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The degree of circular polarization of gamma rays following allowed beta transitions has been investigated
as a function of the angle 0+p~ between beta-particle momentum and gamma direction and as a function of
the energy of the beta particle. The anisotropy of the beta-gamma circular polarization correlation observed
for pure Gamow-Teller transitions (BI=1) is used to determine the validity of Cz'= Cz. The experimental re-
sults for Co" and Na" are W(O~s„)=1—(0345+0019)(%) coses„and W(O~s„) =1+(035+002)(s/c)
cosa'~, respectively. These values yield Cz'= (1~0.2)Cz.

The degree of circular polarization of the gamma rays following mixed beta transitions (BI=0) confirms
the existence of V-A interference terms. For Sc ' and Na" the beta-gamma circular polarization correlations,
W (Os„)= 1+(024&002) (s/c) cos O~s~, and W (O~s„) = 1+(007&003)(v/c) costs~, were observed.
From these measurements the ratios of Fermi to Gamom-Teller components for the Sc" beta transition,
(Mr/MQ'p)s=0. 13&0.04, and for the Na" beta transition, (Mx/MoT)'=0. 002+0.010, were determined.

1. INTRODUCTION

A S a consequence of the nonconservation of parity
in weak interactions' ' the gamma radiation fol-

lowing nuclear beta decay is, in general, circularly
polarized. 4 '

Measurements of the degree of this circular polariza-
tion give the same information about the coupling
constants as do experiments with polarized initial
nuclear states. The first measurement of a beta-
gamma circular polarization correlation was reported
by Schopper' and numerous experiments of this kind
on allowed as well as on first-forbidden beta transitions
have since been performed. ' '4 In this paper measure-
ments on the pure Gamow-Teller transitions of Cos
and Na22 are presented which give further evidence
that the violation of parity conservation in beta decay
is complete, thus giving strong support to the two-

component neutrino theory. Measurements on the
mixed Fermi and Gamow-Teller transition of Sc"

(AI=O) con6rm the existence of a Fermi Gamow-
Teller interference term, which excludes the possibility
of complete violation of time-reversal invariance. In
addition, these measurements provide a rather accurate
determination of the relative magnitudes and of the
signs of the Fermi and the Gamow-Teller matrix
elements in the Sc"beta transition.

The angular distribution of circularly polarized
gamma rays with helicity BC emitted after an allowed
beta transition is given by' ':

W(osr)=1+BC'(zjc) cosop„

where 0'p~ measures the angle between the directions
of the gamma rays and the beta particles of velocity v.

For a beta-gamma cascade I1—& —+ I2—& ~ I3, involv-
ing a gamma transition of pure multipolarity I., the
factor A which measures the degree of circular polariza-
tion can be expressed as:
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The results of many parity experiments suggest that
C, =&C;; this relationship is a necessary condition for
the validity of the two-component neutrino theory, ""
since the operator C;&C,'y5 then degenerates into
C, (1+ps) which converts a 4-component wave function
of a massless particle into a two-component wave
function describing a particle of helicity K= %1 and its
antiparticle of helicity Ã= & j..

Part of the purpose of the present work was to arrive
at a reasonably accurate experimental verification of
C~'=C~. At the time this investigation was started,
measurements of the angular distribution of beta par-
ticles emitted from polarized nuclei' ""and observa-
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I2= Ig —1

~(InIs) = —&/Is,.—(Is+1)/Is, Is=It+1.

The usual notation (e.g. , Lee and Yang') is used. The
upper signs refer to P decay, the lower signs refer to P+
decay. Adopting the presently accepted relative propor-
tions of the various coupling constants C; (j =S,T, V,A):

(a) Cg))Cr, C~')&Cr' (neutrino recoil experiments"),
(b) Cv»Cs, Cv'))Cs' (neutrino recoil experiments"),
(c) b~0 (absence of Fierz interference terms" "),
(d) Cg/Cv= real number, Cg'/Cv'= real number (time-

reversal invariance of the beta interaction"),

the expressions for the Gamow-Teller term bGT and for
the interference term bF GT can be greatly simplified:

tions of the longitudinal polarization of beta particles'
were consistent with Cg'= (0.4-2.5)Cg. After comple-
tion of this work greatly improved longitudinal polar-
ization measurements on the P"and Co" electrons were
reported by several authors. "" These recent results
indicate C~' ——(0.8—1.25)C~. The considerably more
difBcult experiments on pure Fermi transitions" 4'

yield Cv'= (0.4-2.5)Cv.
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q4= 1+cos'8+ (kp —k) (1—cos8),

(9)

(10)

Q, = —(1—cos8)L(kp+k) cos8 cosP

+k sin8 sinl( cosy), (11)

f is the fraction of electrons which are polarized and tp is
the angle between the (kp, k) plane and the (k, s) plane.
Polarized electrons are available in magnetized iron.

The circular polarization analyzer used in the beta-
gamma correlation measurements described in this
paper is shown in Fig. 1. It is similar to arrangements
used by Schopper6, i2 and by Soehm and tA'apstra.

The fraction of polarized electrons in the magnetized
iron was determined from a precise measurement of the
average magnetic induction 8 in the inner iron cylinder:
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2. APPARATUS AND EXPERIMENTAL PROCEDURE

The degree of circular polarization I', (P,)0 for
X)0) of the gamma radiation was measured by ob-
serving the brompton scattering on polarized electrons.
The scattering cross section do. of this process, 4' 46 and
hence the intensity of the scattered radiation of mo-
mentum k depends on I'„on the scattering angle 8,
and on the angle f between the initial photon of mo-
mentum kp and the electron spin S (ptr=c=5=1):
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B=H+4ri26pN+DB, where H is the magnetic field,

p the Bohr magneton, and N the number of iron atoms
per unit volume. DB is the small ( 3%) contribution
to 8 from the orbital motion of the electrons. 4' The
dhgererttiet polarization efficiency o(ko,n) of the analyzer
for gamma radiation, emitted by a (point) source at
an angle n with respect to the axis of the analyzer
magnet, is defined by

E —E+
P,o (ko,n) sinndn = sinndn, (12)

where N (N+ ) is the gamma counting rate observed
with the electron spins pointing toward (away from)
the source, and P, is the polarization of the radiation
emitted in the direction n. The quantity e(ko,n) was
obtained by applying Eq. (9) to the geometry of the
analyzer magnet and by integration over the finite size
of the NaI(T1) gamma detector. The absorption of
gamma radiation before and after scattering, and the
polarization dependence of the absorption processes, as
well as the plural scattering in the iron, were taken into
account in these computations. Fortunately, it was
found that, whereas the plural scattering gives an
appreciable contribution to the intensity of the scattered
radiation (depending on energy and angle from 10 to
30%), its influence on the polarization efficiency is small
(1t 2%)."

In a beta-gamma correlation experiment P, is not a
constant, but varies with the angle Oe~ between beta
particle and gamma-ray momentum. For allowed beta
decays, according to Eq. (1),P,= —KA (e/c) cos(n —P),
if the beta particle is emitted in the direction of the
P counter at an angle P with respect to the axis of the
magnet. Furthermore, the finite size of the beta de-

47 P. Argyres and C. Kittel, Acta Met. 1, 241 (1953).
"H. Schopper, Nuclear Instr. 3, 158 (1958).

C+—C
E(ko) P„.(O') =

cp+c

where 0' is the angle between the axes of the beta
detector and the gamma detector, and C+ and C are
the beta-gamma coincidence counting rates observed
for the electrons in the iron scatterer polarized away
from, and towards the source, respectively. It should be
kept in mind that the effective polarization efficiency
E(ko) of the equipment so obtained is only correct if
P, (Oe, ) is proportional to cosOe~. The computation of
E(ko) is estimated to be accurate to about 3%.
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FIG. 2. Circular polarization 8,(0') of gamma rays following
the beta decay of Co~ as a function of the angle 0'.

tector introduces a spread of P, for each angle n. By
(graphical) integration of Leos(n —p) je(ko,u) over the
angle n (finite length of scattering magnet) and over p
(finite size of the beta detector) the effective polarization
eSciency E(ko) of the analyzer for a beta-gamma
circular polarization correlation experiment is obtained:
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The measurements of the coincidence counting rates
were made with a coincidence spectrometer of the usual
fast-slow type. "The magnetization was. reversed every
15 minutes and the data recorded automatically. The
eGect of the stray magnetic field on the photomultipliers
was reduced by shielding, such that the changes in
single counting rates upon reversal of the magnetization
was less than 0.1%%uq. All the data were corrected for the
presence of gamma-gamma coincidences. The sources
which were less than 1 mg/cm' thick were deposited on
aluminized Mylar foils of 0.9 mg/cm' thickness.
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3. EXPERIMENTAL RESULTS

A. Pure Gamow-Teller Transitions

u. Megslrements oe Co"

The 5+—& —+ 4+—» —+ 2+—» —+ 0+ cascade of Co"
is particularly suited for precise beta-gamma circular
polarization correlation measurements. In fact, it was
the first decay investigated in this manner. ' Since both
gamma transitions are pure multipoles of the same
order (X=2) and the nuclea, r spin change B,I is equal
to I in both gamma transitions, the beta-gamma
circular polarization correlation of the P-y, pair is the
same as that of the P-yt pair. '

Partly as a check of the performance of the equipment
the Oe~ dependence Lcompare Eq. (1)j of the circular
polarization I', of the Co gamma rays was measured
(Fig. 2). The integral discriminator in the beta channel
was set to accept all beta particles with energies larger
than 95 kev, corresponding to an average value of
(v/c)A„——0.62 for the Co" beta particles. The point at
0'= 180', where I', was measured most accurately, was
used to construct the cosO' curve, which is shown as a
solid line in Fig. 2. An attempt to investigate the v/c

dependence of I'. was made by measuring the degree
of circular polarization I', at 0~'=180 as a function

TABLE I. Summary of beta-gamma circular polarization
correlation data.

P emitter

«" (0 )

Ne& (p+)

Na (P-)

Sc" Qr)

Anisotropy
coefficient A

—0.41 &0.07—0.40 &0.09—0.38 &0.04—0.32 &0.07—0.344~0.09—0.335%0.018—0.345&0.019

+0.39 %0.08
+0.295+0.054
+0.35 &0.02

—0.068%0.047
+0.07 a0.04
+0.05 &0.04
+0.07 &0.03

+0.33 %0.04
+0.23 &0.06
+0.29 &0.11
+0.24 &0.04
+0.24 &0.02

Reference

Schopper6
Boehm and Wapstra7
Steffens
Lundby et al.9

Debrunner and Kundig"
Appel et al.12

Present work

Schopper6
Appel et al. '2

Present work

Schopper"
Boehm and Wapstra
Stevens
Present work

Boehm and Wapstra'
Steffens
Lundby et al. '4

Jungst and Schopper"
Present work

of the beta-particle energy. The energy width of the
window in the beta channel was DE=50 kev. The
results of these measurements, corrected for the scatter-
ing of the beta particles in air and for backscattering in
the beta scintillation crystal, are shown in Fig. 3. In
view of the large corrections which must be applied at
low beta energies the measurements were not extended
to beta energies under 100 kev. Thus the range of v/c is
rather limited (v/c=0. 55 to 0.79) and it is difficult to
draw any dePtszfe conclusions as to the dependence of I',
on v/c. The experimental points of Fig. 3 agree, within
limits of error, with I', = —Av/c. Recently, beta-
gamma circular polarization correlation experiments
with a magnetic beta spectrometer were reported, "
which seemed to indicate a circular polarization of
E', =0.33&0.06, independent of v. On the basis of the
experimental results presented here a constant value of
I', , although it cannot be excluded entirely, seems to
be rather improbable. Furthermore, the majority of
the points in Fig. 3 are lower than 0.33&0.06, the
value quoted in reference 50. Similarly, measurements of
Appel, Schopper, and Bloom" at (v/c)A, =0.57 give a
value of P, = —A(v/c)A„———0.19&0.01, which is also
considerably below the value of reference 50. In view
of these inconsistencies more experiments, in particular
in the low beta-energy region, are required to determine
the v/c dependence of I',. In the following we assume
Eq. (1) to be valid.

A least-square fit of the experimental points of Fig. 3
to I', = —Av/c yields the following value for A:

A = —0.345&0.019,
FIG. 3. Circular polarization E,~iv/c) of gamma rays of Co"

and Na~ at Q'=180' as a function of n/c of the beta par- in excellent agreement with the result of APPel,
ticles . Schopper, and Bloom" (compare Table I).

49 R. M. Steffen, Phys. Rev. 103, 116 (1956). ~ Page, Pettersson, and Lidquist, Phys. Rev. 112,893 (1958).
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b. 3feasurements on Na22

The positron decay of Na" is followed by a 1.28-Mev
gamma ray: 3+—~~2+—& —+0 and is suited for
beta-gamma circular polarization correlation measure-
ments. The presence of the annihilation radiation,
however, requires special precautions. The discriminator
in the gamma channel was set to accept gamma rays
above 0.52-Mev energy. The response of the NaI(Tl)
scintillation detector to the gamma radiation scattered
from the magnetized iron was thus diGerent from the
previous measurements, where the discriminator setting
was lower. This fact was taken into account in com-
puting the polarization eKciency E(ks) of the analyzer.
A Lucite absorber in front of the analyzer magnet
prevented positrons from being annihilated in the
magnetized iron cylinder. From the results of the Na"
measurements, which are i.ncluded in Fig. 3, one deduces

2 =+0.35+0.02.

improve on the experimental determination of C~'/C~
by orders of magnitude, since all parity-eGect measure-
ments suGer from the same difhculty.

B. Mixed Fermi and Gamow-Yeller Transitions

Once the coupling constants Cg, Cg', Cy, and Cy' are
known, the measurement of the beta-gamma circular
polarization correlation provides a rather sensitive
method of determining the relative contributions of the
Fermi and the Gamow-Teller component to an allowed.
beta transition of HI=0. In the following we assume
that the relations C&'=C& and. C&'=Cz hold exactly.
Admittedly, the experimental verification of C& =C& is
even poorer than the one of Cg'=Cg. The results of
longitudinal polarization measurements of beta par-
ticles in pure or almost pure Fermi transitions yield
Cv'= (0.4 to 2.5)Ct.

a. Measurements on Na'4

c. Discussion

According to Eqs. (2) and (7), the anisotropy coeIII-
cient A for the Gamow-Teller transitions Co" and Na"
is given by

Cg'/Cg
A=~~

1+(Cg'/Cg) '

The p decay of Na'4 is followed by two gamma rays
of equal multipolarity: 4+—& —+ 4+—~' ~ 2+—~' —+ 0+.

p&e)

The upper sign is valid for the P emitter Co", the
lower for the p+ emitter Na". Figure 4 shows a repre-
sentation of A as a function of the coupling constant
ratio Cg'/C&, together with the experimental values
determined for Co" and Xa". From this graph the
relationship between Cg' and C~ can be determined:

Cg'= (1.0&0.2)Cg.

-OJO—

-O.RO—
I

90
I

I20
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I50
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e
240 270'

The error (standard error) of this ratio, although it
seems to be one of the most accurate determinations of
its kind at present, is relatively large, because of the
insensitivity of A to variations of Cz'/C&, if the latter
is near unity. It seems rather dificult at present to

0.40

FrG. 5. Circular polarization E,(O') of gamma rays following
the beta decay of Sc"as a function of the angle 0'.

The circular polarization measurements on Na'4 were
performed with an integral discriminator in the p
channel accepting P particles of energies above 0.80
Mev $(v/c)A, =0.94$. The experimentally determined
value of P, = —0.065+0.028 yields

2 =+0.0'7&0.03.

ra)
0.35—

0.30

WzT-' "7WWg7WWR~~~Wl 7WP 7~7~
Co

I

I

I

I

N
RZ In view of the small anisotropy of the Na'4 beta-gamma

circular polarization correlation no attempt was made
to investigate the cosOs~ dependence or the variation
of P, with v/c. The result quoted above agrees with the
measurements reported by Boehm and Wapstra, ' but
not with the measurements of Schopper" (compare
Table I).

b. Measurements on Sc"
t l II s

G6 0.7 0.8 0.9 I.O I.3 IA

Ca/Ca—

I 5 l6 "Ihis nuclide is of particular interest, since the circular
polarization measurements on Sc" established the

Fn. 4. The anisotropy coefficient A for Co~ and Na"
as a function of Cg'/C~. ~' H. Schopper, quoted in reference 3.
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presence of V-A interference terms with certainty, '"
thus excluding the possibility of complete violation of
time reversal invariance (Cy/C~ ——imaginary).

With the integral discriminator in the P channel at
0.095 Mev the cosOe, dependence of P, was measured
(Fig. 5). The results of an attempt to verify the %
dependence of P„using a window of 50 kev in the P
channel, are shown in Fig. 6. The experimental points
are consistent with P,=constr/c.

From these measurements the value of the anisotropy
factor A of Sc4' is extracted:

2 =+0.24+0.02.

The agreement with the work of the CERN group'4 and

$0-

At) 'Ip

.2P'

.lp

~e$p e

I
I I

I 2

Mz/Me&)& ee

3 4
~M"
Mer

s O.56 t'0.06

Mf /Mer)N ee ~ -0.05 0 0;lO'

4+ P 4+ Y P+ Y 0+ )

FIG. 7. The anisotropy coefficient A (y) for mixed transi-
tions (AI= 0) as a function of the matrix element ratio
y =MF/M'o T.

P, (v/cj
-Q.IQ

-0,0/ vtc

P, =-0.24 v&c

"0.20—
S( (4~4 ~P ~0 )

-0.30
0 O.P.

l I

Q4

v/c

l

0.8 l.o

FIG. 6. Circular polarization Ep (c/c) of gamma rays of Sc"
and Na'4 at 0'=180' as a function of /c eof the beta par-
tiCles.

with the results of Jungst and Schopper" is excellent.
The value of A found in this investigation, however,
is considerably smaller than the result of Boehm and
Wapstra' (compare Table I).

e. Discussion of Results

According to Eq. (8) the coeKcient A for a AI=O
P transition can be written as

1 1 (Is+1) '* CgCry~=+ +—II+1 Is 0 Is ) Czs+Cpsys

According to the most recent measurements on the

"W. Jungst and H. Schopper, Z. Naturforsch. 13a, 505 (1958).

decay of the free neutron, Cr ———1.19C~, and A can be
expressed as a function of y=Ms/MoT only. A(y) is
represented as solid line in Fig. 7, together with the
experimental values for Na'4 and Sc4'. The values of y
determined for these two nuclides are indicated in
Fig. 7. The second set of solutions, y&1, are discarded
as very improbable. The contribution of the Fermi
component to the beta transition of Na" is very small:
Mr' ——(0.0025&0.0100)MoT'. The isotopic spin of the
Na24 ground state is T=1, whereas the isotopic spin of
the Mg'4 state which is populated by the 5a~ beta
decay is T=O. By virtue of the isotopic-spin selection
rules beta decay by a Fermi transition is forbidden
between states with AT= j.. Considering the fact that
isotopic spin should be a good quantum number for
nuclides of mass numbers as small as 24, the absence
(within experimental error) of a Fermi component in
the Na'4 beta decay agrees with theoretical expecta-
tions. In the Sc" beta decay, on the other hand, the
contribution of the Fermi component cannot be neg-
lected: 3fs'= (0.13&0.04)MoT'. This is an indication
that the application of the isotopic spin concept to
nuclear states with as many as 46 nucleons yields un-
satisfactory results.

ACKNOWLEDGMENTS

The author is greatly indebted to Mr. P. Alexander
for his help in constructing the analyzer magnet and to
Mrs. D. G. Speer for her help in reading and processing
the large amount of automatically accumulated data.


