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1. INTRODUCTION

The circular polarization of light is a phenomenon
that has been studied for a long time, and effective
polarizers, which also serve as analyzers, have been
found for visible radiation. From the point of view of
the wave nature of electromagnetic radiation in classi-
zal theory a circular polarization is associated with a
rotation of the electric vector E around the direction
of the wave vector k(E 1 k). Right circular polariza-
tion corresponds to clockwise rotation (right-handed
screw), and left circular polarization to counterclock-
wise rotation (left-handed screw). This definition of
circular polarization does not agree with the optical
definition, for in optics the name left-polarized light
is given to radiation which has the symmetry of a
right-handed screw. This difference is due to the use
of a different coordinate system, in which the observer
faces in the direction opposite to the wave vector.

For nuclear v radiation in a quantum treatment of
the phenomenon is more natural. Here circular, or
cylindrical, polarization is associated with the projec-
tion of the spin o+ of the photon onto the direction of
its momentum Py with right circular polarization
corresponding to the projection ¢ = +1, and left cir-
cular to u = —1. If the probabilities of the two pro-
jections are equal, there is no circular polarization.
In the general case the probabilities of the two values
can be different. Then one introduces the concept of
the degree P, of circular polarization,
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where I,. and I7 are the respective intensities of
photons with right and left circular polarizations.

Gamma-ray quanta with circular polarization are
emitted by polarized nuclei. This can be seen from
the simplest example, in which the spin of the initial
polarized nucleus is j; = 1, and the spin after the
radiative transition is j, = 0. In this case, in accord-
ance with the law of conservation of total angular
momentum, the y-ray quanta emitted in the direction
(6 = 0) of polarization of the nuclei (the z axis in Fig.
1) will have right circular polarization with P, = +1,
and those in the opposite direction (¢ = 7) will have
left circular polarization with P = —1. The vy radia-
tion emitted in directions perpendicular to the z axis
will not be polarized, P, = 0. Thus the circular polar-
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ization of v rays emitted by polarized nuclei is a func-
tion of the angle 6.

In the more general case the nuclei in the initial
state are partially polarized, j; is not necessarily
equal to 1, and the spin in the final state can be differ-
ent from zero. In the determination of P, it is then
necessary to take into account the probabilities of
various spin projections in the initial and final states
of the nuclei. Exact calculations have been made by
Tolhoek and Cox!!" and by Stenberg[zf‘ and are pre-
sented in monographs.u"‘] For a fixed angle 6 of
emission of the y rays (6 # 7/2) the degree of cir-
cular polarization P, depends on the degree of polar-
ization of the nuclei in the initial state, (j,)/j, the
spins j; and j, of the initial and final states, and the
multipole character L of the radiative transition. The
angular dependence is given in the form of an expan-
sion in Legendre polynomials.

We note that for circular polarization there will be
an angular dependence and a degree of polarization
P, # 0 even in cases in which there is no anisotropy
in the directional correlation (for example, when
j1 = 1/2 or when there is nuclear capture of a fermion
in an S state). In particular, circular polarization of
y rays has been observed -5 in the reaction (n, v) of
radiative capture of polarized thermal neutrons.

The circular polarization of vy rays emitted by
nuclei subsequent to 8 decay is a consequence of
parity nonconservation in weak interactions. In their
first paper Lee and Yang, 6! in considering the ques-
tion of parity nonconservation, suggested along with
other possible experiments the measurement of the
circular polarization of vy rays accompanying f de-
cay, though they regarded the experiment as techni-
cally unfeasible. In the report by I. S. Shapiro at the
All-Union Conference on Nuclear Spectroscopy (Jan-
uary, 1957) it was pointed out that there is an actual
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possibility of such an experiment, and soon Schopper[B:|

made an experiment of this kind, and thus confirmed
one .of the consequences of parity nonconservation in

B decay. Further research led to definite changes in
the theory of B8 decay and opened up broad experimen-
tal possibilities. These questions were treated in de-
tail in a review by Ya. A. Smorodinskii (97 in 1950.

In the last few years many experiments have been
made on the circular polarization Pg of y rays emit-
ted subsequent to 8 decay. The results of these re-
searches are presented below. Part of the data, ob-
tained before 1959, are also contained in a review by
Fagg and Hanna. (10] The phenomenon of circular
polarization of x-rays and y rays has been treated
from a historical point of view in {11,

The leptons produced in B transitions are longi-
tudinally polarized; the neutrinos are completely
polarized, and the B particles have a polarization
~ v/e. (2] Therefore after B decay the daughter nu-
cleus is partially polarized relative to the direction
of emission of the g particle. The degree of such
polarization is determined by the characteristics of
the 8 transition. The polarization has opposite signs
for electron and positron decays, since the helicities
of electron and positron are opposite. Thus if we sin-
gle out the direction of emission of the g particles,
then the y-ray quanta emitted after the decay at a
fixed angle 6 # 7/2 (Fig. 2) will in the general case
be circularly polarized. By measuring the degree of
circular polarization of the vy rays one can get infor-
mation about the characteristics of the g transition
and the subsequent v transition. In this respect these
experiments are analogous to experiments with nuclei
polarized by low-temperature methods.

FIG. 2

We shall now present the theoretical relations which
are the basis of the experiments on the circular polar-
ization of vy rays emitted after 3 decay.

2. FUNDAMENTAL THEORETICAL RELATIONS

Immediately after the first experimental confirma-
tion of parity nonconservation in g decay a number of
authors (1316 independently made theoretical calcula-
tions of various effects which are consequences of
this new phenomenon. In particular, 719 expressions
were obtained for the angular correlation function
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W(8) between the electron {or positron) and the cir-
cular polarization of the y ray following the 3 decay
( 0 is the angle between the directions of the g parti-
cle and the vy ray). The most general expression for
W (0) is of the following form:

W (0) = ; BryaPr (cos 0) (2R +-1), (2)
where BR are coefficients which depend on the char-
acteristics of the g transition (the interaction con-
stants, the nuclear matrix elements, the energies and
momenta of the leptons, the charge of the nucleus),
and YR are coefficients which depend on the charac-
teristics of the transition (the multipole character and
the angular momenta of the final nuclear levels). The
number R which fixes the order of the Legendre poly-
nomial is connected with the degree of forbiddenness !/
of the B transition by the relation 0 =R = 21 + 1.

The expression for the correlation function is or-
dinarily normalized so that the first term, with the
zeroth-order Legendre polynomial, is equal to unity.
Equation (2) is then written:

W) =1+ 3 %:: Pg(cos0) (2R + 1). (3)
Rzt
a) The circular polarization and the character of
the radiative transition. In the case of a ‘‘pure” y
transition of multipole character L the quantity yR
in the expression (2) can be written in the following
form:

Yr=CLW™V QL+ DQRLF1)W (ojsRL; Li2), (4)

where j,, j3 are the angular momenta of the excited
and ground states of the final nucleus, 4 = +1 corres-
ponds to right circular polarization of the v ray, and

p = —1 to left circular polarization. The C%:“RO are
Clebsch-Gordan coefficients, and the W (j,j3RL; Ljo)
are Racah coefficients. For even R the coefficients

C %:ﬁRO do not depend on the sign of u, but for odd
R they do; that is, the circular polarization is deter-
mined by the odd terms of the expression (3).

As we shall see as we go on, in a large number of
cases the expression (3) stops with the value R = 1.
Then W(0) depends only on the ratio v;/y,. Calculat-
ing the coefficients CF"#R and W (j,j3 RL; Ljy for
R =0and R =1 for a ‘“‘pure’ radiative transition,
we get

1 o

Y o (ot D)= LA 1) = 3 (a1
Yo o 2L (L) ‘

ViU 1)

From the form of the expression (5) we can draw a
number of definite conclusions. First, for j, = j; the
ratio v,/yq, and consequently also W(6), do not de-
pend on the multipole character L. Second, for

jo > j3 the sign of v;/v, is determined by the sign
of u; also the quantity v,/y, decreases somewhat as

(5)
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L increases. If, on the other hand, j, < jy. then the
sign and magnitude of vy/y, depend on j,, j3, and L.

If the y radiation is a mixture of electric radiation
with multipole character L + 1 and magnetic radiation
with multipole character L, then according to (197

va=CIh™*V 2.+ 1) QL+ 1) W (jojs RL; Ljs)
L2 2Lt
+2pA ‘/ 2LT1 2L+3>
X CEYEN YV (272 1) (RL - 3) W (jojsRL; L+ 172)

o )V @R+ D L)

+ A2CEEThRO
X W (jofsBL +1; L+12). (6)

Here A is the ratio of the amplitudes of the electric
and magnetic radiations in the mixture. Consequently,
in this case the correlation function depends not only
on the values j, and j; of the spins of the states, but
on the mixture ratio A of the multipoles, just as in
other correlation effects. Thus there is an additional
parameter, which makes the unambiguous interpreta-
tion of experimental data more difficult.

As an example, Fig. 3 shows the dependence of
v1/vo on the quantity A for an M1 + E2 transition with
the values j, = 3/2 and j; = 5/2. As can be seen
from the figure, there are changes not only of the
magnitude but also of the sign of v;/v,: this is ex-
plained by the presence of the interference term in the
expression (6).
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FIG. 3. Dependence of y,/y, on the ratio A of the amplitudes of
the E2 and M1 multipoles for j, = 3/2, j, = 5/2.

In the case in which the §8 transition leads to an ex-
cited nucleus with the angular momentum j, which
goes to levels j3, ..., jp+2 With successive emissions
of y-ray quanta with multipole characters Ly, L,,

.e.s Lpy» we have for the ‘‘pure” y transition Lo

Yo =C IV 2 s 1) CLa D)W (utaintoBLn; Lnfnt1)

n—1
X _D‘ V2/iwi+%) CLipa + V)W (jirsLiRJiyo; fi+zfi+1)(-
= 7)
It must be noted here that the value of yy/v, for the
n-th y-ray quantum is in any case not larger than that
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for the first one. As the result of successive ‘‘pure’’
radiative transitions the correlation coefficient can
change, but its sign remains the same. A similar re-
mark has been made previously in [203 i a discussion
of the problem of the depolarization of nuclei in cas-
cade transitions.

b) Circular polarization in allowed B transitions.
The quantity BR in Eq. (2) is a sum of squares and
binary products of nuclear matrix elements for 8 de-
cay with appropriate coefficients and g-~interaction
constants, and as previously pointed out depends on
the angular momenta j; and j,, where j; is the angular
momentum of the initial nucleus, which decays to the
level with angular momentum j, in the final nucleus
(Fig. 4). The expression (3) contains ratios BRr/By,
and consequently in a given case W(8) is a function of
the ratio of the nuclear matrix elements. The explicit
form of BR/B, will be given below for the concrete
cases of allowed and singly forbidden B transitions:
all of the expressions for BR/By are given for the
theory in which the g interaction contains only the
vector and axial-vector terms (V — A).

FIG. 4. By-cascade.

In the case of allowed g transitions the angular
correlation function W (6) of Eq. (3) takes the simple
form

W (0) =1+ pd —-cos, (8)

where v/c is the ratio of the speed of the g particle
to the speed of light, and ¢ = +1 corresponds to right
and left circular polarization of the y rays. From
Eqgs. (8) and (1) we get the expression for the degree
of circular polarization P, of y-ray quanta emitted
after g decay at the angle 6 with the direction of the
momentum pe of the g particle (see Fig. 2)

PczA%cose. (9)

The coefficient A is given by

) 2X 2-4-jo (o 1) —Jy (/1 +1)
pa=33 e+ e i
Here X = cyMy/caM@g - T, where cy and cp are
the constants for the vector and axial-vector g inter-
actions. My and Mg - 1 are the Fermi and Gamow -
Teller matrix elements. The expression in the square
brackets in Eq. (10) is the ratio 8{/8,. The plus sign
corresponds to electron decay (87), and the minus

sign to positron decay (8*). As has been shown in (177,

(10)
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inclusion of effects of the Coulomb field of the nucleus
does not change the expression (10).

For a Fermi B transition (My # 0, Mg_T = 0)
the formula (10) gives the value A = 0, as is to be
expected from general considerations, since the lepton
pair is emitted in a singlet state and the nucleus can-
not be polarized after the g decay. For a Gamow-
Teller g transition (Myp = 0, Mg_T * 0) we have
X = 0, and the expression (10) does not depend on the
matrix elements. Therefore the value of A can be
calculated exactly if one knows the characteristics of
the successive radiative transitions (yy/y). For ex-
ample, for Co® (5* B, Lo X

+

0*) we have

B
A = —0.33, and for Na® (3* = 2+ 1. 0*) we have

A = +0.33. Actually the conditions My * 0 and
Mg—71 = 0 are realized only in transitions of the type
0 — 0,and Mg = 0, Mg_7 ¥ 0 only in 8 transitions
in which the angular momentum changes by unity,

Aj = 1. If, on the other hand, the angular momentum

of the nucleus does not change in the 8 decay (Aj = 0),

then both matrix elements are allowed by the funda-
mental selection rules (Mg * 0 and Mg_7T * 0).
Figure 5, taken frommj, shows graphically the de-
pendence of A on the ratio CyMy/cAMg-T = X for
the values j; = 1, jo = 1, j3 = 0, L = 1. The upper
curve (X > 0) corresponds to different phases of My
and Mg —T. and the lower curve to equal phases.

Thus by measuring the degree of circular polariza-
tion Pg [Eq. (9)] of ¥ rays emitted after 8 decay one
can find the experimental value Aexp- By comparing
the experimental value of A with the theoretical value,
Eq. (10), for allowed g transitions one can determine:
first, the total angular momenta j, jo, j3 of the levels,
and second, the ratios of nuclear matrix elements,
X and A for the g and < transitions, respectively.
The most valuable possibility is that of determining
the ratio of the Fermi and Gamow-Teller matrix ele-
ments, including the phase relation (cf. Fig. 5). If in
addition one uses the values of ft for the g transition
in question, which are as a rule known, then one can
also determine the absolute values of the matrix ele-
ments Mg and Mg _ 7. In Section 4 of the present
article we shall give the results of experimental re-
searches on this point.

c) The case of forbidden g transitions. The inter-
pretation of the results of measurements of circular

4
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Fig. 5. Dependence of the cor-
relation coefficient A in Eq. (8)
on the ratio X = cyMgr/caMg.T
of Eq. (10) forj, =1, j, = 1, and
jy = 0.

x>0

V. ESTULIN and A. A. PETUSHKOV

polarization in forbidden g transitions is decidedly
complicated by the fact that the number of nuclear
matrix elements that affect even a singly forbidden g
transition is much larger than for allowed transitions.
We shall confine ourselves to the discussion of singly
forbidden g transitions, since the information in the
literature about more highly forbidden g transitions
is not entirely definite.

It is well known that the rank A of the nuclear
matrix elements of a § transition, equal to the total
angular momentum carried away by the two leptons,
satisfies the relation

[ii—Te = AT <AL Ji+ T, (11) -

where j; and j, are the angular momenta of the ini-
tial and final states of the nucleus in the g transition.
The main contribution to the probability of a singly
forbidden 8 transition comes from the matrix ele-
ments with three values of A, namely A = 0, 1, and
2:

A =0,

No=cy S or, NE'v=ca S Vs,

nu=cu g ieXr, Nr= —cy S r, n8'y= —ca S e, A=1,

A=2
(12)

NzZ=Cy S Bij,

Here the nuclear parameters u, v, W, X, ¥, and z, in-
troduced in accordance with [22;’ are the ratios of the
various matrix elements to the standard matrix ele-
ment 71, so that | n|? appears as a factor in the ex-
pression for the probability of g decay and its value
is determined from the value of ft. The factor
¢’ = (1/4)Ry (Ry is the radius of the nucleus) is intro-
duced in order that the parameters v and y, associated
with relativistic matrix elements, will have the same
dimensions as u, «w, and x. The formulas given below
will contain matrix elements expressed in terms of
the nuclear parameters in accordance with Eq. (12).

Thus singly forbidden g transitions are determined
by six matrix elements. In a number of cases, how-
ever, some of them can be neglected. For example, -
in singly forbidden g transitions with g spectra of
the allowed shape the matrix element cp f Bjj is.
small in comparison with the others. Furthermore, if
Aj =1, according to the rule (11) only the three ma-
trix elements with A = 1 are different from zero, and
if Aj = 0, the only nonvanishing elements are the five
with A = 0 and A = 1. If, on the other hand, Aj = 2,
then we have the unique transition, with the shape of
its B spectrum always different from the allowed, and
for which the only matrix element is cp f Bjj. Cases
of B transitions with spectrum shapes different from
the allowed will be considered in what follows.

The angular dependence of the correlation function
W (8) for singly forbidden g transitions can be ob-
tained from Eq. (2) and is found in terms of Legendre
polynomials Py, Py, Py, and P3 with suitable coeffi-
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cients. The coefficient 8; which occurs with the poly-
nomial P; is a product with the 'matrix element

CA fBij as a factor, and therefore when the g spec-
trum has the allowed shape the term with 85 can be
dropped. The coefficient of P, does not depend on the
circular polarization of the y rays and can be ex-
pressed in terms of the anisotropy coefficient € of
the B directional correlation. In the case of transi-
tions with the allowed shape of the spectrum there is
no such correlation, and consequently the term in

P, (cos #) does not contribute to the angular depen-
dence. Thus for singly forbidden g transitions with
the allowed shape of the 3 spectrum the correlation
function W (0) has an angular dependence which is
similar to that for allowed g transitions and is given
by Eq. (8). Furthermore the coefficient A, just as for
allowed transitions, does not depend on the energy of
the B particles, but for Aj = 0 is a function of all
five nuclear matrix elements corresponding to a first-
forbidden g transition. If, on the other hand, Aj = 1,
the coefficient A does not depend on the matrix ele-
ments, as is the case for allowed transitions.

From the point of view of the interpretation of ex-
periment the case with Aj = 0 is very complicated,
since it is not possible to do a large enough number of
independent experiments to determine the values of
all five nuclear matrix elements. By measuring the
circular polarization of the y-ray quanta one can find
the ratio of the matrix element of first rank V and that
of second rank Y, which appear in the expression for
A in the form V/Y:

V==tv+to; Y=ty—E(utaz), (13)
where £ = aZ/2Ry, « is the fine-structure constant,
and Z is the charge of the nucleus. In this respect
the situation is somewhat simplified if the g transi-
tion is a ‘‘Coulomb’” transition.

When the Coulomb field of the nucleus is taken into
account in the expression for the probability of a
forbidden B transition terms of order o Z appear,
and in heavy nuclei these terms may be the most im-
portant ones. Such B transitions are called **Coulomb”
transitions and were first considered in (23 and then
in'"*. The condition for a B transition to be of this
type is given by the inequalities

uZ > pRy and oZ B f’c—", (14)

where p is the momentum of the g particle, Ry is
the mean radius of the nucleus, vy is the speed of the
nucleons in the nucleus, and ¢ is the speed of light.
Furthermore the shape of the 8 spectrum must not
deviate from the allowed shape. Besides neglecting
the term cp fBij , in Coulomb g transitions one also
neglects the relativistic matrix elements cp | ij; and
cy fia.

The result is that in Coulomb singly forbidden g
transitions with Aj = 0 the asymmetry coefficient of
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Eqgs. (8) and (9) depends on the three nuclear matrix
elements cvfr, cAfO'-r, and cAfio X r. The ex-
pression for A in this case takes 2] 4 form similar
to Eq. (10) if we replace X by

Q—_—° (15)

z4u
where w, X, and u are defined in Eq. (12). Figure 6
shows as an example the dependence of A on Q for
i1 = 5/2,3s = 5/2,j3 = 3/2 and a M1 + E2 radiative
transition with A = 1. Thus by measuring the circular
polarization of the v rays in the Coulomb type of g
transition considered here one can determine the ratio
between the nonrelativistic matrix elements of differ-
ent ranks.

T005 1T 5T D310 A0 A0 D

FIG. 6. Dependence of the correlation coefficient A on
= —w/(x +u) for j, = 5/2,j, =5/2, j, = 7/2 (sic) and a M1 +
+ E2 radiative transition with A = 1. The value of Aexp Ob-
tained for Nd'*” in [72] is shown as a solid line, and as dashed
lines when allowance is made for etrors.

The majority of first-forbidden g transitions have
the allowed shape of the g spectrum. This is ex-
plained by the so-called ‘‘ ¢ approximation,’’ in which
the probability of the g transition is expanded in
powers of £ = @Z/2RN {& = 1/137, Z is the charge
and Ry the radius of the nucleus) and one drops all
terms except the first, which contains £ and does not
contain the enerzy W of the g particles. In this ap-
proximation the factor (C) multiplying the shape of
the spectrum is a constant. In cases in which the
spectrum deviates from the allowed shape the ¢
approximation’ is not valid and the treatment given
above cannot be used. The angular dependence of the
correlation function W (6) will be given by Legendre
polynomials, including the polynomial of third degree:

W (0) = Ao+ AaP2 (cos8)+p [4, Py (cos 0) - 4;3P5 (cos0)]. (16)

Here, as in the general case also, only the coefficients
of polynomials of odd degree depend on the circular
polarization u . From the expression (16) and Eq. (1)
we get the degree of circular polarization of the y-ray
quanta
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p. A1/ Ag-Py(c0s 8) - Ag/ Ao Pfcos

0)
¢ 1Ay A4y Py{cos9) — °

(17)

The coefficients A,, Ay, Ay, and A; depend on the
energy W of the g particles and are expressed in
terms of the matrix elements, Egs. (11) and (12), in-
cluding cp fBij , with A, being simply the correction
factor for the shape of the g spectrum, Ay, = C(W).
The denominator in Eq. (17) is the directional corre-
lation function, in which the asymmetry coefficient is
€ = Ay/A,. For unique g transitions (Aj = 2) the
picture is simplified, since according to the selection
rule (11) the coefficients A, Ay, A,, and A; depend
only on the one matrix element CAfBij ,» which cancels
when one takes the ratios Aj/Ay, Ay/Ay, Az/A,.
Consequently for a unique transition P, does not de-
pend on the matrix elements at all and can be calcula-
ted exactly.

Expressions for Ay, Ay, Ay, and A; (or for Pg) as
functions of the matrix elements  and the energy W in
the general case of a singly forbidden g transition
are given in papers by Kotani (27 ang by Weiden-
miiller. 1% In these papers use has been made of the
Konopinski-Uhlenbeck approximation; this means that,
first, in the expansion of the probability of g decay in
powers of ¢ (or simply the ‘‘¢£ expansion’’) only the
first three terms are used, second, that no correction
is made for the finite size of the nucleus, and third,
effects from the third and higher orders of forbidden-
ness are neglected.

Considerable deviations from the allowed shape of
the g spectrum are observed experimentally in singly
forbidden transitions of the types

3_3;2* (Ga72’ Sbl24, La140, EuIGZ’Eu154) and 2—_5; 2* (RbSS’ Sb122)

with subsequent E2 radiative transition to the ground
state of the even-even nucleus. From the point of
view of the interpretation of the experimental results
the simplest case is that of the gy cascade

B
37— 2 E—é
depends on a smaller number of matrix elements. For
this case the coefficients Ay, A;, Ay and A; are
written in 227 and (247 as functions of the nuclear para-
meters x, u, z of Eq. (12) and Y of Eq. (13). Setting

z = 1, we get the standard matrix element 1 =cp fBij,
whose value can be found directly from ft. This means
that cp fBij # 0, whereas the other matrix elements
can be equal to zero. Thus in these transitions the
quantity P, is determined by three nuclear parameters
X, u, and Y. Consequently, by measuring the circular
polarization of the y rays one can get information
about the corresponding nuclear matrix elements. To
make this a determinate problem, it is necessary to

0*, since the quantity P, for this case

*There is a misprint in [22], In Eq. (A5 on page 805, instead
of (u — z) it should read (u — %).
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make measurements of Pc either at different electron
energies W or at different angles 6 between the di-
rections of the electron and the +y ray.

The angular dependence of the correlation function
W (6) for the case in which the g spectrum deviates
from the allowed shape can conveniently be represen-
ted in a form analogous to Eq. (8):

W (0) =1+ po (W, 8)— cos 0, (18)

where w(W, 6), unlike the A in Eq. (8), is a function
of the energy W of the g particle and of the angle 0.
This sort of expression for W () is given in DZ?,
which also gives the explicit form of «w(W, 8), ex-
pressed in terms of theﬂnuclear parameters (12).
Figure 7, taken from [22° , shows the dependence of the
asymmetry coefficient w on the electron energy W for
W, = 5.5 for two angles 6 = 150° (dashed lines) and
6 = 135° (solid lines). Figure 8 shows the angular
dependence of w for W = 5. The curves in Figs. 7
and 8 correspond to various choices of the nuclear

parameters: 1) z = 1,Y =0,x =u = 0 (unique 8
transition); 2) z =1, Y = 0.27, x = u = 0 (the so-
called “Bij approximation’’); 3) z =1, Y = 1.8,
u=-0.1, x =075 4 2z =1, Y = 5.5, u = —0.3,
x = 0.7 (the case of ‘‘cancellation’’ of the nuclear

matrix elements). It can be seen from the figures that
the coefficient « is extremely sensitive to changes in

FIG- 7. The correlation coefficient
@ =Pc/[(v/c) cos 6] as a function of
the energy W of the 8 particles (W,
=5.5). The solid curves are for the value
0 = 135°, the dashed curves for g = 150°.
The curves are for the following values
of the nuclear parameters: 1: Y = 0,
x=u=0,z=1;,2:Y=027,x=u=0,
z=1;3Y=18, u=-01, x=0.75, z

<1, 4Y=55u=-03x=072=1 —
-08} ===
~78
_.,,70 A J.
7 4 5 Wime¥
o
a8 -
4
FIG. 8. @ =Pc/[(v/c) cos O] gz \/
as a function of cos 6. 6 is the \
angle between the directions of &
emission of the B particle and o2l 2 o,
the y quantum. Curves 1 -4 are //_/_7 ‘€ approximation
as in Fig, 7. K2
T ———
_/Z&‘ b
4
_gg [
-0 ! L 1 1 A cos 8

=0 =08 -G8 -g5 -2 o
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the sets of nuclear parameters. For example, the
curve corresponding to the unique transition (set 1)
differs markedly from that corresponding to set 4.
The case of a 8 transition with the allowed form of
the spectrum, for which the ‘¢ approximation’ holds,
is represented by a straight line. The dependence of
«w on the energy W is less sharp than that on the angle
0, and therefore for the accurate determination of
absolute values of the nuclear parameters it is more
advantageous to use the angular dependence. Experi-
ments of this sort have been made by Alexander and
Steffen (%" and by Hartwig and Schopper %7 with
measurements of the circular polarization in Sh!*
and a number of other nuclei.

Other experimentally observable quantities depend-
ing on the same nuclear parameters, besides the de-
gree of circular polarization P of v rays, are the
correction factor on the shape of the spectrum C(W),
the asymmetry coefficient in the By correlation € (W),
the longitudinal polarization of the electrons Pg, the
By correlation with a selected longitudinal polariza-
tion of the g particles, and so on. Therefore in a
number of cases it is possible to use the combined
results from different independent experiments to
determine the nuclear parameters, and consequently
the nuclear matrix elements. This sort of method has
been used in (2728961 dealing with the results of
measurements of the circular polarization of the
vy rays in Lal40 |

In the present section, in dealing with the theoreti-
cal relations we have not taken into account the possi-
ble depolarization of the nuclei in the excited states
which appear as the result of 8 decays. Such depolar-
ization can be due to the interaction of the nucleus
with extra-nuclear fields, and it occurs in all corre-
lation phenomena if the lifetime of the excited state is
sufficiently long. In the case of measurement of the
circular polarization of vy rays the depolarization of
the nuclei has been considered in the interpretation of
experiments with Sct6 (23] and will be discussed later.

3. THE MEASUREMENT OF THE CIRCULAR POLAR-
IZATION OF y-RAY QUANTA

The measurement of the circular polarization of
v-ray quanta emitted by nuclei after g decay consists
of selecting By coincidences with a fixed angle 6 be-
tween the directions of emission of the y ray and the
B particle (see Fig. 2), and simultaneously detecting
the circular polarization of the vy ray. From the ex-
perimental point of view the main difficulty is in the
detection of the circular polarization of the y rays.
At angles 6 = 0° or 180° the degree of circular
polarization P, {Egs. (9), (17)] can in some cases
reach quite large values (~ 30 percent). At present,
however, the available analyzers for circular polariza-
tion of y-ray quanta (polarimeters) have small effi-
ciencies, and this greatly complicates the perform-
ance of the experiments.

107

A review by Schopper 1307 considers in detail the
various methods for measuring the circular polariza-
tion of y-ray quanta which are possible in principle.
The method with greatest efficiency uses Compton
scattering by electrons polarized in magnetized ferro-
magnetic materials. This method was first proposed
by Ya. B. Zel’dovich®!” and was later treated in de-
tail theoretically by Gelberg! 32 and by Lipps and
Tolhoek.[%%” In the overwhelming majority of the ex-
periments made at present on the circular polariza-
tion of y rays use is made of the Compton forward
scattering by polarized electrons. This method is
based on the large dependence of the Compton scatter-
ing cross section on the angle between the directions
of the spins of the y-ray quantum and the electron.
The differential cross section for Compton scattering
is given by the formula

do:%f’(—]f%)z (@, P, ©, +fP.D,). (19)
Here r, is the classical electron radius, kq and k are
the energies of the incident and scattered photons, P
is the degree of linear polarization, P is the degree
of circular polarization, f is the fraction of polarized
electrons in the scatterer, &, is the Compton scatter-
ing cross section insensitive to polarization, and &,
and & are the parts of the cross section that depend
on the polarization:

Oy =1-+cos®d + (ky— k) (1 — cos 9), )

@, =sin?t,

Q.= — (1 —cos V) [(ky+ k)cos ¥ cos P - & sin ¥ sin P cos ¢], i
(20

where ¢ is the scattering angle, ¢ is the angle between
the momentum k; of the incident y-ray quantum and

the spin s of the electron, and ¢ is the angle between
the planes (kgs) and (k¢k). It follows from the expres-
sion for &, that if the direction of the spin of the
electrons in the scatterer is reversed (which is ac-
complished by reversing the magnetization) —that is,

if ¥ is replaced by ¢ + 7, the sign of &, is changed.
The fractional effect 6 produced in this way is defined
as follows:

2/P. D,/

5 do (§) —do (p+-m) .
- 14P (D Do) *

5 146 (D)o ()
Naturally for a given P; the effect will be largest for
the maximum valu€ of the ratio &./®,.

The ratio ®¢/®, is a function of the angles 4, ¥,
and ¢ and of the initial energy of the v ray, Eq. (20).
When one uses forward Compton scattering, together
with the replacement of ¢ by ¢ + 7, it is convenient
to take ¢ = 0. The angles ¢ and ¥ are chosen so as
to make the quantity ®./®; a maximum. The optimum
values dm and ¢, of the angles depend on the initial
energy k; of the v quanta. Questions related to the
choice of the optimum geometry for the measurements
are treated in3%-. As an example we may state that
for k; = 2 (in units me?) &m = 56°, ¥ ; = 25°. Fig-

(21)
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ure 9 shows the maximum value (®¢c/®,)y, at the op-
timum angles ¢ = $m and ¢ = §y, as a function of
the initial energy k,. It can be seen from the figure
that the quantity (&,/®,)y reaches values ~ 0.7 at suf-
ficiently large y-ray energies (k; > 8). For small en-
ergies (k; < 1/2) the use of forward scattering for
the detection of circular polarization of y rays is in-
efficient because of the decreasing value of &:/d.
According to [35_ it is better in this case to measure
the azimuthal anisotropy given by changing from

¢ =0 to ¢ =7 with fixed ¢ =7/2 and ¥ = 7/2.

Thus for k, 2 1/2 the quantity (&./®()m has
fairly large values (from 0.25 to 0.7). Since, however,
the fraction of polarized electrons is small and for
iron amounts only to 0.08, even with 100 percent po-
larization of the y rays (Pc = 1) the magnitude of the
effect (6) cannot be larger than ~8 percent. Actually
P, has values < 0.30. Moreover in an actual apparatus
the angles &, ¢, and ¢ always cover more or less of
a spread of values, so that in Eq. (21) we must use an
average value &,/®, which is less than the
(®c/®¢)m which corresponds to the optimal angles.
The result is that in the best case the effect observa-
ble in practice amounts to 2 percent. The average
value of ®./®, depends on the concrete geometry of
the apparatus.

The expression (21) which gives the effect & also
involves a term P, &;/&, with the linear polarization
of the y rays. In t[he present case, however, of the
circular polarization of vy rays emitted after allowed
B transitions and after singly forbidden S8 transitions
with g8 spectra of the allowed shape, there is no linear
polarization (P = 0). In the case of forbidden 8 transi-
tions for which the shape of the spectrum deviates from
the allowed shape, P[ = (. Still, if the polarimeter has
rotational symmetry, the term with the linear polariza-
tion drops out in the averaging over the geometry. This

fact, along with the large solid angle for detection of the

scattered radiation and the wide limits in which the
angles ¢ and ¢ are close to the optimum values, makes
an apparatus with rotational symmetry the most con-
venient one, which is used in almost all measurements
of P based on Compton forward scattering.

By measuring the degree of circular polarization
of the y-ray quanta emitted after 8 decay one deter-
mines experimental values of the correlation coeffi-
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cient A, Eq. (10), if the 8 spectrum has the allowed
shape, or w, Eq. (18), if the spectrum departs from
the allowed shape. In both cases P is a function of
the angle 6 between the directions of the 8 particle
and the vy ray, and in an actual apparatus this angle
covers a spread of values. Consequently in going from
P, to A or w it is necessary to average the quantity
(®o/®,) cos 6. The expression obtained in this way
characterizes the efficiency v of the entire apparatus,
with

v =2f (22)

D,
a}cosﬁ .

The review paper (307 gives a method for calculating
the average value of (&,/®,) cos 6 for an apparatus
possessing rotational symmetry. The dashed curve
in Fig. 9 shows the values of |{®&.,/®)) cos 6}, as a
function of the y-ray energy k;, for the particular
apparatus used by the present authors. [34) The right-
hand scale gives the corresponding values of the effi-
ciency v, Eq. (22).

From measurements of the effect 6 one gets ex-
perimental values of A and w:

(23)

As has been noted already, in forbidden B transitions
with spectrum shapes different from the allowed, the
correlation coefficient w(W, 6) depends on the angle
8 and the electron energy W. In this case one gets
from the experiment and Eq. (23) an average value
w(W, 8), which is not equal to the value w(W, 5) cal-
culated theoretically for the average values W and .
In some cases, however, when the spreads of W and
fare small and the accuracy of the measurements is
not high, one can assume that w(W, 8) = w(W, ).
The problem of processing the results of measure -
ments on forbidden £ transitions is treated in more
detail in 32,

Owing to the smallness of the actually observable
effect (6 < 2 percent), to get a reasonably accurate
result it is necessary to have high efficiency in count-
ing the By coincidences and to make prolonged meas-
urements. Researches on the circular polarization of
Y rayé employ the scintillation method, which provides
high efficiency in counting the radiations and high re-
solving power for the selection of coincidences in
time. The electronic systems used in such experi-
ments must be extremely stable. Moreover, in the
construction of the apparatus special measures must
be taken to eliminate possible apparatus effects assoc-
iated with influences of the stray magnetic field on the
scintillation counters.

Figure 10 shows a block diagram of a concrete
apparatus for measuring circular polarization with
selection of By coincidences. ™) The g particles
emitted by the radioactive source are registered by a
scintillation y-ray detector with an anthracene crys-
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FIG. 10. Block diagram of an apparatus["] for measuring circu-
lar polarization of y-ray quanta with selection of 8y coincidences.

tal; the y-ray quanta scattered by a magnetized cylin-
der (the scatterer) are registered by a scintillation
v-ray detector with a crystal of NaI(Tl). The source,
scatterer, and y-ray and g-ray detectors have a
common axis (rotational symmetry). Along the axis
inside the cylinder there is located a lead cone which
shields the y-ray detector from directly incident vy
rays. The scatterer is made of permendur, in which
the induction B = 2.2 - 10* gauss is attained in fields
H =~ 15 Oe. The change of direction of the polarization
of the electrons in the scatterer is produced by revers-
ing the direction of the current in the magnet windings.
The fraction of polarized electrons in the scatterer is
f = 8.2 percent. The use of light guides of length up to
15 em and of permalloy screens prevents influence of
the stray magnetic field on the operation of the photo-
multipliers.

The two channels of the apparatus, which are scin-
tillation g-ray and y-ray spectrometers, consist of
amplifiers and pulse-height amplitude analyzers, from
which the pulses go to a circuit for selecting binary
coincidences. In the y channel, where the counting
rate is ~ 10° counts/sec, a ‘‘slit”’ pulse-height analy-
zer is used. ¥’ In the B channel, where the counting
rate is ~10° counts/sec, the pulses from the output of
the photomultiplier are shaped by a short-circuited
line, and after amplification go to a fast-acting analy-
zer. The apparatus employs a coincidence circuit
which gives simultaneous selection of the total
(Ntrye = 2Ngee) and accidental (Ngge) coincidence
rates and has a resolving power of 7 = 3 x 1078 sec.
This sort of coincidence circuit makes it possible to
eliminate errors associated with changes of 7 during
the measurements. The measuring process is carried
out automatically. The duration of a single coincidence
measurement is fixed by the time relay and is
ti = 20.5 sec. After the time ti the switching system
turns off one set of counting devices, reverses the
direction of the magnetic field in the scatterer, and
turns on the other set of counting devices. The num-
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bers of By coincidences corresponding to the differ-
ent directions of the magnetic field are accumulated
as the working cycle is gone through over and over.
The result of the operation of the apparatus is the
determination of the numbers of gy coincidences as-
sociated with two opposite directions of the spins of
the electrons in the scatterer. The measured effect
6 is defined as
52V (=N ()

2
NN &)

where N(t) is the number of coincidences with the
magnetic in the scatterer field directed toward the
source, and N (V) is the number with the field
directed away from the source. The coefficient A or
w is calculated from the value of §.

In some cases the apparatus used in the work of
other authors differs from that described in the elec-
tronics and the shape of the magnet. For example, if
the intensity of the v rays is small, a magnet with a
semicircular cross section (Fig. 11) has some advan-
tages, since with it the solid angle is much larger and
the angles ¢ and ¥ are still close to their optimal
values. 37" In some work use has also been made of
so-called ‘‘fast-slow’ coincidence circuits: this
makes it possible to improve the resolution time to
T &~ 5 x 107 sec. [2!

Source \\\ Crystal

\'—i /

FIG. 11. The geometry of a polarimeter for circular polari-
zation of y rays which provides a large solid angle.[*’]

For measurements of the dependence of the circular
polarization P, oh the angle 6 the apparatus is modi-
fied somewhat. In this case a more restricted geome-
try is necessary and rotational symmetry is impossi-
ble. For this purpose use is made of sectors of lead
(25,261 which serve to cover parts of the interior of the
scattering cylinder.

4. SURVEY OF THE EXPERIMENTAL RESULTS

a) Allowed B transitions. Table I contains data
from measurements of the circular polarization of
v-ray quanta emitted after allowed B transitions, as
reported in the literature received up to the middle
of 1963. The table shows: the initial nucleus and
type of B transition, the spins and other character-
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istics of the levels and the schemes of the 8y cas-
cades which were studied, the energies of the 8 par-
ticles and y-ray quanta, the experimental values of
the correlation coefficients A and the values of

X = CVMF/CAMG—T obtained from them by using
Eq. (10), and also some physical conclusions.

The experiments on the circular polarization of vy
rays accompanying allowed g transitions can be divi-
ded into two groups: a) measurements made for the
purpose of determining the unknown spins of levels
involved in the By transitions in question, and b)
measurements made for the purpose of determining
the ratios of nuclear matrix elements in g transitions.
An important limitation of the first group of experi-~
ments is that there are simpler and more reliable
methods for determining spins, but in a number of
cases such experiments have been very effective.

Na??, Na?*, Co®®. The first experiment on the meas-
urement of circular polarization of y-ray quanta
emitted by nuclei after g decay was made, as we have
mentioned, in 1957, by Schopperfg] for the purpose of
testing the hypothesis of parity nonconservation in
weak interactions. The measurements were made with
Co®® and Na?? nuclei, in which there are intense
(~ 100 percent) allowed transitions (with emission
of 87 and 8%, respectively) with Aj = 1. Conse-
quently in both cases the correlation coefficient A of
Eq. (8) does not depend on the nuclear matrix elements,
and this is true for either combination of types of
interaction (ST or VA). The theoretically predicted
values Agheor are —1/3 for Co® and +1/3 for Na?2.
The values Aexp found from the measurements were
in excellent agreement with the theoretical values,
and this was further convincing confirmation of parity
nonconservation in g decay. Subsequently measure-
ments with Co% and Na? were also made by other au-
thors 38427 The accuracy of the values Aexp was im-
proved, and their agreement with the theoretical val-
ues was taken as proof that the apparatus was working
reliably and that the mathematical treatment of the
geometrical averaging was correct. For Co® and Na®?
Table I gives the one most accurate result obtained in
measurements with each of these nuclei.

Immediately after the first experiments, which con-
firmed parity nonconservation, various authors made
measurements of the circular polarization of y-ray
quanta for the Epurpose of determining the type of the
g interaction, -3%:42 41 Allowed B transitions with
both Aj = 1 and Aj = 0 were investigated. The ex-
perimental results could be reconciled with the theory
if one assumed that the g interaction contained either
the S and T types, or else the V and A types. The
experiment with Na%4 played a great part in the subse-
quent developments. The value of the correlation co-
efficient Agy, for Na?! indicated within the limits of
error that either the matrix element My or else the
element Mg T was equal to zero. On the basis of
the isotopic-spin selection rule the conclusion was
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drawn that Mg = 0. Furthermore it followed from
the experiments of Burgov and Terekhov 5] on the
resonance scattering of vy rays that the Gamow-Teller
interaction is an axial-vector interaction. This con-
clusion was confirmed by many researches. 127 The
result was to prove that the g interaction is of the
vector and axial vector types.

F20, Nb*, Pr!*. In an experiment with F?° it was
shown [%6 I that the spin of the ground state of F?' is
j;1 = 2, and not 1, as had been supposed before, and
consequently the g transition occurs without change
of the angular momentum (Aj = 0). In measure-
ments "4647) with Nb% the value of A that was found
could be made to agree with theory only if one assigned
to the level of the final nucleus which was reached as
a result of the [5 decay the spin value j, = 7/2.
Measurements "2° with Pri gave an unexpected re-
sult. The respective spin and parity values assigned
to the ground states of Pr!% and Nd'*! are 0~ and 0*.
On this basis an analysis of the shape of the spectrum
of the B transition between the ground states 07— 0%
was carried out in order to estimate the amount of the
pseudoscalar type present in the g interaction. The
measurements of the circular polarization of the vy
rays emitted after the g decay of Pr!* to the 2.2
MeV level of Nd!44[21- agree with the spin value
ji = 1; that is, they exclude the possibility of de-
tecting a pseudoscalar interaction. This experiment
is very complicated, however, since the branching
ratio for the g spectrum in question is only ~ 1 per-
cent, and therefore the conclusion about the spin of
Pr!'* needed further confirmation. There was an anal-
ogous situation in the measurements La1 with Eul52™,
It was shown in (%" that all the existing data on the 8
decay of Pr'# are not in contradiction with the con-
clusions of (21,

Meanwhile, values of Aexp for Pr'** have been ob-
tained recently (93,54 which are not in contradiction
with the spin j; = 07_for the ground state. Moreover,
measurements °*7! of the dependence of the By di-
rectional correlation on the energy of the § particles
of Pr!** and Ce'** agree only with the value j; = 0
Thus %87 the ground state of Pr!#4 corresponds to the
characteristics 0.

Allowed P transitions with Aj = 0. The greatest
value of the emperiments made with allowed g tran-
sitions is due to the possibility of determining the
ratio of the nuclear matrix elements X = cyMyp/
¢cAMg 7., including the phase relation. In the general
case one gets from Eq. (10) two possible values of X
(see Fig. 5), but one of them is much larger than unity
and can justifiably be rejected, since it is improbable
that Mg >»> Mg-T-

Measurements of the circular polarization of y-ray
quanta emitted after allowed g transitions with
Aj = 0 have been made on the nuclei F?°, Na®, A
AY ) sct | et v MmS?, Co%6, Cod®, Fe?, 719,
Ag“om, and Cs'®. The most intensive studies have

124 ,
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been those on the g transitions in the nuclei Na%,
Sc%, and Mn®?. These are comparatively light nuclei
and the isotopic spins T of the levels involved are
known, the g decay occurring with AT = 1. In this
case, according to the isotopic-spin selection rule,
Mp = 0, and consequently also X = 0, if isotopic in-
variance holds. As can be seen from Table I, for Na%
all of the measurements except one give X = 0 within
the limits of error. It is possible that for Mn®2 the
quantity X may be small but still different from zero.
As for Sc*®, here the data obtained in [29:38:42:48:49. 510
in good agreement with each other (X = 0.22-0.32).
This indicates considerable interference and a corre-
spondingly large value of My . Small values of X have
been obtained, however, in %) and ©517, in agreement
with the isotopic-spin selection rule but in contradic-
tion with the results of the other papers mentioned.
Owing to this discrepancy in the data Boehm and
Rogers (29 made control measurements with various
chemical compounds of Sc*®. Their results indicate
that the effect depends on the chemical nature of the
source; this could be due to depolarization of the ex-
cited state of Ti*, although the influence of the extra-
nuclear fields cannot be understood because of the
small lifetime of the excited state. Recently (o2
similar measurements have been made, but with a
large number of different chemical compounds of Sc*t,
No dependence of the results on the chemical compo-
sition of the source was observed, but the value found
for X was X = —0.040 £0.011. Thus in the g transi-
tion of Sc*® there is evidently a violation of isotopic
invariance and a deviation from the isotopic-spin
selection rule.

Figure 12 shows the experimental values of | X|
for all the nuclei that have been studied as a function
of the mass number A (the crosses are for values
X > 0, the circles for X < 0). As can be seen from
ix
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FIG, 12. Dependence of the ratio of nuclear matrix elements of
allowed B transitions, X = cyMp/caMg.T, on the mass number A of
the nucleus.
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the figure, in the overwhelming majority of cases

|X|<0.25, i.e., | Mp| <"y | Moor]. (25)

The only possible exceptions are the nuclei Zr® (39,687

and A* 1817 I the case of Zr® what is measured is
the combined effect from two gy cascades with g-de-
cay energies 360 keV (Aj = 0) and 396 keV (Aj = 1).
The values of Agyy, Obtained in [39.46:68. poree well
with each other and give the value Aexp = —0.40
+0.07. In the determination of Aexp for the g tran-
sition with Aj = 0 use is made of the theoretical
value Ay o, for the g transition with Aj = 1.

In [39:68] the Y transition with energy 726 keV is taken
to be a pure M1 transition (Atheor = — 0.5, and '
X =-1), but in (48] it is assumed that there is ~ 6
percent admixture of E2 (Atheor = — 0.63, and

X = +0.07). Consequently, the interpretation of the
radiative transition with energy 726 keV (6,10 i5 crue-
ial for the value of X for the cascade 5/27 + 5/2%

xX. 9/2%, that is, to get an accurate value of X it is
necessary to determine the amount of E2 in the tran-
sition accurately. In the case of Fe® the treatment of
the experimental data is also made difficult by the
presence of a transition of nearly the same energy
with Aj = 1 (Atheor = — 0.5) as a background masking
the effect of the g transition with Aj = 0, so that the
conclusion as to a relatively large value of | X| can-
not be regarded as entirely reliable. For A*! and also
for Sc there are two contradictory values. In the
case of A%! the large value (61 of X is improbable,
since it differs sharply from all the values of X for
neighboring nuclei. Furthermore the value X = 0 ob-
tained in[52 agrees with the isotopic-spin selection
rule, although from the shell model the Fermi 3 tran-
sition is allowed (f;,, E. f;/2). Thus there are evi-
dently no exceptions to the rule (25).

A comparison with the theory of nuclear shells can
be made for the nuclei A*!l, Fe®®, and Ze%, for which
the one-particle characteristics of the levels of the
By cascades that have been studied are known. For
all of these nuclei there is no supplementary forbid-
denness from the one-particle characteristics. The
other nuclei with Aj = 0 transitions that have been
studied (see Table I) are odd-odd nuclei. Therefore
their initial one-particle configurations cannot be re-
garded as unambiguous. Moreover the g transitions
occur to collective levels of the even-even nuclei. As
can be seen from Fig. 12, for the majority of nuclei
that have X = 0 outside the limits of error the values
of X are negative (circles in the diagram): that is, in
the majority of cases the phases of Mg and Mg _T
are the same. In the g transitions of V*® and Cs!*,
however, X > 0 and the phases of the matrix elements
are different.

In %3547 theoretical calculations of the Fermi ma-
trix elements were made for the g transitions in Na%!,
Sc*, and Mn®? for the purpose of explaining the experi-
ments which give values X # 0. The calculations were
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made with Coulomb effects included and with the wave
functions accepted in the nuclear shell model with jj
coupling. This sort of treatment is not able to explain
the experiments that show a departure from the iso-
topic-spin selection rule, and reasonable agreement
is obtained only for Mn°2. The authors of the calcula-
tions suggest that the speeding up of Fermi g transi-
tions with AT = 1 might be explained by meson ex-
change effects.

The dependence of the circular polarization of the
B particles on v/c for Mn®® and Co®® has been studied
in a number of papers. *%4%:56-58" In Mn’® there is a
deviation from the v/c law in the region of B-particle
energies Eg < 1.5 MeV. For Co®® the data of the
different authors do not agree. Indeed, in[%7 it is
indicated that the circular polarization does not de-
pend on v/c, in L49,58] agreement with the v/c law is
found, and in 57 a deviation from the v/c law is found
for Eg < 150 KeV. Therefore no definite conclusion
can be drawn at present. We note that the deviations
from v/c that are found are large and that no interpre-
tations for them have been given. Actually small devia-
tions ~5—7 percent would not be surprising, since they
can be connected with deviations of the longitudinal
polarization of g particles from the v/c law which
have been observed by P. E. Spivak and L. A.
Mikaélyan and their coworkers (87" for many nuclei.

b) Singly forbidden 8 transitions. In the last few
years there have been many studies of the circular
polarization of y-ray quanta accompanying singly
forbidden 8 transitions, which have been made for
the purpose of examining peculiarities of these tran-
sitions, and in particular to determine the nuclear
matrix elements. The results of the experiments
are presented in Table II, which shows the initial
nuclei, the characteristics of the levels and the
schemes of the By cascades which have been studied,
the existing data on the values of the correction fac-
tors C (W) on the shapes of the y spectra, and some
physical conclusions, mainly concerning the nuclear
matrix elements of the 8 transitions, expressed in
terms of nuclear parameters in accordance with Egs.
(12) and (13). According to Sec. 2 of the present arti-
cle it is natural to divide the nuclei studied into two
groups having different correlation functions W(#6).
The first group includes the nuclei Ce'*!, Nd!*’, and
Hg?"® with B transitions which have the allowed shape
of B spectrum. In this case the form of W(0) is given
by Eq. (8), and the correlation coefficient A does not
depend on the angle 6 and the energy W of the g par-
ticle. The second group includes the nuclei Rb%,
Sb1%, La'¥?, Eu'®?, Au'®®, and evidently also Rb%,
which have transitions in which the 8 spectrum devi-
ates from the allowed shape, and for which there is an
asymmetry in the gy directional correlation. In this
case the correlation function W(6) is of the more
complicated form (15) and the correlation coefficient
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w of Eq. (18) is a function of the angle 6 and of the
energy W of the g particle. For some nuclei definite
conclusions cannot be drawn because the data are in-
adequate, and these will not be discussed here. For
example, in [”], which describes measurements with
K*, the basic data on the gy cascades which were
studied are not given. As for As™® and Sb'%?, in these
cases there is no definite information about the shape
of the p-ray spectra.

The Coulomb g transitions in Ce'*!, Nd'¥", Hg?".
The B transitionsin Hg®%®, Nd*%, and ce!*! can be re-
garded as Coulomb transitions, since the condition (14)
is satisfied and the B spectra do not deviate from the
allowed shape. The g transition in Hg?"? occurs with
Aj =1 or 0: therefore it is not possible to calculate
Atheor €Xxactly, since we do not know the mixing ratio
of the multipoles in the M1 + E2 radiative transition
accurately encugh. For the other g8 transitions of this
group of nuclei Aj = 0, and A is given by Egs. (10)
and (15). The analysis of the measurements with Ce
and Nd'¥ is similar, since in both cases the values of
Aexp are small, and equal to zero within the limits of
error.

As an example let us consider the g transition in
Nd!¥, whichis accompanied by a vy transition M1 + E2
with A = 1.08] The interpretation of the experiment
with Nd*" which is given by the authors in (2]
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- is based
on the value j, = 7/2 for the spin of the excited state
of Pm!*" (with energy 530 keV). It will be shown in
what follows, however, that j, = 5/2, i.e., the g8 tran-
sition occurs with Aj = 0. In Fig. 6, which shows the
dependence of A on the ratio © of the zeroth-rank
and first-rank matrix elements, Eq. (15), calculated

for the cascade 5/2° R 5/2* 3/2%,

y
M1l +E2, A=1
the value Aexp[n] for Nd'"" is shown, with allowance
made for the experimental errors. As can be seen
from the figure, the experimental value Aexp allows
the following ranges of possible values of the nuclear
parameters, Eq. (12):

—o

x-tu

In estimating the nuclear matrix elements of the g
transition which correspond to these two ranges it is
obviously reasonable to start from the assumptions
that a matrix element of zeroth rank is at any rate
not smaller than the matrix elements of first rank,
and that the matrix elements of a given rank must be
of the same order of magnitude. These assumptions
are based on the absence of supplementary selection
rules for the matrix elements in question. According
to this, in the range a) the nuclear parameters w, x,
and u are of the same order of magnitude, and x and u
have the same phase. In region b) there are two possi-
bilities: either the quantities x, u, and w are of the
same order, and then x and u differ in phase, or else
w > x and u.

<04 andb) —0.2< 2% < 10.04.

—®

a) 012



116 I. V. ESTULIN and A. A. PETUSHKOV
Table II
T «wm—:m of 4 N Lo o N N
initial nu- a | o I ERRE eBm & £5» o
cleus (j,) Eose| 85w §X8on  |28lg|as cthe -3
and of suc- b 3§ S~ ¥ m.7et..n.. § oo |7 L 0a7 ° mnm..ﬂu\u
cessive > pogs] ﬁ@%/W\ T Eew w § | & mw.e.m m.w ElRs)
2 i > ‘s S 8.90 I =K 9 O @ g -t !
3 ey excited (g ° E] Sgw Jgwan oo L | YRE s 38 w 3 -3
L O 5, | states of e ﬁW, £ d m° 8 a8 289 3828, “w8 °% »ea V
QoW g B Qe Wy O B o™ o .93 EEFIEEE: LR 8 X
3 a o | final nu- & | o k- RalP™s o ag s3el >88| o ) ) RS |
Epg| cleus |HS|TZ| 88| F8| T e sme  (PTE|gbEl2| TSR EY P
3 Tl 5% |Ee | R,y | 2% T Ao~ TR Lo WL 19| SFal 2a ¥9m :
a1 ¢p 2| ¥a| &% - 06 g 0ol al o tw” o S @ g \
g 5| ¥g| 85| 381 5<og B =L EL| 8% | 3| SuE @ G £ !
= dujde|fs) BT |H3| 28| O 284208 2%d)< || Q&% © KR _
Kez|2]|2(0 ! -£0.1040.05 ~150 7 |
b~ _
As76 | 2210|2410 8.5 | 550 E2 nfo.omn_no.am ?»mo 44 >mqm V/iY= —6or
B - 0.0354£0.049 ~150 81 , 2- -+-0.04
,, %2 o+
i +
ﬁ mm.a\ 0
rb4|2]2]o]800]7.0] 80 E (0 11540,045)P,+ 1.88 | 9 Rp8 w=—0.07,
B* (0, 1254-0.065) Py 3 2~ | w=-0.30,
o\0 0= —0.35,
v e =—1.55,
V=—1.05;
KN o gt |P; are Legendre
JERSSPRN JURR SO, | . e Ko polynomials
: With C(W) = 1,
Rbs8 | 2 1210|720 | 7.7 11080 E2 | +4-0.084-0,09 ~150 44 xwem V/Y=—-10or
B 20.03F0.05 ~0.063%/, 180] 1.8 | 7 g~ |else+0.1, and
+0.047%/, 156 kd QQV. the Bj; must be
: | | 2 + .
| | totmee it ~ o T e e
| | (0.1850.048) Py —(0.283-+0,066) Pao | 187w o 0" | arex=—0.14.
| . ? »,To.»m P, Se ‘value mocbmgm |
W [ W B w g are x = —0, 14.
T T T T T T T - T
| ] | |
! | , | | u=—0,30,
! “ | , : 0= —0,12,
, Y=—0,47,
| V = —0,40
{
mwnlmw 212|0|1400| 7.6 | 566 | E2 |--0.0344-0.034 ~163 8 5 <\u\nm|mun_mb.wmnw
- J or
2R M. ViY>412
G+
qd_Nm
Shl24| 3120 /2390{10.5( 603 | E2 | —0,134-0.06 150 39 2.1 \84 Agrees with
q
p= (-+0.2264-0.046)"/.| 126| 4.3 | 75| 0.87p2 _u\u\no.
(—0.10790.035)"7,] 160 1545 o L= =030
0.061F£0,071 105 . 37 1V =0,4240.1,
0.3497£0.083 122 Zra u=—0.01-£0.02,
0.6044-0.054 1521 4.6 | 25 e 2t |z==0.054-0.057
0.37340.071 168 . Y =0.600.30,
7207 lu=—0.060+
Te +0.14
z=-0.055+
+40.105 25
Lat40| 3| 2| 0 [2200] 9.1 |1596| E2 +0.1540,09 160 4.2 | 27 q2 84 Y =£0, x50,
B— 28| 0.84p? u=0
- o
+-10+£5 La 3- £l -
. ¢
\Q\N 2+ FIES :%
| o* =1.0440.08
. i W e levicau] _
| ﬁ lev/ea ulHz]
| =0.7040.15




THE CIRCULAR POLARIZATION OF y-RAY QUANTA 117
Table II (cont’d)

Spins of \ <% nU,; |, .
initial nu- m - I = 85 m.um km.Hm_ ] \Wlm = o]
cleus (j,) 3 m .mcmo,.r W.\//smo oo e O\dﬂ\aw :mﬂ
and of suc- 5 s 8 Q ar e u R & T |Q- R 3 8m
. - oo G—.c V8w o - ag.e k-] £~
cessive > > 188 ] §ege Fao8s |58 F|SE 2als 28 S8
B excited |@'u b ] $.°0 o 8w cE5lumg oG] RH.m =38
Y0, | states of | wi " > 28 cﬁM.Or BE @0 uwv/.mm.a w5 & R =
G 8| finalnu | °F | Qg |MW, | OS5 gd 8 o 38 A 2fol5ga 25 S Z G50
gRg|finalmu | g1 0e Bl o5 | 8552 s fad  |PTE|CEE| S Sagy ¥ —dy
E28|_cleus Yo | o3| ef| g3 ¥ a'® 0 gof 8o |8yA] 5| §E°E £3 238
Exl Felse|Ra| 88| TIET 2255 g80\8g | 8| £als 28 5 &
ze . E|ZE| 2839 <58 g% us $EE |97 |5| Ss& @3 g9
E i g2 | 7a 5|88 _mm mm nw On MZ.xo MMWM v ©ST b nma
Celdt |7/, 2/, 57y 447 | 6.9 | 145 | M14| 40.1240.18 ~ 150 82 182 e _|-0agViv L
i +E2 o % L U.54
QVN .N\N+
- ¥
Dﬁ_i
7 T N ..I 1
Ndw#7 154,/ 5701 77, 375 | 7.0 | 532 | M1+ | —0.09340.15 155 72 1 g™ we )
B | TE2 : LTI s
| g ¥ <04
Q\w+ or else
s gt
—®
_ < 0.04
Eus2| 320 [1459|11.6| 345 | E2 ‘ ~0.014-0.09 s T T T Y a0 W,
p— -+0.334.0.07 1300 3.2 | %! i 52 z==0.1274
-+-0.83%40.07 157 | . Eu - 2540
4+0.2430.10 17t , . 3 B
146 | : L feg 2t | =u=0"or
W 108" | . Y=07 2=
A, , f ! » 0F | =0.2340.02
ol W | Gd"™* u= —0.06--
| : , i - ﬂ 40,0171
| | ! ey I L o} —
” 1 ﬁ ! i 1 A, 1 )
| ) I ! |
* | b i I | ,
‘Retss ! 1|20 | 93 * 8.0 /1371 E2 | 40.5940.32 | | 160 | 88 M s ,
o o o | . - |
| / | | , | ! X
_ W | A | i o PN g
! , | | ,
W ﬁ ! , , ! W , , 0* |
: Dw_wm
| m W |
i | '
| , | ;
i | , | |
: P : | !
| | J | ,ﬁ ,
R D S | , B ]
o W ﬂ i | ) ,
" , |
| .
| v ! | :
i t
PAulss| 212101960 | 7.4 412l B2 ! -0.4440.07 ~150 8|1 o Ag) Ay=—0134
p— | | i =-0.529-0.16 ~150 a2l 0.33W+ U on +40.25,
7 | v 40.3440.05 ~150 4011\ 0.074W 2 <, - agreement
! | ” W . 180 7 Dex__ gr with
. i ; h ! Dependence 135 57 . v/c law
; : ' on v/c 43 > 0
W W | ,,, _, , W ! e [57, 43]
| | L
i ! i f
! [
; i i ;
{ ; T | * -
[ Hg203|3),/ 3,511/ 220 | 6.4 | 279 v,st _ ~0.064-0.22 ~150 | 42
e W i‘mu W | 3
™ R | T
, | =z 7
w : 7 “ i i g ¥
i : : e
r | ! ! i : i ! 4 \N
, ﬁ ! : W , | Do Twe !
) | Lo | |



118 I.

B transitions of the type 3 — 2*. In the second
group of nuclei with g transitions whose spectra are
not of the allowed shape, there have been detailed stud-
ies of the g transitions of the type 3~ — 2* in Sb!%
and Eu'®, which have high values of ft (log ft = 10.5
and 11.6, respectively). As was shown in Section 2,
for such B8 transitions the degree of circular polariza-
tion Pg, Eq. (17), or the correlation coefficient «,

Eqg. (18), can be expressed explicitly in terms of the
nuclear parameters Y, x, u and z = 1. The values of
w found in %™ are not in contradiction with small
values x = u= 0 and Y # 0. This indicates the exis-
tence of supplementary selection rules for the nuclear
matrix elements of the first rank, for example, rules
for the Aj of an individual nucleon in accordance with
the shell model. In the work of Hartwig and Schopper
[26’75; and especially in that of Alexander and Steffen
[25,76- the angular dependence of the circular polariza-
tion was carefully investigated. Thus accurate and
mutually consistent values were obtained for the nu-
clear parameters and accordingly also the nuclear
matrix elements, which definitely confirmed that x
and u are small and the parameter Y is large. Conse-
quently the high values of ft in these transitions are
associated with small values of the first-rank nuclear
matrix elements fr and fia X r. It is interesting to
note that the experimental values of the corresponding
nuclear parameters for Sb!* and Eu'®? are of nearly
the same size. The finding of a set of nuclear para-
meters x * u® 0 and Y # 0 corresponds to the so-
called ‘‘Bjj approximation,”” which has often been
considered in the literature (see also [%%-).

In 2528 which report measurements of the circular
polarization of the y-ray quanta emitted after the g
decay of La!*’, a combined treatment has been applied
to the results of measurements of the circular polar-
ization, the shape of the 3 spectrum, the gy direc-
tional correlation, and the value of ft. This treatment
provides the conclusion that in this case the high value
of ft (log ft = 9.1) is probably due to an ‘‘effect of can-
cellation’” 1?2 of the nuclear matrix elements x =0,
u # 0). The results of 27" make it possible to find a
relation between the matrix elements of the first rank
(see Table II){confirmed in [963) (see note added in
proof).

Rb%, Rb%, Aul®®. In measurements with Rb®
(Aj = 0) M46TLTTT 4t hag been observed that there is an
angular dependence of the circular polarization. It is
concluded from the results of the measurements that
the matrix elements fio Xr, fr , and fBij may be
of decisive importance.

In 5! measurements of the angular dependence
have been used to find accurate values of the nuclear
parameters for Rb® and Rb®. Most of the experi-
ments with Au!®® (2~ — 2* B transition) indicate that
this g transition is a Coulomb transition. [40,42:43,5765,
871 1t has been found, however, in measurements of
the longitudinal polarization of the g particles in the
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low-energy region (< 200 keV) that there are large
deviations from the v/c law (~ 20 percent). (122 Fur-
thermore there are indications that the g spectrum
departs from the allowed shape in the same range of
energies. Lol Along with this it has been found in (192
that the coefficient A; in the expression (16) is equal
to zero within the experimental error, and on this
basis it is concluded that the case agrees with the
¢t approximation,”’ in which the g spectrum has the
allowed shape. Therefore no unambiguous conclusions
can be drawn in the case of Au'®®.

Thus measurements of the circular polarization of
v-ray quanta emitted by nuclei after g8 decay have *
provided important information about the nature of 3
transitions of atomic nuclei. Extensive experimental
material relating to the nuclear matrix elements of 8 -
transitions has been published, and has served in a
number of cases as a basis for the determination of
the absolute values and relative phases of individual
matrix elements. This has been the first determina-
tion of these quantities for quite a number of nuclei.
Further experiments will permit improvements in the
accuracy of some of the data and the securing of new
data. The elucidation of the nature of the observed
regularities will require theoretical calculations of
the nuclear matrix elements.

Note added in proof. An analysis of the ratio of the
matrix elements of singly forbidden g transitions of
the type 3 — 2% on the basis of the theory of conserved
vector current has been carried out in 1907,
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