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Formulas are obtained for the correlation between the polarization of particles and the circu-
lar polarization of the subsequent gamma quanta in allowed beta decay of oriented nuclei.

THE extensive study of angular and polarization
correlation in beta transformations, undertaken
recently, have made it possible to gather much
important information on beta interactions. It was
established that the assumed A-V interaction in
parity nonconservation is apparently not in con-
tradiction with existing experiments. However,
there are clearly not enough data for an unambigu-
ous statement. This is why the determination of
the type of beta interaction remains the most im-
portant problem in the theory of beta decay. It is
also desirable to know the values and the relative
signs of the B -interaction constants. To explain
these problems, it is desirable to study all as-
pects of the beta transformations and, in particular,
to investigate the polarization correlation between
the B -particles and subsequent gamma quanta in
beta decay of oriented nuclei. The advantages of
such experiments is that they can yield complete
information on the g -interaction constants. The
pseudoscalar interaction does not make a notice-
able contribution in allowed beta transitions. This
leaves therefore eight (generally speaking com-
plex) constants cg, ¢, ¢y, ¢ and cg, cT, ¢y,
and c/p for the scalar, tensor, vector and axial-
vector beta interactions, which must be determined

experimentally. The quantities cj, unlike c;j,
enter into those interaction terms that vanish when
parity is conserved (these terms contain an addi-
tional matrix <5 =vyYyyY3Ys, Where vy, =-3). A
study of the correlation considered here, in accord-
ance with (1), makes it possible to determine the
real and imaginary parts of eight independent com-
binations of cj and cj. The information obtained
in this manner will actually be complete. Let us
remark however that the quantity Im (cgetf + cgedr)-
enters only with a small multiplier aZ/E, where
o =1/137, Z is the charge of the nucleus, and E
the total energy of the beta electron (we use units
in which i =m =c¢ =1). Therefore, if the experi-
mental accuracy is insufficient to discern quanti-
ties of order aZ/E from quantities of order
p/E = v/c, we obtain not 16 but only 15 independ-
ent relations for the 16 real quantities. In practice
however, this causes no complications, for it is
enough to take into account the results of any of the
already-performed independent experiments to ob-
tain more relations than necessary.

Since the procedural aspect of the calculation
of the sought correlation has been treated in an
earlier work by this author,! we merely cite the
end results.
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We introduce the following notation: jj, j;, and
jo are the angular moments of the nucleus for the
B-y tramsition jo(B)ji(7v)ias Ko Ky, and py are
their projection on the z axis. k(k, 6, &) is the
momentum of the gamma quantum, I is its mul-
tiplicity, o0=1 or —1 determines the right-handed
or left-handed circular polarization of the quantum;
P(p, ¢, ¢) is the electron momentum and ¢(1,x,w)
is the pseudovector of its polarization in the rest
system. The angles 6, & and 4, ¢ are given in
a coordinate system in which the z axis is along
the direction of the predominant orientation of the
nuclear spins, while the angles ¥ and w are in
a coordinate system with the z axis along the di-
rection of p (see diagram).

AZ

The expression for the correlation beween jg,
P, k, and ¢ for o=+1 can be represented in
the following form*

W(jOy p; gY k’ 2(._1)& l 2S lhg(jO)BSc
J&’S JeS(P» g’ k) (l)
he (o) = 2 (= DG 5 0 (o) (2)
o
Bse = U (ol j1S; jul) Claso; (3)
Fligs(p, § k) = 4mir(— 1))V 2a+1 ZCQ:;&,
X Y55 (89) Dag(990) C GspY 55(1)- (4)
The summation in (1) is over all possible val-
ues of the indices a, d, J, g, and S within the
following limits: b+J =a=|b-J|; 0 =S =<2I;

J+S=g=|J-8|;

b=0,1; J=0,1; 2A=1 —
(- )a+b+S+g

The quantities Caabﬁ are the known Clebsch-

*The common factors that do not affect the correlation are
omitted everywhere.
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Gordan coefficients. w(ug) is the probability of
a given value of the projection pu, of an oriented
nucleus. hg( jo) determines the degree of orien-
tation of the initial nuclei; the values for fg (Jo) =
hg( jo)/ jo for various particular cases are given
in reference 2. For aligned nuclei; g can be only
even. The quantity

UGpdisS; 1) =V Cir+ 1D @QI+1) W (GdiaS; i), (5)
where W (j,IjiS; j;I) is the Racah function. In the
particular case when S =0 or 1, we have

By, =1, i+ —jle+D+TU+Y 6

° A0+ Vi G+ 1D @)

If the 7y -quanta polarization is not investigated,
it is necessary to take Bg= Bg, + Bg_, instead of
Bg. Bg= 0 only for even S

Bis=o¢

Bs=[1— 3ty U GalisS: WD) CRse (1)

AT F1)

If the observed B-y cascade is of the form
§0(B)31(¥1) 32 (¥2) - . -iN-1 (¥)iN and if the experi-
ment is aimed at investigation of the gamma quanta
of the jN-1(v)JjN transition, then, denoting the
multiplicities of the quanta by Ij, I,...Ih-y, I re-
spectively, we obtain a formula for the correlation,
provided we multiply the expression Bg in (1) by
the product
N—1

1T U GulxSin—s; jr—1ir)-

k=2

(8)

The quantity Fggs (p, &, k) depends only on
the angles. Its explicit form is given in the Ap-
pendix for several specific cases.

We give here the values of the quantities Zggs
that enter into (1):

Zogs = [My—YE*N, + U (gijols juje) (My — YETINy)] 3sg;
Zies = (3s) U (j,Siol; jo8) E™* [—(pRe Qm
+ aZIm Qr) 8¢5y + (pIm Qrm — 2Z Re Qn) 3¢s]
—V2@2g+ 1) 2jo+ 1) 2+ 1)/3 X (uol, rfol,
X E™(pRe Q1 + aZ1m Qy);
1g3 = (*/o) U (jsSiols jog) [Re Dsgyy — Im Dig,]
+ () V2(2g + 1) (2i+ 1) 2ir + 1) /3 X (jujol, faiol, Sgl) G;
ogS = Vl/sE 1 [PRer + «ZIm Qo
+ U (gjidol; jijo) (pRe Qy 4 «ZIm Q)] 3¢s;
1g$ = (*/s) V2/3 U (joSiol, jo@) E™ [(PReQn
+ «Z Im Qm) dgs — (p Im Qr — 2Z Re Q) 85¢.44]
—2V g+ 1) 2o+ 1) 2ir + 1) X (jrjol, fajol, Sgl)E™
X (pIm Qy — aZRe Qy) ¥sg41;
Zizs = (fs) (1 —YE™) {(V'2/3) U (joSio1, jog) [Im (D, + Dy) 3s¢
—Re(Dy+ Dy)Bsea]l —V (22 + 1) 2is + 1) 2+ 1) /3
X X (fuiol, fafol, Sg1)(My'+Ny)};
=V 1T—(a2)

Sgl)
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The quantities X (abc, def, ghi) are the Fano
functions. Their explicit form, many of their prop-
erties, and particular values, are given in refer-
ences 3 and 4. The number triplets abc, def, and
ghi can be transposed cyclically without changing
the function X. Non-cyclic transposition of the
numbers changes the function by a factor (-1)Y,
where v=a+b+c+d+e+f+g+h+i., X(abc,
def, ghi) = X (adg, beh, cfi) and X(abc, def, gh0)
= U (gdbc; ae) 6Cf6gh/\/(7g+ 1)(2c+1)(2a+1)(2e+1)’.

The quantities M, Ny, Qmn, etc., which enter

into Zggs, have the following explicit form:

My=(lesP+[esP) | KsP+ (lev[? + [ev B) [ Kv %
My = (ler[*+1er| 3| KrlP 4+ (ica B+ [ cal?) | Kal
N, = 2Re (cscy + cscy) KsKy;
N, = 2Re (¢crca + crca) KrKa;
Re Q, = Re (cscs | Ks|* —cvey | Ky [2);
Im Q, = Im (cvcs + cves) KvKs;
Re Q; = Re (cre7| Kr [*— caca | Ka?);
Im Q, = Im (cacr + cacr) KaKT;
Qm = (cscr 4 csc7) KsKr — (evea + cvea) KvKa;
Qn = (cver + cver) KyKr — (csca + csca) KsKa;
Dy = (cscr + csct) KsKr + (cvea + caca) KvKa;
D, = (ever + cver) KyKr + (csca + ¢'sca) KsKa;
D = (Dy—yE™D;) — 2 (D, — yE™'D,);
G = (My —yE™N;) — 2 (N, — yE'M,).
The quantities Kg, Ky, KT, and Kg are the
nuclear matrix elements for the S, V, T, and A
interactions

Ks = | 4r.uprndr = (8 (9)
Kr = —[Cl0 Yo i dr=—{pe;  (10)

Ky and Kp differ from Kg and Kt in the ab-
sence of the matrix B under the integral sign. In
the non-relativistic approximation for the nucleons
we have
Kv=\1=—Ks, Ka={o=—kKr (1)

Since the strong interactions are apparently in-
variant under time inversion, the phase shift be-
tween Kg, KT, etc. is zero or .

If the beta interaction is invariant under time
inversion, the constants ¢ and c¢’ should be real.
In references 5 to 7 it was proposed to study the
B-y correlation in oriented nuclei to determine
Im Qp,. The first experimental results® do not
lead to definite conclusions. Assuming the AV
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or TS interaction to take place, proof of the ab-
sence of Im Q,, would be sufficient to establish
the invariance of the beta interaction under time
inversion. However, if some other combination
of the g -interaction variants takes place, say

TV or AVS etc, it becomes necessary to study
the phenomena that are determined by Im Q,

Im Qq, etc. To clarify the problem of the invari-
ance under time inversion, it is not essential to
investigate the correlation (1) completely. It is
enough to study the polarization of the electrons
emitted by the polarized nuclei. The correspond-
ing formulas are given in our earlier work.!

Let us note that it is not essential to have ori-
ented nuclei in order to investigate this correla-
tion. The same results are obtained by studying
the correlation between the electron polarization
and the circular polarization of the subsequent
gamma quanta. For a given circular polarization
o, the probability of definite p, ¢, and k is of the
form

1
W(p, G k, o) =D [M,—vEN.] + E? [pRe(Q, + Q1)

L=0
+ «ZIm(Q, + Q1)lcosy — Bis {[—2pRe Qm — 2¢Z Im Q,,
My, (P Re Qu + «Z Im Q)] E™ cos 6 + (¥/5) [2Re D
+ Ap,;,G] [cos B cos y + sin Osiny cosw] + [2pIm Q,
—2aZRe Qm—Njj, (pImQ; —aZRe Q)] E™*
X sinfsiny sine + (Y/5) (I —yE™) [2Re (D, + D,)
— X, (My 4 Ny)] [2co0s 6 cos y — sin 6 sin y cos 0]};
(12)

Mio= (i + D —JoGo+ D+ 212V i+ DI (13)

Since the nuclei are not oriented in the given
case, the angles 6 and X are measured from
the direction of p, which was taken to be the z
axis. The plane (pk) is chosen the same as the
(zx) plane and the angle w is measured from
the x axis in a right-handed system of coordi-
nates.

If there exists a t — —t invariance then, ac-
cording to (12), the probability of observing an
electron polarized with or against the y axis
(x =7/2, w=tn/2) is very small. In this case
Im Q, =Im Q; =0, and the projection of the po-
larization vector (14) on the y axis is propor-
tional to a small quantity, namely 2aZE™! X
Re (Qm — A4 i oQ‘ ). Observation of a noticeable
electron polarization (~p/A and not ~aZ/E)
along this axis would be evidence of the existence
of a contribution from the VT or AT interaction
and of violation of the t— —t invariance.

Since the observation of the circular polariza-
tion of gamma quanta yields information on the
orientation of the nuclear spin after the beta decay,
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a study of the correlation (12) is equivalent to a
study of the polarization of the electrons emitted
by oriented nuclei. To proceed to this case and
to obtain W (jy, P, &), it is sufficient to replace

Byg in formula (12) by —hy(jo) = = D7 KW (k9)/

Vig(jo+ 1), toreplace A; by A;
place 6 by d¢.

If we know the probability (1), then the polariza-
tion of the electrons emitted in the beta decay is
determined by the vector ¢, where |{| = 1 gives
the degree of polarization. Let w(X, w) denote,

[
1o Joir and to re-

in abbreviated form, the probability W (g, P, &, k, o)

as a function of the angles X and w. Then the ex-
pression for the projection of £ on the coordinate
axes (in a system with z parallel to p) can be
represented in the form

Th = [Wp —w_p] [ [Wh +w_y], k=X, Y, 2,
w,=w(0,0) w_,=w(x 0) wx=w(%, 0),

W_y=w(= w w( ——”—)
_,,_w(?,n) wy_w(z, 2) y=w(gz, —5)-

All the above formulas pertain to a B~ decay.

(14)

For g% decay it is necessary to make the substitu-

tions
* . - L
CS—)_CS’ Cv—>cv, CT-—>CT, CA—>—CA.
(15)
’ . ’ 2] ’ .
cs—>cs, Cy—>—Cy, Cp—>—CF, C,—>C,.

If the polarization of the beta particles is not being
investigaged, it is necessary to put b= 0 in for-
mula (1). Therefore only ZOgS and ZlgS will
enter mto W (jo, P, k, 0). When S =g, the quan-
tity Zlgs contains the term (p/E) Im Qp,. This
makes it possible, by investigating W (jy, p, k) or
W (Jjo, P, o) to obtain information on the t— —t
invariance for the TS or AV interaction.

APPENDIX

. The expression (4) contains the quantity
D;‘IB(q)é‘O). This equals

Dga = 300, Do = c0S %,
D}, =2DY,_; = (1 + cos 9) €7,
2D;_, =2D%,, = (1 —cos 9) €®
VoDi_,=—V 2D =sin¥,
VoD% = — Y/ 2DL,, = sin 9¢™.
References 1 and 5 give particular values of
the quantity FS J($d¢00@), which in our notation

is i FJJs(p, C, k). The following are a few
partlcular values of FJgS(p, ¢, k) for b= 0):

=V 3cosy; Fiip= V—isin%}sinxsinm;
Fio1 = 3V%/,(cosbsin9sinysinw

+ sin 6 sin y cos wsin (@ — ¢)
—cos¥siny sinwsinfcos (P —9)};
Fl = — V3 [cos 9 cos y — sin 9 sin y cos w];
Fi5 = (3/V'2) {cos b [2 cos & cos y + sin % sin & cos w]
~+[2 sin & cos y—sin x cos & cos w] sin 6 cos (@ —¢)
—sin y sinwsin 6 sin (@ — ¢@)};
Fiio = V'3/2[2 cos § cos y 4+ sin & sin y cos w].
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