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Possible Experirr1ents for Determination of Beta Interactions. I~

M. MORITAt AND R. S. MORITA, $ Colzznzbza Unzeerszty, 1Vezo borh, Zeze borh

M. YAMAnA, t Ãzzclear Data Project, Natzonal Research Cozznczt, Washington, D. C.
(Received February 24, 1958)

Some possible experiments are proposed for deciding the relative strength of scalar and vector interactions
and that of tensor and axial vector interactions in beta decay. For all the proposed experiments, it is neces-
sary to measure the recoil of the nucleus directly or the nuclear resonance Auorescence caused by a gamma
ray which follows the beta decay or E capture. Formulas are given for decays involving the beta-gamma
cascades and E capture-gamma-gamma cascades. We describe possible experiments for decays involving
beta-gamma-gamma cascades, but do not give explicit formulas. They will be presented in a subsequent
paper. These experiments will also determine whether the beta interaction is the same for both signs of the
electric charge.

I. INTRODUCTION

ECENT experiments verifying parity nonconser-
vation in beta decay, namely on the beta-ray

angular distribution from polarized nuclei, the longi-
tudinal polarization of beta particles, and the beta-
circularly polarized gamma angular correlation, have
suggested the relations among the coupling constants
in beta interactions to be C,=—C for STI' and
C;=C for VA. ' Assuming these relative signs between
the C s and C;"s, the results of these experiments are
in agreement with theory, whatever the values of the
ratios ICs/CvI and ICr/CzI may be. In order to
obtain information on these ratios, the most direct
method is to measure the beta-recoil nucleus angular
correlations. Data of this sort have been presented by
many authors. ' In this paper, we investigate other
possible recoil experiments in beta decay and E capture
which could give more information on the values of
the ratios

I Cs/Cv I
and

I Cr/C~ I.
*Preliminary reports have been published by M. Morita in

Soryusiron Kenkyu (in Japanese) 16, 542, 545 (1958) and Nuclear
Phys. 6, 132 (1958).

t On leave froro Kobayasi Institute of Physical Research,
Kokubunzi, Tokyo, Japan. Now Ernest Kempton Adams Fellow
of Columbia University.

$0n leave from Department of Physics, University of Tokyo,
Tokyo, Japan.' C. S. Wu, in ProceeCzngs oj the Rehosoth Conference on Xzzctear
Structure, edited by H. Lipkin (North-Holland Publishing Com-
pany, Amsterdam, the Netherlands, 1958),p. 346.The authors wish
to thank Dr. Wu for showing this article to them before publication.
See also M. Morita and R. S. Morita, Phys. Rev. 109, 2048 (1958).
Slight modifications are also possible. For example, C;=C for
all STI'VA, where VA is dominant, may it all experimental
data within experimental errors.

s The experimental data on the beta-(recoil nucleus) angular
correlation of the neutron fJ. M. Robson, Phys. Rev. 100, 933
(1955)j; He' LB. M. Rustad and S. L. Ruby, Phys. Rev. 97, 991
(1955); Szalay et al. , Padua Conference, 1957 (to be published)];
Nezz LMaxson, Allen, and Jentschke, Phys. Rev. 97, 109 (1955);
M. L. Good and E. J. Lauer, Phys. Rev. 105, 213 (1957); %. P.
Alford and D. R. Hamilton, Phys. Rev. 105, 673 (1957)j; Ne"
LR. W. Ridley, Nuclear Phys. 6, 34 (1958)];and A" LHermansfeld,
Maxson, Stahlin, and Allen, Phys. Rev. 107,641 (1957)g may all be
compatible with the same values of coupling constant ratios if
certain corrections to the experimental results on He are taken
into account. (B. M. Rustad and S. L. Ruby, postdeadline paper
presented at the New York Meeting of the American Physical
Society, 1958).
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The reason for requiring a measurement of the recoil
momentum of the nucleus is as follows. In all of the
phenomena of beta decay without observation of the
recoil, the theoretical transition probabilities are the
same for the assumption of either STI' with C;=—C
or VA with C;=C (or a linear combination of these
two interactions). ' The measurement of the recoil
momentum is extremely important, since it can distin-
guish between these possibilities. The measurement of
the recoil momentum can be performed by direct
observation or by the nuclear resonance Quorescence
caused by a gamma ray following the beta decay or E
capture. ' ' In fact, such an experiment has been per-
formed in the E capture-gamma decay of Eu'" by
Goldhaber, Grodzins, and Sunyar. ' Since our methods
can be applied in both positron and electron decays,
we can determine whether the beta interaction is the
same for both signs of the electric charge.

In Sec. 2, possible experiments are presented for the
cases of beta-gamma decay and E-capture gamma-
gamma decay. We shall consider measurements of the
nuclear resonance fiuorescence (or the resonant scat-
tering of nuclear gamma rays) and the circular polar-
ization of gamma rays, but not of the polarization of
beta rays. In Sec. 3, the calculation of the resonance
probability is discussed. Explicit formulas are given for
decays involving beta-gamma cascades in Sec. 4, and
for decays involving E capture-gamma-gamma cascades
in Sec. 5. In Sec. 6, some remarks concerning experi-
mental applications are given. In Appendix I, angular

z This is true in the following cases: (1) the beta decay is an
nth forbidden transition (n= 0 means an allowed transition) with
AJ=& (n+1); or (2) the beta decay is an nth forbidden transition
with AJ=&e and the beta-ray spectrum has an allowed shape.
The proof is on p. 438 of M. Yamada and M. Morita, Progr.
Theoret. Phys. (Japan) 8, 431 (1952); on p. 438 of M. Morita,
Progr. Theoret. Phys. (Japan) 9, 345 (1953); and on p. 2051 of
M. Morita and R. S. Morita, reference 1.

4K. G. Marmfors, in Beta- and Gamma-Ray Spectroscopy,
edited by K. Siegbahn (North-Holland Publishing Company,
Amsterdam, the Netherlands, 1955), p. 521.

z F. Metzger, Phys. Rev. 101, 286 (1956), and 103, 983 (1956).
s Goldhaber, Grodzins, and Sunyar, Phys. Rev. 109, 1015

(1958). L. A. Page has also considered a similar experiment
LNuovo cimento 7, 727 (1958)].
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LOWED

Fio. 1. Beta-
gamma decay,

integrals, taking into account the resonance condition,
are given. Appendix II contains a list of the possible
experiments for the case of the beta-gamma-gamma
decay.

1. The circular. polarization of a cascade gamma ray
in coincidence with the beta ray and recoil nucleus.

2. The beta-(nuclear recoil)-gamma directional cor-
relation.

3. The beta-ray spectrum in coincidence with the
gamma-ray and recoil nucleus.

Two other possible experiments, the nuclear recoil-

gamma directional correlation and the measurement of
circular polarization of the gamma ray in coincidence
with the recoil nucleus, have been proposed by Frauen-
felder, Jackson, and Wyld, ' and by Treiman. "

If we use the method of nuclear resonance fluorescence
to obtain information about the recoil of the nucleus,
the following experiments are available in the cases of
beta-gamma decay and (E-capture)-gamma-gamma
decay. The experiments must determine one of the
following:

TABLE I. g, 's in Eq. (3).

Ine-
quality
involv-
ingp, g, p&~a
and K +K

gg Eq'
g2 —ICq

g3 0
g4 —3q

p+q ~&Z &~p g

—,'Eq(p+q —E)
-:9L—P'+ (&—9)'j
lE(—9'+ (&—P)'j
rrSL —2pp 2&p ILIy31L(ps+~s)g

g ~&p x&p
+R' +q

pEq 0
0 0
—EpE 0
—4p'

For example, M. Morita, Phys. Rev. 90, 1005 (1953); Progr.
Theoret. Phys. (Japan) 9, 345 (1953), and 10, 364 (1953). The
electron-neutrino angular correlation has been given up to the
first forbidden transition, taking into account the nuclear charge
and all interferences among STPUA.' M. Morita, Nuclear Phys. 6, 132 (1958).

f) Frauenfelder, Jackson, and Wyld, Phys. Rev. 110,451 (1958).I $. B. Treiman, Phys. Rev. 110, 448 (1958).

2. POSSIBLE EXPERIMENTS FOR DETERMINING THE
RELATIVE MAGNITUDES OF THE COUPLING

CONSTANTS IN BETA INTERACTIONS

As is well known, the simplest experiment for deter-
mining the values of the ratios (Cs/C&( and ~CT/CA~
in beta interactions is a measurement of the beta-
neutrino angular correlation. ' ' The beta-neutrino-
gamma angular correlation in a successive beta and
gamma decay is also useful. ' This correlation can be
obtained by the following measurements:

4. the absolute intensity of resonant gamma rays
and the nuclear level width (in the case of beta decay);

5. the directional correlation between the beta and
resonant gamma rays;

6. the beta-ray spectrum in coincidence with a
resonant gamma ray;

7. the circular polarization of the resonant gamma
ray in coincidence with the beta ray;

8. the circular polarization of the resonant gamma
ray in the cases of both beta decay and E capture;

9. the circular polarization of the first (second)
gamma ray in coincidence with the second (first)
gamma ray and the recoil nucleus (in the case of E
capture);

10. the circular polarization of the first gamma ray
in coincidence with the resonant second gamma ray
(in the case of E capture).

In the case of more complicated decay schemes,
there are many possible experiments for determining
the values of the ratios ~Cs/Cv~ and ~Cr/C~~ in beta
interactions. A list of the possible experiments is given
in Appendix II for the case of the beta-gamma-gamma
decay.

3. THE RESONANCE CONDITION

Since the mechanism of nuclear resonance fluores-
cence, or the resonant scattering of gamma rays, has
been discussed in many papers, 4' we do not enter into
the details of it here. Ke focus attention especially
upon the resonance scattering by Doppler shift due to
the nuclear recoil from preceding radiations, namely
the beta particle and E capture and gamma rays.
First, we shall neglect such factors as the natural width
of the nuclear level, the thermal motion of the nucleus,
and the slowing down of the recoil nucleus before
gamma emission. Then the probability of finding a
resonant gamma ray is proportional to the probability
that the component of nuclear recoil momentum E
(before emission of the resonant gamma ray) in the
direction of emission of the gamma ray lies between Eo
and Ep+dKp, where Ep is the gamma-ray momentum.
Thus the probability can be expressed in the form

P(Kp)dKpdQ~, including E p as a parameter in P. These
probabilities are given in Secs. 4 and 5 after appropriate
angular integrations over the momenta of the emitted
particles.

If we include such factors as the natural width of the
nuclear level, the thermal motion of the nucleus, and
the slowing down of the recoil nucleus before gamma
emission, then the probability of finding resonant
gamma rays can be written as [fl(K)P(K)dKjdQ„
where I(E) is an appropriate distribution function and

P(E) has the same functional form as P(Ep). For
simplicity, we drop the subscript zero of Eo, hereafter.
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4. BETA-GAMMA DECAY
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We assume the decay scheme to be j-~—+j&-&~j2, where j, j&, and j& are spins in the initial, intermediate, and
6.nal nuclear states, respectively. The beta decay is an allowed transition and the gamma ray has a mixture of
the 2~'-, 2~"-, pole radiations (see Fig. 1)."The beta-resonant gamma angular correlation is obtained from
the beta-neutrino-gamma angular correlation' and Eqs. (A1) and (A2) as follows:

P=O for q(lP cos8+El,

1 1 t
p(8 r,E,E)rIEJErIQ, rIQ =F(Z,E)rIErIErIQ, dQ7$ l

1—a p cos8(p cos8+E)+b—
ll Q(jsllLill ji) j

Eq E)

( 1 1
+ l Ai p cos8 —B,-(p cos8+E)

l L12ji(jr+1)$ '*L2+ji(ji+1)—j(j+1)3
g

1
+

l

—As—p cos8+I4—(p cos8+E) lb''~'i(3) *

)E q

&&rL 2 (js lLill ji) (jsllLi'll ji)Fi(LiLi'jsjr) j
L1,LI'

Here

+c p cos8(p cos8+E)(—)&' &2l 2(2ji+1)/3$'*W(jiji11; 2j)
Eq

Xl 2 (jsllLill ji)(jsllLr'll jr)Fs(LiLi'js jr)g for q&
I p cos8+El. (1)

Lj,L

F~(LiLr' j&ji)= (—)" &''+'((2 jr+1)(2Li+1)(2I i'+1)}'(LiIi'1 —1l n0) W(j ij iLiLi', rsjs),

and 8 is the angle between the directions of the beta and gamma rays. p, q, and E are the momenta of the electron,
neutrino, and gamma ray, respectively, in units of mc. E is the electron energy in units of mc . F(Z,E) is the
Fermi function. $, u, b, and c are defined by Jackson ef a/. ,"Az z being replaced by unity in our case. Ai s and
8~, 2 are defined as follows:

$A, =L&2 Re(CrCz —C~Cg'*)+ (nZ/p) 2 Im(CrC~'*+Cr'Cg*)]Mo T'.

)As= L2 Re(CsCr' +CB'C2*—CvC~'* —Cv'C~*)

& (nZ/p) 2 Im(CsC~'*+Cs'Cg* —CvCr'* —Cv'Cr*) jMp Mo T.

/Bi =
t a2 Re(Cs Cs '*+CgCg'*)+ (y/E) 2 Re (Cs Cg'*+Cr'Cg*) jMo T'.

&B,= l
—2 Re(CBCr'*+Cs'Cr*+Cr C~'*+Cv'C~*)

(2)

~ (7/E) 2 Re(CBC~'*+Cs'C~*+CvCr'*+Cv'Cr*) )Mp MoT.

Here, the upper (lower) sign refers to the electron (positron) decay. r=1 (—1) for a right- (left-) hand circularly
Polarized gamma ray. " (jrjsmimsljns) and W(u, b, c,d; e,f) are the Clebsch-Gordan and Racah coeKcients, re-
spectively. (jsllLill ji) is the nuclear matrix element of the gamma transition. Equation (1) is to be used in analysis
of experiments 5, 6, and 7.

The relative intensity of the resonant gamma rays is obtained from the beta-neutrino-gamma angular correlation

"For a gamma decay, the parity condition is always taken into account by the relation L+L'+S+S'=even, where 8=0(+1) for a
magnetic (electric) radiation. For simplicity, we do not write it in this paper.

"Jackson, Treiman, and Wyld, Phys. Rev. 106, 517 (1957), and Nuclear Phys. 4, 206 (1957). We use the symbols iM vs, M'QTs and
Mv'MGT instead of their ~Mv~', ~3loTj', and ~Mv~ - ~Mor~, respectively. Our Mv and MoT are real and they may be positive or
negative.

"This r is the same symbo1 used by severa1 authors recentIy to indicate the state of the circuIar polarization of the gamma ray.
Its sign is equal to that of the helicity of the gamma ray. In all of our previous work (e.g. , reference 1), we adopted p=1(—1) for
left (right) circular polarization of a gamma ray. Thus p and r are related by p= —7. On the other hand, the definition in optics is
sometimes taken opposite to ours. In this case, the right-hand circularly polarized gamma ray has negative helicity, while the gamma
ray with the same label used by us has positive helicity.
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and Eqs. (A3)—(A8) as follows:

I'(r, ~o,&)«do.=«~D. ~(~~)kl Lgi+~g4+f (gt/&)7LZ UsllLtll jt)'7+((~igs+~cs) L»jt(jr+»7 '
Lg

&&52+ji(jr+1)—j(j+1)7—(~sgs+&sos)»ft(3) ') rl: 2 (jsllLtll jt) (jsllLt'll jr)Ft(LtLt'jsjr)7

+~g4( —)" '+'2t2(2jt+1)i37'll'Uiji11 2j)l: 2 (jsllLtlljt)(jsllLt II ji)~s(LtLi jsjt)7 l«(3))Ly, Ly'

The forms of the g; s are shown in Table I. They have values depending on inequalities involving P, q, and E.
The integration over the electron energy may be performed numerically" (see also discussion in Sec. 6).

S. K-CAPTURE GAMMA-GAMMA DECAY

We write down here the recoil nucleus (of the ji state)-gamma-gamma angular correlation in the cascade,
j-~ "i"""—+jr-'r'~js-'r'~js (see Fig. 2). The direction of the recoil from the neutrino emission is chosen as the

/

CAPTURE

7 ' 2 l 2 l ""POLE
, I

l
FEG. 2. E capture-gamma-gamma decay.

""POLE

s axis. The erst and second gamma rays are assumed to be emitted in the directions with polar angles 0&, p&—=0,
and 02, p2, respectively. We neglect the Fierz term, b, hereafter. The result is

~ (01/2~ 'P2~&lp&2)~E(lreaoildflyldf)rs

c&"I (—)'+r'+"'+"'L(2Lt+1) (2Li'+1) (2li+1) (2jr+1) (2js+1)7I
Lil ~1 L2 Lf2 '+1 &2

$1 J2 J1

&&„-i(j,llL, IIj,) (j,llL, 'll j,) (LiLi'1 —1I~,o)x ji js Li'

~S S2 S]

&&LE.(—)"(«io~l~sl )D—s s (O,er 0)Dv, s (~sA())7

with is+a, +ms = even. " &&rs"'(jsllLslljs)(jsllLs'lljs)~-s(LsLs jsjr)dpi o'id')midi)&s (4).

g(o) =]
c'"= —l.(jr+1)/j 7'&, (6)

"Neglecting the eRect of the nuclear charge Lnamely P(Z, E) = 1), integration over the beta energy can be performed analytically.
The results are

gidE= (A /96) {(5EO' —E' —5)—8EO'(Eo' —It') '+2 (Ep'+E') (Eo' —E') ') + (1/16) In (EIis —E'),

g2~E= gad'= —ALOE 24 E02—E2

Jg«E= (&/96)((—E '+5E'+5) 8E'(Eo' E') '+2(E—g'+If.")(E—P—Es) 2) —(1/16) In(EP —Qs) for (E s —1)I & Q & Q.

~

~

g;dE=O, i=1—4, for E) (EP—1)I.

Here A =E,' —Zs —1.It is a remarkable fact that these results are the same for both cases of (Eo' —1)i&~E&~ED 1, and Eo I)16 ~& 0. — —
Although the approximation Z=O is not too good (except in the region of the lightest nuclei), it is useful for qualitative estimate os
energy integrals. For example, if E' is very close to (Eo'—1)&, the intensity of the resonant gamma rays becomes very small and if
proportional to (Eos J' 1)'. Actually, we may —obser—ve no resonant gamma rays in this case.

'~ Therefore, the recoil-gamma-gamma angular correlation may be applied as a test for invariance of the strong interactions under
time reversal, but not for the weak interactions. The same is true for the case of beta-gamma-gamma correlation LM. Morita and
R. S. Morita, Phys. Rev. 110,461 (1958)j.



D F TE RM I NATION OF p I N TERA CTION 8

with

$B=2 Re{4ii(CrCr'*+C~C~'*+CrC~'*+Cr'C~*)MoT' 5~'~i—fji/(ji+1) j*(CeCr'*+Ce'Cr*+CvC~'*+Ci 'C~*

+CSCA +CS Cg +CYCLE' +CV CT )MF'MGT)p
and

~alii= & for j~ji=j+1
= 1/(ji+1)
= —ji/(ji+1) for j~j i=j 1. —

'a b c'

d e f =P(2&+1)W(abkf; ei)JF(dfhb; et)W(adkh; gi)

.g h k.
4e

D &'&(y80)=e ™D&"(080)=~ I
7'i (8 p).

21+1
(8)

ri and r2 indicate the states of circular polarization of the first and second gamma rays, respectively. In Eq. (4),
terms with e+ei+n2=odd would appear if the strong interactions were noninvariant under time-reversal. "
Equation (4) is to be used in the analysis of experiment 9. For experiments 8 and 10, the angular integrals taking
into account the resonance condition are necessary. They are given in Appendix I.

Since Eq. (4) is very complicated, we present an example of a particular decay scheme: ~ (E capture) S2 (dipole)-
—', (dipole) —',. For this decay scheme we give the formulas to be used in analysis of experiments 8, 9, and 10.

(a) Polarization correlation of two gamma rays and the nuclear recoil of the ji state (experiment 9):

lf (p„,ki, kz, ri)r2)dQ„„iidQ»dQ»=L1 (1/50){3(ki ki) —1)+r1r2i'0(ki kg)

+riB{—(7/10) (p& ki)+ (21/125) ((p„ki) (ki k2) —3 (p„ki)))

+riB{ (7/25) (p, kz) ——(21/250) ((p„ki) (ki kz) —
s (p„ki)))jdQ„..;idQ, idQ, g. (9)

Here, p„, k„and ki are unit momentum vectors of the recoil nucleus and the first and second gamma rays, re-
spectively.

(b) (Circularly polarized gamma)-(resonant gamma) angular correlation (experiment 10):

P=o for Pr& IKi cos8yK

P(8&ri&P„&Ki&K2)dKidK2dQ~idQ, 2
——$1—(1/50) (3 cos'8 —1)

—(147/250) r iB cos8(Ki cos8+Ei) (1/P, )fdKidKidQridQ~2

for P„~&iK'i cos8+E&i.

(10)

Here, P„E&, and IC2 are the magnitudes of the momenta of the neutrino and the first and second gamma rays,
respectively. 0 is the angle between the two gamma rays.

(c) The relative intensity of the resonant gamma ray (experiment 8):

P(r2,P,&Ki)K2)dK&dQ&2 = L1—(1/50) (3hs —1)—(21/250) r2B(3hs+h6)fdE2d&Y2)

with h;=I;/Ii, i=3, 5, and 6. The I; (i=1, 3, 5, and 6) are given in Appendix I. Equations (9), (10), and (11)
are to be used in the analysis of experiments 9, 10, and 8, respectively. It should be noticed that these three equa-
tions are the same for the magnetic and electric radiations, if we assume pure multipolarities for the first and
second gamma rays.

If the gamma-gamma angular correlation and also the higher correlation among recoil and gamma rays are
very small, we can neglect all terms with ni+e2) 2. In this case, the formulas to be used in the analysis of experi-
ments 8, 9, and 10 are simplified as follows,
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(d) Polarization correlation of two gamma rays and the nuclear recoil of the j& state:

lf (P ~& &2 r~ r~)dO-- ~d~»d~»= {LZ(j2IIL~II j~)'XZ( j3IIL2II j2)'3
LI L2

+r~BC(j~+1)/3j~j'E 2 (j~llL~llj~)(j2IIL~ I j~)P~(L~L~ j2j~)jLE(jallL2llj2) j(p &~)I I,LI' L2

+r&B( )"+—"+L(jr+1) (2j&+1)(2j&+1)/3j&jest P(—)z'W(j&jx j~j2; 1L&) (g2~~L&~~g )'g
LI

&&2 Z (jllLII~)(~ IIL'ilj)P (LL'~ ~)(p 1)j)d~--'d»d» (»)

(e) Circularly polarized gamma-resonant gamma angular correlation:

P (8,T1 P„,K1 K2)dKldK2d» ldll 72

P=O for P (
I
K~ cos8yK

(13)
=(LZ(j2llL~II j~) 3+»BE(jr+1)/3j~l'2 2 (j~llL~I j~)(j~llL~'ll j~)P~(L~L~'j2j~)

LI, L,I'

X (cos8/P„) (K~ cos8+E2)l) LZ(j3IIL&ll j2)'jdK&dK2dQ~~d»~ for P„~&
~
K] cos8+E2.

L2

(f) The relative intensity of the resonant gamma rays:

P=O for Ka) P„+K&,

P(»,P.,K~,K2)dK~«»= f LZ(j~llL~II j~)'3LZ(j3IIL~II j~)'j
LI L2

+ r2B(—)"+' I:(jr+1)(2ji+ 1)(2j2+1)/3 ji3'LZ (—)"~(jijijmj2 1L&)
LI

&& (j2IIL~II j~)'jE 2 (j3IIL2II j2) (jallL~'ll j~)F~(L~L2'j3j2) l&~)dK2dO»

with
ha=0

=Kg/P„

for

for

Kg& P„+K'2

P„&Kg+K2

= (P„Kg+Kg)/2P, f—or P,+Kg ~& Kg &~P„Kg.

6. CONCLUDING REMARKS

Although a formula for the absolute intensity of
resonant gamma rays for the beta-garnrna decay has
not been deduced, it is easily obtained from

,[P,f I(K)P(r—,EO,K)dK jdQ~. Here we use the expres-
sion in Eq. (3) for P(r, EO,K). The result of this inte-
gration is to be used in the analysis of experiment 4.
In this case, the a and c terms are relevant for determi-
nation of the values of the ratios

~
Cs/Cv

~

and
~
Cr/C~

~

.
We have no such terms for E capture.

In Eq. (3) the integrals over the energy of the beta
ray for g~ and g3 are equal and negative, if we assume
either the electron mass =0, or nuclear charge =0
[namely F(Z,E)=1j."Thus, the circular polarization
of the resonant gamma ray in experiment 8 could be
large for T and zero for A."Here C,= —C for STP
and C,=C,' for VA are adopted. Taking into account
the effect of the nuclear charge, it would be large for 7

A. M. Sincer and J. Weneser have also mentioned this. We
wish to thank Dr. Bincer and Dr. Weneser for a valuable discus-
sion.

and small, but not equal to zero, for A. Furthermore,
circular polarizations for T and A have different (same)
signs in the electron (positron) decay. The same state-
ment holds for the interference terms of the Fermi and
Gamow-Teller parts, with the replacements T—+VA
and A~ST. The resonant gamma ray from E capture-
gamma-gamma decay has its maximum circular polar-
ization when E~——P„and X~=0.

In experiments 1—3, 5—7, 9, and 10, we can choose a
suitable geometry and/or energy of the beta ray to
give large effects for both STP and VA. As an example,
we discuss experiment 7 in detail. The resonant gamma
ray in coincidence with the beta ray has its maximum
polarization at 8=m./2 and K=q [see Eq. (1)).Further-
more, if we assume a Gamow-Teller transition for the
beta decay and a pure multipolarity for the gamma ray,
the degree of the circular polarization becomes (L~+1) ',
(j+2)[(j+1)(L&+1)]', and (j—1)Lj(L&+1)] '
for j~j &1~j+1&L&,j~j+1~j+1 L&, and j +- —

j—1~j—1+L&, respectively. Thus the best decay
scheme is j—+j+1—+j with a dipole transition. (The
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same decay scheme is also best for experiment 8.) In
this case, numerical values of the degree of circular
polarization are 100% 83% 75%%uo 70%%uo 67'%%uo and 64%
for j=0, —'„1,~, 2, and 2, respectively. The helicities of
the emitted neutrino and antineutrino are equal

(opposite) to that of the gamma ray coming out at
8=~/2 in the decay scheme j~j &1~j&1&L]
(j-+ja 1—+ja 1aL]).

Explicit formulas for possible experiments in decays
involving beta-gamma-gamma cascades discussed in

Appendix II and a description of suitable nuclei will

be published in the near future.
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APPENDIX I. ANGULAR INTEGRALS EVALUATED
UNDER RESONANCE CONDITIONS

First, we present the results of angular integrals
evaluated under resonance conditions in the case of X
capture-gamma-gamma decay. For the calculation of
the gamma-resonant gamma angular correlation, the
following two integrals are necessary:

f]
I],=Sm'/E'],

I]],=47r'(P„+K] K2—)/P, K],

I],=Sar'/P

2 1 2

I2,= —Sm'Eg/Kp,

I» = —2m'LE]' —(K2—P„)'3/P„E]'&

I2,=0.

f3= (p„k2),

I3 =0,

I3],——2]r'LP '—(E2—K)]'7/ P'E]

I„=Srr E2/P, 2.

f =(p. k),
I4,=8m P„/3K]2,

I4],——2]r'52P„'+2E]'+K2'

(A3)

(A5)

(A6)

I4,= 87r'E]/3P„'.
3E2(P„'+—Ep) j/3P„'E]2,

5 1 2 )

Ira =Sar'(3K2'+P, ')/3K''

Ir], 4n'(P„'+K]3 E——p+3P„E22— '
(A7)

involving the lowest powers of k] and k2 are as follows:

8(—P„(p„k,)+E,(k, k,)+K,)d~„,.]]
for P„&~ ~E] cos8+E2~,

I];,——87r'/3P„.

f.= (p, k.) (k'k.),

I6.———167r' P„E2/3K/)

3P„2E2)/3P,—E]3,

for P„&~]E] cos8+K~~. (A1) I8],=rr'(3P„' 3K]' K2'+ 6P,'K2—'— (AS)

J2 (pr ' k2)8( Pt (pr ' k2)+F1(kl ' k2)+K2)dfIreao]] I6,=Sm'K2/3P, '.
SP,'Kg+4K, 'K2)/3P—„'E]3,

=2m(K] cos8+K2)/P, ' for P, &~~E] c'os8+E2~],

=0 for P„&iE]cos8+K2i. (A2)'

f
I;= f,b( —P„(p„kg)+K](k] k2)+E2)dQ„„;]dQ,].

J

Here, f, is a function of (p„k]), (p„k~), and (k] k2).
In general, the integrals with f,= (p„k2)(k, k~) and

(p„.k,) (k] k2)" ' give the same result. The six integrals

For calculation of the intensity of resonant gamma
rays, we define I; by

Subscripts a, b, and c of the I s denote inequalities
involving P„, E~, and E2 as follows:

a: E]&~P+K2,

f]: P„+K]&~ Eg&~ P„K], '

c: P„&~K]+E2.

The I s (i =1 through 6) are equal to zero if K2) P„
+E].In decay schemes where nuclear spins and multi-
polarities of gamma rays have high values, integrals
containing higher powers of 4& and k& are necessary.

In the case of beta-gamma decay, corresponding
angular integrals obtain with the following substitu-
tions: P,p„+q, E&k]—+p, k—2

—+k, —P„~q, E, +p, and—
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E2—&E, both in the results for the integrals and in the
energy inequalities.

APPENDIX II. LIST OF POSSIBLE EXPERIMENTS
IN BETA-GAMMA-GAMMA DECAY

ln the decay scheme j-&—+j&-&'—+j2-~'—+j3, the fol-
lowing measurements determine the values of the
ratios ~CB/Ci

~

and
~
Cr/C~~ in beta interactions:

1. the absolute intensity of the resonant gamma rays
and the nuclear level width;

2. the circular polarization of the resonant gamma
ray;

3. the beta-recoil directional correlation;
4. the beta-ray spectrum in coincidence with the

recoil;
5. the beta-resonant gamma directional correlation;
6. the beta-ray spectrum in coincidence with the

resonant gamma ray;
7. the circular polarization of the resonant gamma

ray in coincidence with the beta ray;
8. the directional correlation of the first (second)

gamma ray and the recoil;
9. the circular polarization of the first (second)

gamma ray in coincidence with the recoil;
10. the circular polarization of the first gamma ray

in coincidence with the resonant second gamma ray;
11. the circular polarization of the resonant second

gamma ray in coincidence with the first gamma ray;

12. the (first gamma)-(resonant second gamma) di-
rectional correlation;

13. the beta-(first gamma)-(resonant second gamma)
directional correlation;

14. the beta-ray spectrum in coincidence with the
6rst and resonant second gamma rays;

15. the circular polarization of the first (resonant
second) gamma ray in coincidence with the beta and
resonant second (first) gamma rays;

16. the beta-(recoil nucleus)-first (second) gamma
directional correlation;

17. the circular polarization of the first (second)
gamma ray in coincidence with the beta ray and recoil
nucleus;

18. the beta-ray spectrum in coincidence with the
recoil nucleus and the first (second) gamma ray;

19. the (recoil nucleus)-gamma-gamma directional
correlation;

20. the circular polarization of the first (second)
gamma ray in coincidence with the recoil nucleus and
the second (first) gamma ray;

21. the beta-(recoil nucleus)-gamma-gamma direc-
tional correlation;

22. the circular polarization of the first (second)
gamma ray in coincidence with the recoil nucleus, beta
ray, and the second (first) gamma ray;

23. the beta-ray spectrum in coincidence with the
recoil nucleus and the first and second gamma rays.


