
sense according to which the degree of for-
biddenness is determined solely by AJ and the
parity change). A 6nal effect which might be
mentioned is one not always expressible in terms
of selection rules, that is, the incomplete over-

lapping of the radial part of the state functions.
This may exist even for two states which coincide
completely in orientation symmetry and always
results in a diminution of the matrix element.

Such tables as II are intended to take the place
of the well-known Sargent diagrams (S2). In the
diagrams, it is awkward to take into account
diR'erences due to atomic number, character of
emission, etc. The subdivisions 0, 1, 2. . .
of the table correspond to the first, second,
third. . . branches of Sargent's curves. An im-

proved version of Sargent's diagrams has been
offered by Evans (E3). Tables of the type given

here have been published by Bethe and Bacher
(BS), by Nordheim and Yost (N2), and by
Itoh (I3).

4sp'dp 4irg' W(W' —1)&dW (Wo —W)'

(2s.)' (2s)' 2n' 2%2
(26)

which can be expected to emerge from almost any
conceivable theory involving the sharing of an
energy TVO between a pair of particles. Further,
the allowed transitions make no distinctions,
at least as far as dependence on energy is con-
cerned, between the various forms (6) which can
be given to the theory. There is hope that the
forbidden spectra can be made to provide more
thoroughgoing tests.

From the last section (especially Table I), it
is seen that a variety of nuclear matrix elements
may occur in the expression for the probability
of a forbidden transition even with a given
spin and parity change and a choice of a par-
ticular one of the five interaction forms (6).
Prior knowledge of just what matrix elements
must be present in the final answer shortens con-
siderably the problem of finding the coefficient
of each. The computation was carried out by
Uhlenbeck and Konopinski (K3) for each of the
forms (6), and an analysis on the basis of the
K-U theory was given by Hoyle (H6).

The Uhlenbeck-Konopinski results will be
listed here, in terms of a correction factor,
(2/1+s)C/l J' l', by which the allowed dis-
tribution formula (21) must be multiplied to
give a forbidden spectrum. The connection of
C with (lHl')«of Eqs. (3) and (19) is thus
defined by:

(27)

In the approximation aZ&(1, which produces an
error of only 10 percent or so even for nuclei as
heavy as Ra, the results for the first forbidden

5. FORBIDDE1V g-DECAY

(a) The Spectra

The allowed spectra treated in Sections 3
and 4 cannot be entirely decisive as a test of
Fermi's theory. The dependence on energy shown

by Fermi's distribution (21) is due almost en-
tirely to a statistical factor (K2, Ui):



correction factor Ci for the various forms (6)
are (again leaving out the unimportant oper-
ators P):

Ci,g ——
i

J'ri'A,
Civ=! fri "A++

i f~i'

(28a)

Cii =
i
J'vari'-'A-,

a = [(Wo —W)'+ W-"—1$/36,

8 =2(W' —1)(WO —W)/9W;

(28e)

A ~ = 12a ah+ (uZ/2R) '
(29)

+(cxZ/3R)[(W —W ') a(WO —W) j;
B= '(W —W ')+aZ/2R.

A+'=A + —6a, A ~"=A + —8a.

One sees from Eqs. (29) how important a role is

played by the nuclear radius R. Its occurrence is
due to the evaluation of the electron wave
function, which has a singularity at the origin,
at the surface of the nucleus. Perhaps some
average of the electron wave function in the
interior of the nucleus ought to be used instead,
but no more is known of what such a wave
function could be than just that it must connect
with the exterior function at the surface.

The correction factors C as given by (28) all
contain the term (nZ/2R)' except for the selec-
tion rules DJ=+2 (yes), which m'ake all the
nuclear matrix elements except the tensor 8;; of
(28d) and (28c) vanish. This veri6es the state-
ment made in Section 3(b) and again in deriving
(25) that for heavier nuclei (aZ/2)' may often,
but does not always, replace (WOR)' as the ratio
of the first forbidden to the allowed transition
probabilities.

Lack of knowledge concerning the relative
magnitudes of the various nuclear matrix ele-

—[&(J'r) (J'~)'+c c ]» (28b)

fo Xr ['A '+
i f0.

f

'-'

—[{J'a Xr) (J"n)'+c c ]B. .

+ i

J'e ri'A. "+P;,iB,, i-'. 3a, (28c)

Ci.i=
i

J'~ ri'A+" + I
J'vsi"-

—[i(Jar)'(f ys) +c.c.]B
+ i

J' Xri'-'A '+p;;iB;, i'3g, (28d)

ments contained in the expressions (28) makes
the investigation of the energy dependence of
the factors C difficult except for C~8 and Cjp.
The factors Ciy, Ci~, and Ci~ become equally
simple only for special selection rules. They will

therefore be discussed in terms of arbitrary
values for the ratios of the various matrix ele-
ments involved. This will of course give un-

warranted freedom to the fitting of these factors
to experimental data, so conclusions are to be
drawn with this in mind.

A few general statements can be made about
the dependence on energy of the correction
factors (28):

(1a) For &1=&2 (yes), possible in the first
forbidden approximation only for Cjy and
C~~, the energy dependence is determined
by a of (29). It is representable by a
vertical parabola with a minimum at
W'= —,S'0 having less than half as great a
value as at W'=8 0. The influence of the
nuclear charge Z on it is very slight.

(1b) Excepting case (1a), all the Ci's a,re inde-
pendent of energy for great enough nuclear
charge [Z»Z, with Z, given by (25)] be-
cause the term (aZ/2R)' becomes dominant.
Thus first forbidden spectra of heavy ele-
ments are nearly identical with allowed
spectra, for AJ=O, ~i.

(1c) It may happen that first forbidden spectra
take the allowed form even for light nuclei
according to C~~, Cig, and CI~. If it should
happen that

i
J'e

i

' in Cii or Cir, or i fys f

'
in Cig has a dominant magnitude, then the
C becomes practically a constant.

(1d) Cis and Cii, for which the dependence on
energy is definite, have substantially the
behavior described in (1a) for Z((Z, . For
Z=Z„ they are monotonically increasing
functions of lV.

(1e) A definite result is also possible for Cip in
0—+0 transitions and Ci~ in 1+-+0 transitions.
In each case only a single matrix element
does not vanish (see Table I). The energy
dependence in these cases is very similar to
that of Cis and Cii as described in (1d).

Only a small number of forbidden spectra
seem to have been measured with sufficient
accuracy for the ratio of the observed to the
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theoretical allowed spectrum (essentially the
factor C) to be adequately reliable. These seem
to be limited to Lawson's (L3) Na" and P",
Flammersfeld's (F'/) and Neary's (N1) RaE, for
all of which source thicknesses less than 4 mg/cm'
were used. Moreover, the last two nuclei do not
emit p-rays, which could obscure the results.

Of these only Na" probably undergoes a first
forbidden transition (Table II). Its spectrum
agrees closely with the allowed distribution
(21) from its upper limit of 1.39 Mev down to
0.4—0.5 Mev. Its ratio to the allowed spectrum
then begins to rise fairly rapidly, up to 1.5 at
0.1S Mev. Coming at such a low energy, the rise

might be spurious on three counts: It may be due
to scattering, although that seems unlikely; it
may be due to a superposed (allowed) low energy
spectrum; or it may represent conversion elec-
trons. The existence of a 1-Mev y-ray, together
with other more energetic ones (R2), would sup-

port either of the latter hypotheses. On the
other hand, Langer, Mitche11, and McDaniel,
(L1) and Feather and Dunworth (F1) 6nd no

more P-y-coincidences per P-particle with low

energy P's as partners than with high energy P's,
which points to a simple spectrum. This seems

to leave only internal conversion of the y-rays
to account for extra slow electrons. The intensity
of these seems high for conversion in as light a
nucleus as Mg'4. On the other hand, the y-rays
may very well have a high multipole character
to account for their high conversion rate, as will

presently be indicated.
For Na", therefore, it seems likely that the

correction factor C must be substantially inde-

pendent of energy. This rules out the selection
rule DJ= &2 immediately [see (1a)]. Accord-
ing to (25), Z. =12 here so that C&8 and C~~

become increasing functions of W [see (Id)]
and indeed prove to increase so much that
they can be definitely ruled out. C&~, C&z, and C»
can all be made to yield approximate inde-
pendence of energy [see (1c)] by assuming

f
J'ef' or

f
J'yqf' to be much larger than any

of the other matrix elements. Such assumptions
would perhaps not be too implausible. It was
s«n in Section 3(a) t»t th«a«os

f
J'~

f
'/

f

J'~
f

'

and
f
J'ys

f
'/

f

J'cr f' are expected to have values
of about 1/100, whereas (WDR)' and (uZ/2)2,
either of which may determine the size of the
terms without the

f
J'y~f' or

f

J'ef', each have
about the magnitude 2/1000. On the other hand,
Table II gives Na'4 an ft value about 400 times
as great as the allowed value. This may not all
be caused by the violation of the allowed spin
and parity rules, however (Section 7).

Thus, if Ci~ can be said to be correct, Na"
must obey the selection rules: AJ=O (yes). If
Ciy or Ci~ is the right form to use, the selection
rules are EX=0, &1 (yes) and not 0—+0. The
information is available that Na" never decays
to the ground state of Mg", which is expected to
have J=O. The absence of the transition be-
tween ground states, in spite of a substantially
higher energy release that way, must be due to
a high J value in the ground state of Na'4. The
excited Mg ' state to which the transition goes
must therefore also have a fairly high J value
since it is only first forbidden. A high multipole
character and a consequently high conversion
rate for the p-rays in the transition of Mg'4 down
to its ground state are then not too implausible.

To discuss the remaining cases of those quoted
above, P" and RaE, it is apparently necessary
to consider the correction factors for second for-
bidden transitions:

C, =P„fR;,f' D.
C~y ——g;, f

R,; f

'D++ P;, f A;, f

-'3a
—[iP;, R;P;, +c.c.] E

(30a)

+
f

J'n. r f'- 2 "+P;,fA;, f'-3a

+P;;f T;;f'(1/12)[3Di —c]
—$Q;,T;P;;*+c.c.] -', Z; (30c)

+P;;,. f
S.;,, f

"- (c/36); (30d)

c= [3(W-'—1)'+3(WQ —W)'

+ 10(W'-' —1)(WD —W)']/90,

+ f
J'sXrf' A '; (30b)

C2r = 2*vI ~* kf'(c/36)
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Fio. 4. The ratio of the observed numbers of RaE elec-
trons at each energy S' to the number expected according
to the allowed spectrum (21). X=W0—8'. The dotted
curve (K3) is the theoretical result for the ratio as given
by C&z (30c) when fitted at the points indicated by arrows
by appropriate evaluation of the ratio of two nuclear
matrix elements. 5;;s and'

,
J'rt r~ were set equal to zero

(.'. AJ/0, ~3}.The value A;;/T;;= —5.8 was found to
give a fit as shown. The ordinates are on an arbitrary scale.

(2b) Excepting case (2a), all the Cs's decreasL
nearly as (Ws —W)' for Z))Z, .

(2c) Css and Csi have a definite dependence on

energy which is much like that described in

(2a) for Z«Z. [see (25)]. Even for Z)Z,
they exhibit pronounced minima followed

by a rapid increase as the energy approaches
the limit. The effect mentioned in (2b) is
able to set in completely only for end-point
energies much less than 1 Mev even for
the heaviest elements.

(2d) For 0~0 transitions, Csr assumes a definite
energy dependence much like that of C~8.
For 2~0 transitions, C2~ is definite and
very nearly like C2~. Finally, C2& becomes
definite for 1~0 transitions and gives a
distribution much like Ciq again. Of course
parity changes are not allowed in any of
these cases.

P" and RaE

36 o.'-'Z'-

D~ =c+—ah+ —[W'-' —1+4(Ws —W)'-']
5 48R-"

+ ', (W—1/W) [10(Ws—W)'-'

908

+3(W' —1)]+(W)) —W)

(31)

X [6(Ws —W)'-'+5(W-" —1)]I,

1 (W-' —1)'-' 1
& =—(Ws —W')"+ — +-i)Wo

30 lV 4

0!Z
+ [2(W), —W)'-'+(W'-' —1)].
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C2p depends on the energy exactly as does C2~.
The following remarks about the energy depend-
ence of these quantities may be made:

(2a) For 2 J=a3 (no), possible in the second
forbidden approximation only for C27 and
C2g, the energy dependence is determined
by c of (31). It increases very rapidly
(by a factor 3 or so between the minimum
and a limit of We=4) for energies beyond
the middle of the spectrum. It is unin-
Auenced by the nuclear charge Z to any
appreciable degree.

These are both likely to be second forbidden.
It is true that the straightforward empirical
method employed in constructing Table II puts
RaE in the first forbidden class 1C. However,
the actual computation of the magnitude of the
RaE decay as reported at the end of this section
justifies its classification as second forbidden.
The discrepancy is mostly to be attributed to the
important part played by the often-mentioned
replacement of the factor (WsR)' in the order
of magnitude of the transition probability with
(trZ/2)', which for RaE is much larger (-—,'o)
than the usual value ( 1/100) assumed in

making up the table. It is true also that the RaE
ft value is large for class 1C, though not so
large as immediately to suggest classification into
group ZC. It will now be shown that also the
second forbidden theory can account for the
RaE spectrum whereas the first forbidden theory
falls far short of being able to do so.

Both the P" and RaE P-spectra are unaccom-
panied by y-rays, and so can be safely treated as
simple. Lawson's measurements of the P" spec-
trum yields a C2 factor which decreases monotoni-
cally with energy (at least to within 0.5 Mev of
the end point, see K3, Fig. 5):by a total of about
25 percent between W= 1.4and W=4(Ws ——4.37).
The measurements for RaE are shown in Fig. 4,
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from which it can be seen that the experimental
C2 factor decreases quite rapidly with energy.
According to (2c), fitting these spectra with the
theoretical factors C28 or C~p seems to be out of
the question. C~~ can also be excluded. This
follows from the fact that S"and RaF are even-
even nuclei and can be taken to have J=O in
their normal states. According to the axial vector
theory, then, the transitions must be 2—+0 or
3—&0 in the second forbidden approximation.
Referring to (2a) and (2d), one can see that C2~

for these selection rules is too much like C28 to
be able to represent the data. There remain now

only the polar vector and tensor interactions.
For the first, the 1—+0 possibility and for the
second the 0~0 and 3~0 possibilities for the
selection rules can be excluded because, according
to (2d) and (2a), they give Cm factors too nearly
like C&q or C2&. Thus for every possibility in

which a definite energy dependence of the theo-
retical C~ value is predicted, that factor fails to
represent the data. On the other hand, the factors
Cmi and Cmr (for J=2~J=O) can both be made
to fit the data reasonably well by adjustment of
the unknown ratio of the nuclear matrix ele-
ments. Moreover, the ratios found to be required
for both P" and RaE have seemingly reasonable
values. The fitting of C2T to RaE is shown in

Fig. 4.
Perhaps the only encouraging feature of this

application of Fermi's theory to forbidden spectra
is that it is at all able to reproduce the striking
deviation of the RaE spectrum from the allowed
form, whereas a similarly rapid decrease with
energy of the correction factor could not be
achieved for a first forbidden transition regard-
less of the adjustments made in the relative
magnitudes of the unknown nuclear matrix
elements. According to (2b), the correction factor
is approximately proportional to (Wo —W)' for
an element like RaE. This just represents the
difference in the Fermi and K-U forms (2I) and
(22) and accounts for the agreement with the
allowed K-U spectrum found by various experi-
menters.

Finally, it is important to emphasize that the
Fermi theory of forbidden L8-spectra will require
that there be found, probably among the lighter
elements, some spectrum with a correction fac-
tor which rises rapidly with energy near the

end point. This is simply a result of the fact
that there should be cases in which the factor

~
p+iI ~'R'( = (W' —1)R' as W—Wo = g~o) deter-

mines the distribution.

(b) The Lifetimes

Integrating the forbidden spectra to obtain
the mean life (4) is made difficult by the in-
definiteness of the correction factors C for any
particular case. Even when spin and parity
changes are known or values for them assumed,
there remains the task of evaluating the nuclear
matrix elements involved. The simplest pro-
cedure is one analogous to that usually adopted
in dealing with allowed transitions, for which
the matrix elements

~

J' . . ~' are treated as
having the order of magnitude unity. The
analogous procedure for the forbidden transi-
tions is especially complicated by the fact that
the matrix elements made up of tensor com-
ponents (see Table I) were constructed without
regard for normalization and might have been
defined with arbitrary multiplicative constants.
This indefiniteness can have serious effects for
tensors of high order when the invariant forms
consist of many terms. A simple way to resolve
the difficulty is to assume the tensor matrix
element to be constructed of unit vectors multi-
plied with constants giving the orders of magni-
tude of the actually occurring quantities. Then
averages are made over the relative directions of
the various independent unit vectors, and an
estimate emerges. In this way [see (23) and
Table I], one obtains:

E~R,;~'=(2/3)R', P ~a,;~'=(20/9)(. /c) R-

& I a;;I'= (2O/9)R, g I 2;, (

~ = (4/3)R4,

P ( S,;,('= (56/5)R

The fourth-rank tensor analogous to (23e), which
occurs for third forbidden transitions, yields
g ~

S,;ii
~

' = (3456/35)R' This shows how im-

portant the factor here discussed can become for
tensors of high order. One sees from the ex-
pressions (28) and (30) that not only the positive
definite expressions so far discussed occur, but
also cross terms consisting of the sums of many
terms, each of which may he positive or nega-
tive. About the best one can Ro at this stage
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is to consider all the phases random enough
so that the positive and negative terms cancel
approximately; thus, the cross terms wi11 be
assumed to vanish. An exception will be made
for RaE, below, in which case an estimate of the
ratio A;~/T;, is available from the spectrum fit-

ting above.
Calculations along the above lines were carried

out by Greuling (G3) for several special cases.
Marshak (M1a) has also investigated the theo-
retical periods for cases of highly forbidden
decay. His method deviated from that described
here chieAy in that he classified the nuclear
matrix elements according to the order of the
spherical harmonics making up the wave func-
tions rather than according to the transformation
properties of the integrands as done here. He also
used approximations for the cases sensitive to Z
which are limited in their validity to the heaviest
nuclei [cf. statement (2b) in this chapter].

In computing the theoretical half-lives of P"
and RaE, Greuling assumed the tensor inter-
action and J= 2~0 (no) for each in accordance
with the evidence of the spectra discussed above.
He used the value G=3&10 " for the Fermi
constant with G-T rules and G=5)(10 " with
Fermi rules (see Section 7).

He obtains for P'2 a half-life of 5&(10' sec.
when he uses (v/c) = i'0 in evaluating +~A;;~'.
To bring it down to the observed value, 1.1X10'
sec. , a value (v/c) = -', must be used, and that does
not seem very satisfactory. The disagreement is
greatly aggravated with the use of the ratio
A;;/T;; = —2.2, obtained from the fitting of the
theoretical with the observed spectrum as dis-
cussed above. It is not improved by discarding
the tensor interaction for one of the others. This
casts a doubt on the assignment of P" to the
second forbidden class. The first forbidden theory
yields a life too small only by a factor 2. On
the other hand, attempts to fit any of the first
forbidden correction factors to the P" spectrum
have been somewhat less successful than the
second forbidden results.

RaE

Here, the agreement is much better. Greuling's
procedure yields 106 sec. as compared to the

observed 4.3X10' sec. When P ~A;;~' is evalu-
ated from the ratio A, ;/2;;= —5.8, obtained by
fitting the theoretical and observed spectra (see
Fig. 4), the calculated half-life becomes 4.2 X 10',
in perfect agreement with the experimental
value. Also remarkable is the fact that the ratio
A;;/T;, = —5.8 is consistent with the evalua-
tions of A;; and T,; as described above, with

(v/c) =0.16.

The measured spin of this long-lived (6X10is
sec.) nucleus is 3/2 and for the product nucleus,
Sr", it is 9/2. This was the first case in which the
spin change in a forbidden P-transition was
known. Since 6J=3 only and so 0-T rules would
make the decay at most third forbidden, it
became of critical interest to see whether the
extremely long life could be accounted for by
G-T rules (K3a). First, it can be verified that
the transition is not second forbidden, accord-
ing to the G-T rule AJ =3 (no); Greuling's pro-
cedure yields a half-life 2000 times too short.
The value of t/Vo ——1.26 was employed. For the
third forbidden G-T rule EJ=3 (yes), a half-
life of 0.6&&10"sec. is obtained, using (v/c) 0.1.
This is in adequate agreement with the experi-
mental value. Somewhat small values, such as
this, are easily understandable since the nuclear
matrix elements can plausibly be smaller than
expected. Moreover, such high powers of the
nuclear radius R and the end-point energy TVO

enter that the results are very sensitive to small
uncertainties in these quantities.

The spin change AJ=3 could be either third
forbidden or fourth forbidden according to Fermi
rules. The third forbidden approximation yields
again 0.3=10" sec. for the half-life. Thus the
Fermi rules account for Rb" almost as well as
the G-T rules. The fourth forbidden approxi-
mation gives a life roughly 10' times too long.

It may be noted that according to both the
Fermi and the G-T rules, the parities of Rb"
and Sr" must differ.

The spin of this nucleus has been measured
(Z1) as 4 and the residual Ca4' nucleus has an
even number of neutrons and an even number
of protons so that it has probably the spin 0.
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For AJ=4, G-T rules yield either a third for-
bidden transition with change of parity or a
fourth forbidden decay with no parity change.
Fermi rules will require either a fourth or a
6fth forbidden transition.

There is a discrepancy between two measure-
ments of the maximum energy. Bramley and
Brewer (BS) give Wo = 2.4 while Henderson
(HSa) reports the much higher value Wo =3.6.

Marshak and Greuling are in substantial agree-
ment in their calculations of the K" period on
the basis of the third forbidden approximation
of the tensor interaction. The values are 2.3 X 1.0"
sec. for TV0=2.4 and 1.0)&10"sec. for 8'0=3.6.
The second one of these would be in satisfactory
enough agreement with the experimental value
if one remembers again that too small theoretical
values are easily accounted for.

Kith lV0=2.4, the fourth forbidden approxi-
mations yield lifetimes about a thousand times
too long. If the low value of the energy is
accepted, this would signify that the po1ar
vector interaction is to be dismissed since it
could give no shorter life. This potentially im-

portant argument for the G-T rules and the
tensor interaction is, however, quite spoiled by
the possibility that actually lVO ——3.6. Greuling
finds that with this large value for the P-energy,
both the tensor and polar vector interactions are
able to account for the experimental value of
the period, in the fourth forbidden approxi-
mation. This is in contradiction to Marshak's
results, which present somewhat too long lives in
these cases. The disagreement is partially due to
Marshak's approximations, which are actually
valid only for much heavier and less exothermic
nuclei than K", and partially due to di8'erences
in estimating the nuclear matrix elements.
A similar disagreement did not occur for the
third forbidden approximation because it hap-
pens that in such a case (the spin change as
large as possible for the given degree of for-
biddenness) the results are practically inde-
pendent of the nuclear charge Z )see statements
(Ia) and (2a) above].

The results of this section show that some of
the most de6nite conclusions concerning the
question of which of the interactions (6) is the
correct one may be provided by the forbidden

transitions. The existing evidence of the for-
bidden spectra, particularly that of RaE, helps
to narrow down the possibilities to the tensor
and polar vector interactions, obeying G-T and
Fermi rules, respectively. The evidence of the
forbidden lifetimes is at present less clarifying.
A. decision concerning the P-energy of K" would
be a most helpful remedy for the situation.

'7. ADDITIONAL SELECTION RULES

It was seen in Section 5 how the explicit de-
pendence of P-transitions on the character of the
nuclear state functions U and V could be ex-
pressed in terms of selection rules. This depend-
ence was there discussed only insofar as it was
expressible in terms of selection rules for the
total angular momentum J and the parity. It
could be done to a great extent without inquiry
into the specific forms of U and V because the
conservation laws for J and parity are exactly
valid and because the dependence on them is
chiefly determined by the light particle wave
functions.

The exact validity of the conservation laws
guarantees the existence of mutually orthogonal
nuclear states, each labelled by a distinct value
(quantum number) of J and a definite parity.
Then conservation of J and parityduring P-transi-
tions is taken care of through the vanishing of the
nuclear matrix elements,

~ f .
~

=
~ fdvP" V*

Q&U~, as caused by the orthogonality of any
two states V and ( QiU) when the J and
parity of these differ. By ( .Q~U) is meant the
state resulting from the operation on U by the
operator ( Qk), which may be the operator in
any of the nuclear matrix elements

~

J'.
mentioned in Sections 3 and 5.

The light particle wave functions, rather than
the U, V, determine the comparative magnitudes
of two transitions differing in their J and/or
parity changes. They supply the operators ( )
which match ( . Q&U) to V in J and parity.
These operators are supplied with certain coefh-
cients, as, for example,

~ fr
~

in Section 5 is
supplied with the coelficient

~ p+q ~. Because of
the largeness of the light particle wave-lengths
compared to nuclear dimensions, these coeffi-
cients are the most variable and therefore the
most decisive factors in comparing transitions
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occurring with diferent J and parity changes.
On the other hand, they are alike in magnitude
for two transitions which are both allowed or
both equally forbidden. In the latter cases the
more specific characteristics of U and V gain in

importance.
The further dependence of the transitions on U

and V may still be expressible in terms of addi-
tional selection rules. For this, further dynamical
variables than J and parity must be conserved,
at least to some approximation. Such further
good quantum numbers might be supplied, for
example, by the total orbital angular momentum
L= g li, and/or the total spin S=g si„the lq and

si, denoting individual (not necessarily individu-
ally constant) angular momenta of the nucleons.
To discover precisely what additional quantum
numbers can be used requires a knowledge of the
character of the stationary states of nuclei.

A complete exposition of the methods used to
determine the characteristics of the state func-
tions U, V, is not appropriate here. Only the
results which are important for the problem of
P-decay will be brieliy outlined.

There are two not altogether independent pro-
cedures which have been followed most suc-
cessfully:

A—Use of the Hartree model with Russell-
Saunders coupling.

8—The Wigner group-theoretical method.
A. There are two classes of results following from
the Hartree model which are of importance here.

A(1) The first class of results is the order in

energy of the Russell-Saunders terms for
nuclei. The R-S classification of states ac-
cording to the eigenvalues of L and 8 is
familiar from atomic spectroscopy. The
energy of each R-S term of a nucleus is
computed from the spin-independent parts
of the known inter-nucleon forces. The
spin-dependent parts subsequently serve to
split terms of equal L, S but different J.
Such computations have been carried out
by Feenberg and Wigner (F3) and Rose
and Bethe (R5) for the nuclei between He"
and 0".The L, 5, J values they obtained
for the lowest terms are given here by the
usual spectI oscoplc symbols:

He' Be' Be" C" (. '"- (. " 0" '5

B10 j1-1

Ll, B(" Bc'

I'2

3g

: 'Pi 2 ('P3ii near).

A(2)

The experimental evidence of magnetic
moments indicates a partial failure of these
results to give the true character of the
terms. The B" ground state is very likely
to be 'P3/2 (iVl4). Li' B" and N" probably
have a 'DI character superposed on the '5&,
indicating a partial breakdown in thc
conservation of I. (F2, M4).
The second class of results of interest here
consists of the wave function U V to be
used in the nuclear matrix elements. Such
wave functions were of course also neces-
sary for the computation of energies in
A(1). According to the Hartree model, each
nucleon in a 6rst approximation moves
independently, except as limited by the
Pauli principle, and its energy is determined
solely by its own distance from a central
point. This leads to the conservation of the
individual angular momenta 1I, and sI, and
consequently to a total zero-order wave
function separable into individual particle
space and spin functions with spatial and
spin-space symmetries as determined by
11, and s~. A great many sets of the 11„s~
eigenvalues, of course, will lead to the same
energy in the Hartree approximation. Ac-
cording to the Russell-Saunders coupling,
the chief perturbations will destroy the
constancy of the individual 1~ and sI„
leaving L and 8 only conserved and causing
differences in the energy of states with
different pairs of L, 5values. These Russell-
Saunders states wi11 have wave functions
approximately representable by linear com-
binations of the zero-order Hartree func-
tions; the destruction of the individual l~

and s& as quantum numbers will thus be
represented by the presence in the single
R-S state of all the sets of l~, sI„- values
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consistent with the given I., S of the state.
For the purposes they have fulfilled in
the theory of P-decay so far, no more
need be assumed about the individual par-
ticle functions than just their spatial (lz
value) and spin (sq value) symmetry, their
normalizability, and their equality for
neutrons and protons. By the methods
familiar from atomic spectroscopy, the
proper combinations of the individual wave
functions for a given R-S term and consis-
tent with the Pauli principle, are straight-
forwardly found.

The Hartree wave functions described in A(2)
were used by Gronblom (G2) to evaluate the
matrix element

~

J'o~ for He' and for several
nuclei with T.= z(N —Z) = ——,', where N is the
number of neutrons in the decaying nucleus.
Wigner (W10), however, showed that the de-
tailed assumptions characteristic of the Hartree
model are not necessary either for Gronblom's or
for many other results. Essential are only the
symmetry properties such as are given to the total
state function in combining the individual par-
ticle functions so as to conform to the R-S term
character (a type of symmetry with respect to
rotational a,nd mirroring transformations) and to
the Pauh principle (a type of symmetry with
respect to interpermutations of nucleons). These
symmetry properties are compactly classifiable

by the methods of group theory as applied by
Wigner. His results will now be stated as brieAy
as possible. It will be seen that they do not re-
place the results listed in A (1), but they do make
a further exposition of the results obtained from
A (2) unnecessary.

8. Wigner manages to classify nuclear states ac-
cording to their membership in a system of
multiplets analogous to the singlets, triplets,
and higher spin multiplets familiar from atomic
spectroscopy. Within one of the electronic multi-

plets of the atom, S=
~
8

~

is a constant because
the atomic Hamiltonian is at least approximately
independent of S. An interesting property of
these multiplets is that radiative transitions
are forbidden between members of diferent
multiplets (having different S values).

Nuclear spectroscopy is more complicated be-
cause of the existence of neutron and proton

states of the nucleon in addition to its parallel
and anti-parallel spin states. Because the num-
ber of the character (C1) eigenstates of the
nucleon is thus two, the same as the number of
eigenvalues possessed by the spin operator e,
dependence on the neutron-proton character of
the nucleon may be put in terms of an operator z
precisely like e except that by definition it a8'ects
only character coordinates and not spin coordi-
nates. ~ is commonly called the isotopic spin.

To find supermultiplets for nuclei, analogous
to the multiplets for atomic electrons, Wigner
assumes that the nuclear Hamiltonian is in first
approximation independent of both ordinary and
isotopic spin. In this approximation, only the
operation of the Pauli principle keeps all nuclei
with a given number of particles A from complete
equivalence regardless of their neutron-proton
ratios. The assumptions have some justification
in the empirical findings that neutron-proton and
proton-proton forces are nearly equal and that
the main part of the forces has a Majorana (spin-
independent) character. Dependence on isotopic
spin is introduced by the Coulomb forces which
become important for heavier nuclei.

Because of the added variable ~ by which states
can be labelled, more quantum numbers are
needed to label a supermultiplet than merely S.
The situation is more nearly analogous to the
atomic case in which not merely S but S and L
are conserved; then the eigenvalues of 8, L, and
(L S) can serve to label states. Wigner employs
the eigenvalues of

Tz ——'gQ r,g ,'(N Z)-, S—z—————,
' P o,g

and

to distinguish the members of a supermultiplet.
Obviously the simple designations singlet, doub-
let, etc. , are unable to characterize the multiplet
as a whole; Wigner uses the symbol (I' P' P")I'.
represents the maximum value in the super-
multiplet of any one of the three quantum num-
bers T, S, Y. I" is the highest value of a second
one of these which is consistent with the value I'
of the first chosen. I'" is the largest value of the
third quantum number which can be found
among the supermultiplet's members having I'
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and I" for the values of the first two. Altogether,
in a given supermultiplet (P P' P") there is a
member for each combination of the following

Sg, Tg, Vg values:

with
Sz —— P, ——(I' 1), —

, +I'

Tg — P +P
Pl/ +P/I

Besides for each member (Sz Tz Yz) there is a
member having any permutation of the three
values. For example, the supermultiplet (-,' -', z')

has the 8 members with (Sz Tz Yz) values:

(l l ~l), (l -l ~l), (-l l ~l) (-l -l ~l).
It will be most important to fasten one's atten-
tion on the fact that Tg = & ~ nuclei have such
supermultiplets and that in these states the total
spin is 5=-,' with components Sz ——a-,'.

A number of facts brought out by signer
which are important here follow:

B(1) Nuclei diSering in mass number A by an
integral multiple of 4 possess like systems
of supermultiplets. This is consistent with
the fact that the Pauli principle allows just
four combinations of values a„7,to exist
for a given space state.

B(2) When the energy in a first approximation
(spin forces and Coulomb forces neglected;
neutrons and protons not distinguished)
is estimated as a function of the character
of a supermultiplet, the lowest super-
multiplets turn out to be:

(-', -', -', ) for A =4n+1,
(0 0 0) for A =4n,
(1 0 0) for A =4n+2.

The supermultiplet (z' 2 2) contains terms
with Tz=S=-,' and Tz= —5= —-', . (0 0 0)
has only the single term Tg=S= Vz ——0.
(100) has Tz=0, 5=1 and Tz=0, &1
with S=O. The two di6'erent spins S pre-
sent in this supermultiplet show that it will

be split by spin forces. This does happen,
depressing the S=1 state below the others.
Any one of the terms mentioned here may
still, of course, have quite diferent char-
acteristics for difkrent nuclei in the ground
state, according to the value of J each
nucleus may have.

B(3)

B(4)

The perturbation caused by Coulomb re-

pulsion makes the term of a supermultiplet
with the highest Tz (fewest protons for the
given A) most stable. Supermultiplets with
larger P appear higher in the order of first
approximation energies as estimated by
signer. These two facts make it always
most probable that a nucleus with a given
Tz will have for its ground state a super-
multiplet for which P=Tz, P being the
highest possible value of Tz for that super-
multiplet. For heavy enough nuclei, the
Coulomb eEect may become sufficiently
strong actually to pull the term with Tg =P
belonging to a higher supermultiplet with
a larger P down below the supermultiplets
of B(2), thus keeping the high Tz nucleus
from radioactivity. An examination of the
stable nuclei reveals just when the Coulomb
forces become strong enough to do this.
Among the A =4n+1 nuclei, P" is unstable
and Cl" stable as the Tg=-', term of the
(-', -', —,') supermultiplet falls below the (-', -', —,')
supermultiplet of B(2); the Tz =~5 term of
the (—', —,

' -', ) supermultiplet falls below both
between radioactive Ca" and stable Ti4'.
Among the A =4n+3 nuclei the same
phenomena occur between A", Ca", and
between Sc4', V". Among the A = 4n
nuclei, the Tz=2 term of the (200) super-
multiplet falls below the (000) super-
multiplet between 2 = 32 and 44; the
Tz=1 term of the intermediate (110) mul-

tiplet is never stable, the (200) falling lower
than it while it is still unstable relative to
the (000) multiplet. Finally, among the
A =4n+2 nuclei there is first the fall of the
singlet Tz=1 term of the (100) super-
multiplet below its triplet term Lsee B(2)j
between radioactive C" and stable 0'.
Then Tz=3 of (300) becomes more stable
than (100) between A=42 and 62; an
intermediate (210) multiplet is never stable.
A11 these facts are useful in judging the
supermultiplet character of any given light
radioactive nucleus.
The matrix elements

~

J'1( and
(
J'o~,

characteristic of Fermi and G-T rules, re-
spectively, vanish for inter-multiplet transi-
tions; only the transitions between fine
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structure components of the same super-
multiplet are allowed. This allowedness in
general requires more than just adherence
to the J and parity selection rules; a dis-
tinction may be maintained by referring to
transitions consistent with the inter-com-
bination rule of this paragraph as not only
allowed in the sense heretofore used, but
also favored. For heavier nuclei, the super-
multiplet picture is expected to break down
to some degree (Coulomb forces no longer
mere perturbations), and unfavored but
allowed transitions will have almost as
great probability as the favored ones.

B(5) The conclusion to be drawn from items
B(3) and B(4) is that all P-transitions are
unfavored. Positron emission increases Tz,
but according to B(3), the ground state
of the decaying nucleus belongs to a super-
multiplet for which Tg has its maximum
value (P) within the supermultiplet already.
Negatron emission within the same super-
multiplet, again, tends to be energetically
impossible because a lower value of Tz is
given a greater energy by the Coulomb
repulsion.

B(6) Two exceptions to the conclusions of B(5)
exist. For light enough nuclei Tg = —

2

exists (the Coulomb repulsions apparently
being suSciently unimportant for the nu-

cleus to hold together until P-decay dissi-

pates the surplus energy). Such a nucleus
can only belong to a supermultiplet con-
taining Tz=+-', also. Consequently, posi-
tron emission, in which a transition from
the Tz= —-,'to the Tz=+2 nucleus takes
place, is here favored. The second excep-
tion consists of nuclei having A=4n+2,
and Tg=o for either the initial or final

state. The triplet Tz ——0 term of (1000) is
below its singlet T~ ——1 term up to 0"
according to the evidence in B(3). Thus
negatron emission is favored through C"
and positron emission from F"up. In addi-
tion the singlet Tz= —1 term occurs (C"),
underoing a favored positron emission, of
course.

The membership of group OA in Table II,
which would be assigned to allowed and favored

transitions from an empirical standpoint, bears
out signer's conclusions quite well with one
exception. AII the nuclei in this group except 8"
are expected to be favored according to the pre-
ceding paragraph.

Trans' ion

~1/2~ ~1/2

P1/2~ Pl/2

P3/2~ P3/2

P3/2~ P1/2

'D3/2~'D3, 2

2DS/2~2DS/2

2jg3/2~2' ~/2

'DS/2~'D3/

5/3

8/3

4/3

3/5

7/5

12/5

8/5.

Missing and vanishing combinations are easy to
account for on the basis of the total spin and
parity rules. The matrix element

I
J'ps I, because

of its requirement of a change in parity during an
allowed transition, will lead to new inter-multiplet
selection rules; because of the conclusions of
Section 6, these are not of sufhcient interest to
warrant further discussion here.

The quantity ft in Table II is inversely pro-
portional to the square of a nuclear matrix
element and accordingly the product

I
J'eI'ft

should show more constancy than ft itself if
Gamow-Teller rather than Fermi selection rules
prevail. The straightforward application of this
criterion is not possible, however. The chief
reason is that the character of most of the nuc1ear
states is either unknown or very uncertain, as
was seen in paragraph A(1) of this section.
Another important source of irregularity is al-
ways the failure of the present considerations
to take into account di8'erences in the radial
parts of the various wave functions involved.
In addition, the t used in Table II may be in

The Tg ————', Nuclei

Wigner's (also partly Breit and Knipp's and
Gronblom's) results for the squares of the nuclear
matrix elements,

I
f1I' and

I
J'crI', are the

following:



BETA —DECAY 237

many cases compounded from decays to an
excited as mell as to the ground state of the
product nucleus. The latter fact is supposed
to be true of NI3 and Be', of the Tz= ——,

' group,
and the ft value given for these in Table II has
been appropriately corrected as described in
Section 5 and below. Similar occurrences are
suspected in several other cases (see closing para-
graph of Section 4), but knowledge of the energy
of the excited state is lacking. Usually, however,
the difference to ft caused by such a complex
transition is not so large as to prohibit some
general discussion.

Outstanding in the Tg = ——,
' group is the small

ft value (1840) of Ne". Since there is reason to
suppose that the transition is 'Si/p —+'Si/p (spin of
F" known to be pi), the extra large value (3) of

~

J'e~' for such a transition seems to favor G-T
selection rules. As a result,

~
J'e~'ft=5520. This

shall be the value against which will be compared
the corresponding quantity for the other nuclei.
The small value f~t =2300 for Be' (1) can also be
quite well comPensated;

~

J'o
~
Pf/rt =3800 for the

'I'ef~~'I'p2 transition, in accord with the Hartree
model. If Be~ had a ~P~f2 ground state, in accord
with the findings of Inglis (I1) for the Hep'+Hep'
model for Be', then

~

J'o ~'fxt =6100, in better
agreement with the Ne" value. N" (1) and 0"
are expected from A(1) to undergo 'Pi/p~'Pi/p
transitions. These make

~

J's
~

'ft = 1830 and 1390,
respectively, de6nitely too low. Since the proba-
ble spins of C" and N" are each ip (H3, I2, M3),
better agreement with the NeI9 value can only
be obtained by assuming 'P&f2'&f2 giving

~ fe ~'ft =7300, 5600. In this way, the N" value
becomes dehnitely high and perhaps an admix-
ture of non-contributing 'D3f2 should be assumed.
A'I'p/p B"would give

~

J'Er ~'ft =5800 for'Pp/p C"
as the value nearest that of Ne'9. With A"
undergoing a 'Dp/p —+'Dp/p transition (CI" is
known to have 7=5//2), it yields

~

J'c~'ft=550 0
All the assertions in this paragraph are highly
speculative and only the Ne" case can perhaps be
regarded as providing some support for the G-T
rules in preference to the Fermi rules.

The Tz=+~p nucleus H' probably undergoes
mostly the favored transition ~5~~2—+'SIIg. This
leads to

~ fe~'ft=3&1410=4230, in as satis-
factory agreement with the Ne" value as perhaps
should be expected.

Nuclei with A =4n+2

First it is necessary to point out that all the
transitions in this group are probably unfavored
by the Fermi rules. [It will be seen below that
they are in fact second forbidden with AJ=1
(no), with Fermi rules. g According to B(3),all the
Tg =0 nuclei are expected to have S= 1 in the
ground state, while their parent or daughter
nudei will have Tg= ~1, S=O. But the Fermi
matrix element

~

J'1~, containing only scalar
operators, vanishes unless AS=0 in the transi-
tion. Therefore, the mere Presence of HeP, C", and
F" in the allowed and . favored group OA is an
argument for G Trules. -

All the Tz= &I nuclei involved in the transi-
tions of this group have an even number of
neutrons and an even number of protons. From
the empirical rule that such nuclei always have
J'= 0 and since, according to the above paragraph,
they will also have S=O, their ground states
must be 'So. The only state with which 'So com-
bines in the G-T matrix element

~

J'e
~

' is 'Si. For
'Sp—+'Si,

f
J'e/'=6, and for 'S ~'Sp

f
fcr'=2

according to Wigner (W10). The difference be-
tween these values is in the right direction to ex-
plain the very different ft values of He' and
F'8, say, as given in Table II. For these two cases

~

J'e~'ft=6960 and 11,700, respectively. If the
F" 'Sj. state is assumed to have an equal admix-
ture of 'DI, in accordance with the experimental
evidence [see A(1)] for such admixture in Li',
B" and N", then the F' value is reduced by half
because 'DI does not combine with 'So. On the
other hand, no such admixture would be needed
by APP (~ J'e~'ft=4800). If the above explanation
of the low ft value of He' is correct, the corre-
sponding quantity for C"should be equally small.
Instead it leads to

~

J'e ~'ft =35,800 which seems
too large to be explained away by admixtures.

More serious than the C" dif6culty is that
presented by Be" C'4 Na" P" and further
members of the family which have such high ft
values that they must be put among the for-
bidden transitions. The acuteness of the diS-
culty is fully represented by the case of Be"~B"
~C". On the basis of the Hartree central field
model, which accounts very well for the known
C"—B"energy dilference (F2), the three nuclei
dI.Ger only in that Be" has two neutrons in the
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last orbit, 8" has a proton and neutron, and
C'0 has two protons in apparently the same posi-
tion. Yet the Be" state must be very diferent
from both 8" and C" because the Be" decay
seems to be at least third forbidden compared
to the allowed C" transition. The difference
needed can hardly be accounted for by Coulomb
forces which have always been successfully as-
sumed to represent the entire di6'erence between
proton-proton and neutron-neutron forces. Ex-
actly how much the Coulomb forces can account
for has been computed by Cooper and Nelson
(C3). The level spacing resulting from the
Hartree model by neglecting the Coulomb repul-
sion is about 2 mc' from ground ('S) to 'D, about
6 mc' to 'F, and 12 mc' to 'G. Marshak (Mia)
finds that to obtain a sufficiently highly forbidden
Be' ~B"transition, the 'I' at least must be the
ground state of Be".Yet Cooper and Nelson find

that the Coulomb perturbation is able to reduce
the gap from 'S to 'I' only by an energy of the
order of 0.1 mc'.

The inconsistencies in the A =4m+2 group
may not be the fault of the P-theory. They may
mean that the character of the nuclear forces is

badly misunderstood or that the Hartree method
varies widely in its applicability, even to nuclear
structures which are superficially very similar.
On the other hand, the difficulty seems to extend
to a case too simple to be so misunderstood. This
is the reaction important for its astrophysical
consequences:

H'+H'~H'+P+,

in which G-T rules should t2/low the 'Si ground
state of H~ to be formed from a 'So collision of the
protons. Marshak and Bethe (Mi) have shown

that if this reaction is not forbidden, a discrepancy
arises between the calculated and observed values
of the radius of the white dwarf star, Sirius B.

Oppenheimer (03) has suggested a direction in

which a modi6cation of the P-theory able to
resolve the inconsistencies in the 4n+2 family
might be sought. He points out that the surely
allowed transitions (of He', C'e) differ system-
atically from the apparently forbidden ones
(He' —+H', Be"-+B"C'4—+N'4) in that the energy
released in the former (3.6 Mev, 3.3 Mev) is
much larger than in the latter cases (420 kev,
550 kev, 150 kev). This may mean that there is a

threshold energy below which G-T rules do not
operate. Such a condition might be achieved if
G-T rules apply only to processes in which a new

type of neutrino, with rest mass, is emitted; the
slow processes are to continue to emit massless
neutrinos under Fermi rules. The new-type
neutrino would be required to be about as
massive as an electron to make its emission by
Be", which releases 550 kev, slow enough. A
mass of such a magnitude should have an ob-
servable e6ect in energy balances, but these are
not known for He' and C" with sufficient accu-
racy to be conclusive. In the cases, such as those
in the Tz = ——,

' family, for which more accurately
known energy balances have provided no margin
for a neutrino rest mass, the Fermi rules must be
largely observed. This creates some difhculty for
complex P-transitions (below) which are most
easily understood with G-T rules. It also means
that the processes in which Fermi rules are
obeyed must be strong enough to account for the
short lives of the rz = ——,

' family. Thus, the value
of the Fermi constant G =5 X 10 ", derived
below, is retained for the Fermi-rule process.

One can now compute the half-life of Be"
under the assumption that the transition is
'So—+'S~, and so AJ=1 (no). This is second
forbidden according to the polar vector inter-
action V and completely forbidden in every ap-
proximation by the scalar interaction S (see
Section 5), which also follows Fermi rules. The
procedure of Section 6 then yields a life of the
order of 8 X 10' sec. according to the polar vector
interaction, to be compared to &&10"sec. for the
experimental value. On the basis of the scalar
theory, the long life of Be"would have been ex-
plained by the impossibility of the usual emission
of an electron and a neutrino; the life would not
be infinite only if some less usual process such as
mentioned in Section 5 would take place. To
compare with these results of Oppenheimer's
hypothesis, one has (M ia) from a straightforward
application of the tensor interaction (G-T rules)
a lifetime greater than 10" sec. only for AJ=2,
in the second forbidden approximation (no parity
change).

Value of G

The results of the discussion of the Tz= ——,
'

and A =4n+2 families, which have transitions
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both allowed and favored, enable the evalu-
ation of the Fermi constant G. It is now known

that for the Tg ———
~ nuclei, the matrix elements

~

J'1 ' = 1, so that according to Fermi rules:

~

J'1 'f& = 0.693(2x'/G') =ft, the ft values of
the rg ————,

' family being used. These values
seem to center at about ft =3000, giving G =5
)&10 ", for I'sruti rules. VA'th the G-T rules,

~

J'a
~

'ft =0.693(2 s'/G') The. Tg= ——', family
(chiefly Ne"') gives

~ f0 ~'ft= 5500, while He'
leads to the value 6960, and H' to 4230. A com-

promise between these yields 6=3 )& 10 ", for
G-T rules.

Nuclei with A=4n

All these should undergo unfavored transi-
tions according to signer's theory. This seems to
be confirmed by the presence of Li', N" F" Na. '4

AP' in group 1A of Table II.

According to A (1), the ground states of Li' and
Be' are 'E2 and '50, respectively. The fact that
transitions between these states are few would
not be a positive confirmation of Wigner's rules
because the Fermi and G-T rules would be
violated at the same time. But even the G-T rules
are violated to a second forbidden degree since
both ground states are expected to be even and
thus the parity unchanged. This is in conformity
with the experimental finding (R8, Di) that the
P-transition goes rather to an excited state of Be';
there is a discrepancy of 3.6 Mev between the
mass difference Li' —Be' (16 Mev) and the
upper limit of the P-spectrum (12 Mev). The ex-
cited Be' state is probably 'D2 (F3, B10) and also
even. A 'P2 (even)~'D2 (even) transition is
allowed by both the Fermi and the G-T rules.
Only the Wigner rules are then left to put the
process in group 1A, by making it unfavored.

In agreement with the condusion of the last
paragraph, that the Li decay is allowed but
unfavored is Bayley and Crane's (B3) finding
that the P-spectrum has probably the allowed
form. The problem is complicated by the great
width (0.5 Mev at half-maximum, F6) of the
product Be' level, which is shown by the spread
in energy of the Q.-particles into which the Be'
immediately disintegrates. Thus the end point

for a given P-process will depend on the energy of
the 0.'s, being determined by the Li' —2 He' mass
di6'erence minus the kinetic energy of the n's.
The observed P-spectrum, then, will consist of a
superposition of simple components with end
points and relative intensities as indicated by the
energies of the n-particles and their intensities at
each energy. Bayley and Crane reconstructed the
P-distribution to be expected from components
having Fermi's allowed form and from the ex-
perimentally measured n-distribution. They ob-
tained good agreement with the P-spectrum
observed directly when they used the n-distri-
bution found by Fowler and Lauritsen (F6).
Rumbaugh, Roberts, and Hafstad (R9) observed
many more slow O.-particles in their work and
accordingly the P-spectrum reconstructed from it
overemphasized fast electrons. If the reconstruc-
tion were done with forbidden shapes for the
components, the emphasis on fast electrons would

probably be still stronger in view of the high
P-energy end point involved.

Rumbaugh, Roberts, and Hafstad discussed
the variation of the n-intensity as a function of
the P-end-point energy. This intensity should be
proportional to the relative intensities of the
corresponding P-spectra components and there-
fore to f(Z, Wo) Wo' according to Section 5.The
authors found just this variation in the higher
energy portion of their o.-distribution. The same
sort of agreement can be found with the Fowler-
Lauritsen distribution, since the two groups of
experimenters are in approximate agreement as
far as the more energetic n-intensities are con-
cerned. The less energetic n's cannot in any case
be considered as seriously because important
corrections due to their need to penetrate each
other's Coulomb barriers ( 1.5 Mev high) must
be made.

This is an anomalous member of the 4n group
in that it seems to belong in group OA of Table I I
rather than in 1A. signer's rule seems therefore
not to operate in this case. It may be that B"
undergoes a favored, because first forbidden,
transition. In that case, its transition probability
should be smaller than the allowed value by a
factor (WOR)'. This factor is much larger than
usual in this case because of the great energy
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release (Wo =24), making (WsR)' =0.1 for a
nuclear radius of SX10 " cm (probably too
large). Under the most favorable circumstances
this might lead to an fI value of about 10,000
[taking (fI)a» a = 1000j, compared to the experi-
mental 6600 in Table II.

The Hartree model gives the 8" ground state
a 'I'0 (even) character [see A(1)j which would
make its transition to 'So (even) C" second
forbidden according to G-T rules. Since such a
high degree of forbiddenness seems to be out
of the question for 8", this can be regarded either
as putting in doubt the theoretical result for the
state's character or as an argument for Fermi
rather than G-T rules. Of course, in neither case,
then, would the failure of the signer rules be
explained.

Heavier Nuclei

values for groups OA, OB, and OC, was 6rst
pointed out by Nordheim and Yost (N2). Their
qualitative explanation was much like that of the
last paragraph. They argued that more complex
nuclei, capable of more varied conhgurations,
would tend to make state functions more mixed
in character, i.e. , containing greater numbers of
distinct components. A pair of such state func-
tions would have smaller and smaller fractions of
such components in common as the complexity
increased.

Complex Decay

Applications of the results of A(1) and of the
calculated values of

~

J'e
~

' to complex transitions
have been carried out by Gronblom (G2), Watase
(WS), and Breit and Knipp (89).

Of course, for heavier nuclei, when the Coulomb
forces can no longer be treated as mere pertur-
bations, a breakdown of the multiplet system
should be expected. The distinction between
favored and unfavored transitions should be-
come less. Probably members of the group 8
of Table II are nuclei in which the breakdown has
occurred. A residue of Wigner's conclusion B(5)
that all P-transitions are unfavored [with the
exceptions B(6)] seems still to apply to the
nuclei of the groups B. The ft values among
the most allowed transitions among these heavier
nuclei (group OB) are distinctly greater than
for group OA. The persistence of such a selec-
tion rule in such an approximate manner is
understandable through an extension of the
Wigner model. The breakdown of the multiplet
system is approximately representable as a
mixing of the characters of various of the
multiplet states into the given state. The corre-
sponding wave function becomes a linear combi-
nation of the individual multiplet state functions
thus acquiring fractions of the distinctive sym-
metry characteristics of the individual multiplet
terms. The combination of a pair of such mixed
states will neither be completely orthogonal nor
well overlapped.

The tendency toward the growth of the ft
value with complexity of the nucleus, as demon-
strated in Table II by a comparison of the ft

According to the theoretical results of A(1),
the lowest states in each of the nuclei N" and C"
consist of the doublet 'P~~2, 3~~, with the ground
state having the 'Pq~~ character. This conclusion
about the ground state of C" is supported by the
fact that a spin J= -', for C" is empirically prefer-
able (H3, I2). If the Fermi rules are correct, N"
would be expected to undergo P-decay only to the
state of the C" doublet having the same charac-
ter as the N" ground state. On the other hand,
G-T rules make possible transitions to both C"
states, if the upper one is not too high. The
experimental data on these points contain many
contradictions. Richardson (R1), Lyman (LS),
and Watase and Itoh (WS) find a 280-kev y-ray
to be emitted in a fraction of the disintegrations.
The existence of y-radiation wouM be consistent
with the apparent complexity of the N" spec-
trum (see Section 4). On the other hand, Valley
(V1) fails to find the reported y-ray. Supporting
him are the 6ndings of Schultz, Davidson, and
Ott (S2a) that only monoenergetic protons are
emitted in the C'2 (d p) C" process.

If the existence of the y-ray is accepted, an
explanation of it on the basis of G-T rules can be
attempted (G2). A pertinent experimental datum
is the number of y-rays observed per disintegra-
tion. Richardson (R1) reports the approximate
value 0.4 for this number, while Lyman (L8)
obtains from the measurement of gamma-anni-
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hilation radiation coincidences approximately
0,2. In attempting to compose a spectrum made

up of components following the Fermi shape (see
Section 4), and differing by 280 kev in energy,
Lyman finds it necessary to assume 0.25 y-ray
per disintegration. [Another measurement of the
spectrum (K1) is reported by Watase (WS) to
require components diflering by 0.6 Mev in

energy and 0.4 y-ray per disintegration, as-

suming two 300-kev y-rays to follow the less
energetic component. ] In computing the theo-
retical prediction for the ratio of the disintegra-
tions to the excited and ground states of C", an

energy difference between these of 280 kev will

be first assumed. If N" is '8~~2 in accordance with

A(1), the ratio of the decay constants to the two
C" states (the excited one to be denoted by an

asterisk) is from (24):

f I
J-*I /fl J'-I =2.7(8/3)/7. 3(1/3) =2.96.

This disagrees badly with all the data. If a
'I'g2 N" state is tried, the ratio comes out to be
0.44 which may be within the uncertainty of the
exper'imental value: 0.2—0.4.

Be'

Breit and Knipp treated Be', which decays
by Z capture. According to Haxby, Shoupp,
Stephens, and Wells (H4), 1.70 mc' is released.
In roughly one-tenth the disintegrations Li' is
left in its 450-kev state, as shown by the number
of y-rays of that energy per disintegration (R7),
0.82 mc' being left to the neutrino. The theo-
retical ratio of the decay constants to excited
and normal Li' can be computed from formulas
given in Section 8. The Li' states are expected to
constitute the '8~~2, @2 doublet with 'I'g2 lower in

accordance v ith nuclear spin measurements.
Taking 'Pgm for Be' in accordance with A(1),

f~*
I

J'~*12/fx
I
J'~ I'= 0.24(4/5) =0.19,

to be compared with the very uncertain experi-
mental value ~0.1. With 'Pip~ for Be' the
theoretical ratio is 0.03.

Of course, with Fermi instead of G-T rules,
the complex transitions in the above cases could
only be understood if the two states of each
product nucleus were alike, both having J= ~ in
the case of C" and J= ~ in Li'. Only then would
transitions to both be allowed. The existence of

q=M, —iV, g
—(1 —s) = Wo+s

= t/t/'p+1
(32)

~here M, and M, & are the energies equivalent
to the atomic masses of the parent and product
nuclei, and lVp is therefore the energy available
for positron emission. For —s (Wo (1 (i.e. ,

1 —s (M, —M, i(2) only X capture is energeti-
cally possible; for lVO& 1, positron emission may
also take place.

Because of the discreteness in energy the
statistical factor (26) for Z capture becomes simply

4w g'/(2') ' = (Wo+ s)'/2w'.

Otherwise the computation of the decay constant
differs from tha. t leading to (24) only in the em-
ployment of Z-electron eigenfunctions for f and
the introduction of a factor 2 to account for the
two X electrons. For allowed transitions one
thus obtains

1/rx = (G I

J'
I
'/2'') fx,

with

fx ——2'(a )"+'( R)'* '( + /2 l)(W +s)' ( 3a)

This expression has already been used in Table I I
and in the discussion of Be' in Section 7. Its
dependence on charge and energy release is seen
more easily in the approximate formula:

f~ = 2s (aZ)'(Wp+1)'. (33b)
~ Continuing the practice of earlier sections, all the

energies are given here in units of @ac~. 8' and IV0 also
retain the earlier meaning: total energy, including rest
energy. M, shall denote, in units wc~, the energy equivalent
to the atonuc mass, i.e., the mass of' the nucleus plus the
mass of the Z orbital electrons.

two low lying levels so alike in character would
be in contradiction to most current ideas about
nuclear states. These facts speak strongly for
G-T rules and help exclude the polar vector
interaction.

8. K CAPTURE

The calculation of the decay constant for the
process of Z capture seems to have been done
first by Yukawa and Sakata (Y2) and inde-

pendently by others (M6, B5). The absorbed
electron, instead of having initially one of a
continuum of negative energies* 8'& —1 as in

positron emission, has the discrete positive
energy s=(1—cx'Z')& which is its rest energy
minus the binding energy in the E shell. The
emitted neutrino is monoenergetic, its energy q
being given by:
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An estimate of forbidden X capture according
to a method employed by Bethe (B5) gives for
an I.th forbidden transition: Emitter W'p

TABLE III. Ratio of positron emission to E capture.

2s (Wo+1.)'
fxi =—(nZ)'(WOR)2i ' . (34)

9 1'3' (2L —1)'I.

C11
Sc"
Sc48
Y88
Sb120

21 min.
0.9 sec.
4 hr.
2 hr.

17 min.

2.86
10.68
3,5
2.3
4.0

3600
1100

7.6
2.4
3.0

This is consistent with the findings in Section 4
that first forbidden decay will have about the
ratio (aZ/2)2 to allowed decay and that the
higher degrees of forbiddenness are successively
smaller by the ratio (WOR)'.

Some important experimental developments
with regard to Z capture follow:

(1) Alvarez (A3) seems to have been the first to
establish the existence of E capture. He de-
tected it by the most unambiguous means for
the purpose, the measurement of the E x-ray
to be expected from the product element.
The decaying nucleus employed was Ga"
(84 hr. ); no positrons were detectable, yet
x-rays characteristic of Zn were found, thus
proving the existence of the process. Kalke,
Williams, and Evans (W3) carried out a
similar experimental proof for the 600-day
V" isomer, which also emits no detectable
positrons yet yields strong Ti E radiation.
Apparently, the energy released by both Ga"
and V" is insufFicient to create positrons.

(2) When positrons compete with the E capture,
the detection of product element x-rays will

not unambiguously prove the existence of
capture unless y-rays are absent. Internal
conversion of the latter likewise excites
x-rays. This point was emphasized by Alvarez
and applies to V" (16 days) on which he
first worked. However, a low intensity of
internal conversion electrons as in V" makes
it fairly sure that the strong x-rays indicate
K capture.

(3) The complete absence of any radiation save
positrons and strong product element x radi-
ation as in Cu~' (3.4 hr. ) proves the occur-
rence of E capture. A further advantage in
such a case is that with the product nucleus
always left unexcited (no y-rays), the energy
release in the positron emission measures the
release in the K capture. Thus for Cu",
LVO+2. 8 and

fx =2s (29a)'(3.8)' =0 85.

(4)

Since from Section 5, f=1.5, the ratio of
positron emission to K capture is T.8
theoretically. Unfortunately, no measure-
ment of this ratio for such an unambiguous
case seems to exist.

It is appropriate to remark here that
according to the theory above every process
of positron emission is accompanied by some
X capture, and especially for small energy
release and large nuclear charge. A few
values of the theoretical f+/fx ratio are
listed in Table III.
The transitions listed in Table III are all
allowed. K capture will very often actually
exceed fairly energetic but forbidden posi-
tron emission in the following way: Positron
decay is often forbidden simply because
no level to which it could be allowed is
energetically available. For X capture the
range of energy available is extended by
2 mc', which is a considerable extension cora-
pared to level spacings especially among
heavier nuclei. Kith some frequency, there-
fore, forbidden positron decay will be ac-
companied by allowed X capture plus
subsequent y-radiation which is often well
internally converted (because high multipole
radiation is easily converted, if its energy is
not too high). Cases of this seem to be, for
example: V', Mn", Zn", As" (L5).

The positron decay may actually become
negligible so that only x-rays, p-rays, and
internal conversion electrons are observed.
Such seems to be the case for Cr", which
emits no detectable positrons yet emits
strong 1-Mev and perhaps 0.5-Mev y-radia-
tion (W5).

The general importance of allowed X
capture to levels unavailable to positrons as
discussed above, may be borne out by the
great frequency with which y-radiation and
internal conversion electrons accompany X
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capture LCo", Ga" Ga" Y" Cd (6.7 hr. ),
Sn"' Te'" Ta'" Hg'"]. On the other hand,
E-capture processes accompanied by y-radia-
tion are much more easily detected than
when accompanied by x radiation alone.

(5) Sizoo (SS) has made the observation that
when two isobars with mass number A and

atomic numbers (Z&1) are stable, it is

likely that the intermediate isobar Z" decays
both by negatron emission and X capture.
Because (Z+1)" is stable against X capture,
its atomic mass satisfies the relation

M,+,+(s—1) (M,
so that if M, is larger only by the binding

energy of a X electron, (1 —s), than it is thus

required to be, negatron decay is energeti-
cally possible. Likewise, the stability of

(Z —1)"against negatron decay leads to

3f.- I&~V„

making M, within the binding energy of a E
electron unstable against E capture, for
which it is necessary that

M, &M. g+(1 —s).

It was pointed out by Bethe (private com-
munication) that Sizoo's arguments can be
somewhat sharpened by considering the pos-
sibility of the capturing of electrons from the
outermost atomic orbits. Since such electrons
have negligible binding, the stability condi-
tion for (Z+1)" becomes tV,+~(M„thus
making Z~ an electron emitter immediately.
LQ/ith the stability of (Z —1)" requiring
iV, & &M„Z.becomes immediately capable
of capturing at least outer electrons. ]

Sc" and probably Ta'" are examples of

P —X branching. The negatrons emitted by
Ta'" were originally assumed to be internal
conversion electrons following the K capture
(01) because a stable W'80 was not then
known. The possibility that the negatrons
were due to t8-decay to a stable %V'"

stimulated the discovery of that isotope
through spectrographic analysis (A3, D2).
Undoubtedly, more examples of P —E.
branching would be found if a search for
x-rays were a regular part of the procedure
of investigating an activity. When

.V, & 3I,+I+2,

positron decay as well as E capture can
occur. Cl" Cu ', As", and perhaps Ag' 6 are
examples of this (LS).

(6) Sometimes the presence of a strong E capture
accompanying positron decay shows itself in

an intensity of y-radiation too great com-

pared to the positron intensity for all of it
to be following upon the positron emission

only. Such situations have arisen in Zn",
Mn", and others (L5). )See paragraph (4).]

9. SUMMARY OF ARGUMENTS

For P-decay theory, next in importance to the
confirmation of the general structure of the
theory itself, has been the n&aking of a choice
between the Fermi and K-U ansatze and

between the Fermi and G-T selection rules [more
particularly, among the various forms (6) which

can be given the theory]. The most important
arguments on these points were developed in the
course of the discussions in the previous sections.
More arguments have been advanced which it is

sufficient to mention only in summary.
The K-U criticism and modification of Fermi's

theory seems now to be definitely disproved by
the following developments:

(1) As shown in Section 4, the forms of the

allowed spectra, on the basis of which the
criticism and modification were made, now

definitely favor Fermi's ansatz.
(2) Also mentioned in Section 4 were the great

discrepancies between the mass difference of
parent and product nucleus and the K-U
values of the energy release as obtained from

the spectrum by extrapolation in the Kurie
plot.

(3) The relatively good constancy of the ft
value for any one of the groups in I able II
was obtained from the Fermi theory. The K-U
modification would require that (WD —1)'ft
be more constant. Actually, in the very-
well-understood group OA, for instance,
(Wp —1)'ft is a rapidly increasing function
with the value 12,000 for C" and 230,000 for
Sc".This argument is frequently quoted in

terms of the approximate energy dependence
of f In the Fermi . theory, f Wo', in the
K-U modification, a seventh-power law is
expected, i.e. , f W'0', approximately.

(4) The K-U distribution for forbidden transi-
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tions in light elements turns out to have a
sharp maximum at low energy. No such
distribution is known experimentally.
The K-U theory of E capture gives

fI, =2s (uZ)'(W0+ I )
'

The strong energy dependence of this ex-
pression makes itself felt most in the com-
parison of two E-capture processes with
difkrent energy release as in the formation
of the two levels of Liv from Be'. One sees
from Section 7 that the K-U theory would
give at least 5(1.70)'/4(0. 82)4=23 transi-
tions to the normal state for each y-ray,
whereas experiments give 9 for the num-

ber. (The experimental value is very inaccu-
rate, however. )

The weight of the evidence has also been to
favor G-T selection rules over the Fermi rules,
and specifically to favor the tensor form (6c)
of the theory.

(1) The fact that He' and other light nuclei with
A =4n+2 undergo allowed transitions can
only be understood with G-T rules because
the total angular momentum almost cer-
tainly changes in these transitions (see
Section 7).

(2) The fluctuations in ft shown by the nuclei
with T, = ——,

' seem to favor G-T rules some-
what, as was seen in Section 7.

(3) The allowed complex transitions N"—+C"
and Be7—+Li' plausibly take place to a
doublet of levels 'P~~~, ge, one of which can
only be reached with a change of total
angular momentum (see Section 7).

(4) Gamow and Teller's (61) original reason for
revising the rules was based on the transi-
tions: ThB—+ThC —+ThC'. From the em-

pirical rule that nuclei with even Z and even
A have J=O in the ground state, ThB and
ThC' are each expected to have J=O. The
P-decay from ThB is allowed (see Table II)
and is fallowed by a strong y-ray; this must
be interpreted as showing that most of the
transitions go to an excited state of ThC.
The latter must have J 0 according to
Fermi rules, and because the y-radiation is
internally converted at a rate which indicates
quadrupole (certainly not dipole) character,
the ground state of ThC is expected to have

J=2. Thus the ground-to-ground transition
between ThC and ThC' should be second
forbidden according to Fermi rules. Yet,
according to Table II, it is only first for-
bidden (no strong y-rays are present so the
chief transition is to ground). On the other
hand, 6-T rules permit d J=2 in 6rst
forbidden transitions and a greater latitude
in the J values generally.

(5) The energy distribution from P" and RaE
seems representable only by the polar vector
and tensor forms (6) of the theory as was
seen in Section 6; the tensor form gives G-T
rules, showing that the forms of the for-
bidden spectra are not inconsistent with
these rules.

(6) The half-life of K" has a magnitude corre-
sponding to a third forbidden transition
although for it 6J=4. Such a spin change is
possible in the third forbidden approxima-
tion only with G-T rules. However, when the
highest reported value is taken for the energy
release, Fermi rules in the fourth forbidden
approximation are still ab1e to give a short
enough lifetime, as discussed at the close of
Section 6.

A final theoretical conclusion which may be
mentioned is that a narrowing down of the
P-decay interaction to the tensor form T of (6c)
would require a meson of spin I according to the
simplest versions of the meson theory as out-
lined in Section 2.
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