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A formula is obtained for the polarization vector of the electrons emitted in the g decay of
RaE nuclei whose spins are oriented in an external field. A region of possible values of the
nuclear matrix elements is determined on the basis of the experimental data relating to the
shape of the spectrum and the longitudinal polarization of the 8 particles. These values are
used to calculate the polarization of the B particles from oriented RaE. The dependence of
the polarization on the assumed radius of the nucleus is considered. It is shown that the
transverse polarization of the B particles is very sensitive to possible nonconservation of

time parity.

1. INTRODUCTION

THE B -decay transition of RaE is a first-for-
bidden transition (1~— 0%). As is well known, in
the overwhelming majority of cases the shape of
the p-ray spectrum for first-forbidden transitions

with Aj =1 is the same as for allowed transitions.

The point here is that the factor that modifies the
allowed shape of the spectrum consists of several
terms, and those that depend on the energy are
usually small in comparison with those that are
proportional to the nuclear charge and do not de-
pend on the energy. The spectrum of RaE is an
exception to the general rule — its shape differs
markedly from that of an allowed spectrum. To
explain this anomaly, in earlier papers! a special
assumption has been made about the values of the
nuclear matrix elements of RaE. If these values
are such that the large terms in the correction
factor cancel each other, then the small terms
which depend on the energy will play the dominant
role and the shape of the spectrum will be differ-
ent from the allowed shape. The matrix elements
depend on the structure of the nucleus, and such a
cancellation can occur only in exceptional cases.
In connection with the unusual shape of the
spectrum of RaE, Alikhanov, Eliseev, and Lyu-
bimov? have supposed that the longitudinal polari-
zation of the B -ray electrons is also anomalous
and different from the value v/c. A theoretical
treatment of this question has been given in a
paper by Geshkenbein, Nemirovskaya, and Rudik,?
who took into account the nonconservation of spa-
tial parity in B decay and also the possible non-
conservation of time parity. Alikhanov, Eliseev,

and Lyubimov? have determined the longitudinal
polarization of the B particles of RaE experi-
mentally and have compared it with the predictions
of the theory. This comparison has allowed a
rather accurate determination of an upper limit
on the possible nonconservation of time parity.
Further improvement of this value involves not
only experimental difficulties but also the neces-
sity in the interpretation of the experiments of
taking into account a number of corrections which
are hard to estimate, since they depend on the
structure of the nucleus.

We shall show that the difficulties in the inter-
pretation of the experiments can be avoided if we
study the transverse polarization of the electrons
emitted by oriented RaE nuclei. With conserva-
tion of time parity the degree of polarization in the
direction n X n,; does not exceed 2 percent. Here
n=p/|p|l, p being the momentum of the 8 par-
ticle; ny is the direction of dominant orientation
of the nuclear spins. Within the accuracy of the
existing experiments [arg (Cy /Cp) ~ 3°, see
later discussion ], for nonconservation of time
parity the degree of polarization reaches 45 per-
cent. In addition we repeat the analysis of the ex-
perimental data relating to the spectrum and lon-
gitudinal polarization of the B particles, with cor-
rections included that were not dealt with in the
previous papers.

2. THE POLARIZATION OF THE B-RAY
ELECTRONS

A general expression for the polarization of the
B particles emitted by oriented nuclei in first-for-
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bidden transitions has been obtained in reference 4.
In the special case of a 1" — 0* transition the po-
larization is given by the formula

L={nl—ayv/c+ a; {ud>cos ¥

+ az (u*> P, (cos )] + myas {udsind
+ ng[a, <p) sin & 4 a5 (u2d sin 291} [Wan 12, (1)

Wan, = 1 —b, {p.> cos & —b,{u2) Py (cos ), 2)
|| [nxng), ng| [nyxnl, cos® = nn,,

= Y po@, pH =3 BGu—-2w@. @)

p=—1 p=—1

u is the projection of the spin of the nucleus on
the axis njy; w(u) is the probability of a given
value of u; Wn.no is the angular distribution of
the B particles emitted by the oriented RaE. The
explicit form of the coefficients aj and bj is
presented in Appendix I.* They depend on the en-
ergy of the B particle, on the B-decay interaction
constants, and on two ratios of nuclear matrix
elements x and y defined by

y=svgm/sAS[cxr],
ea=|Cal2+|Calz, (4)

x and y are real quantities; Ca, CA, Cy, and
Cy are the B -decay interaction constants. In the
theory of the two-component neutrino Cy = C'V,
CA = CA. We shall deal mainly with the case of
the VA interaction, which is evidently confirmed
by experiment, and shall show only at the end how
to go over to the ST interaction. f r, o, and

0 X r are nuclear matrix elements of the g-
decay transition.

The spectrum of RaE is of the form

N (E) dE = (G*/2n) F (Z, E) pE (E, — E)? C (E) dE, (5)

x = isvgr/sAS[cxr],

& =|Cyiz+|Cyl*

where G is the Fermi interaction constant,
F(Z, E) is the Fermi function, and C(E) is
the correction factor for the spectrum.

In the diagram the dashed curves show the
region of spread of the experimental points C (E).
The main inaccuracy is that associated with the
determination of the limiting energy of the spec-
trum:® 3.26 me?< E;< 3.32 mc?. The solid
curves are the theoretical values for certain pos-
sible values of x and y.

The formulas of Appendices I and II have been
used to calculate the coefficients aj and bj that
appear in Eq. (1) for the values of x and y fitted
in this way to the shape of the spectrum; the val-

*The coefficients b; have been calculated independently
of us by Geshkenbein, Nemirovskaya, and Rudik.®
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ues of the coefficients so obtained are shown in
Appendix III, Table I. Agreement cannot be ob-
tained with values of x and y that differ much
from those given in the tables.

The finite size of the nucleus was taken into
account in the calculation of the coefficients aj, bj.
A uniform volume distribution of charge in the nucleus
was assumed for two possible values of the nuclear ra-
dius, ry=1.2 and ry= 1.5, where R =r,AY3
x 1018 cm and A =210 for RaE.* The limiting
energy E, of the spectrum was taken to be 3.26
mc?. a, is the coefficient of the departure of the
longitudinal polarization of the B particles of un-
oriented RaE from the value v/c. Table II of
Appendix III shows the experimental values of a,
available at present from the data of various au-
thors.

3. DISCUSSION OF THE RESULTS

An examination of the curves of C(E) and
the values for a, shows that the shape of the spec-

£(e)
s

' 1 4

! 2 1

The dashed lines bound the region of the experimental
values of the form factor C(E). The solid curves are calcu-
lated for the following possible values of the parameters x
andy: 1-x=1,y=30.5r,=1.2; 2—x=1,y=25.1,r,=1.5.

*In the approximation (@Z)* < 1 a surface distribution of
charge in the nucleus is equivalent to a volume distribution
with the radius of the nucleus increased by 20 percent. This
approximation is not valid for RaE (Z = 83), but nevertheless
by increasing the radius of the nucleus and choosing new
values of x and y that fit the shape of the spectrum we get
a result corresponding to a distribution of charge in the nu-
cleus that is close to a surface distribution with the original
value of the radius of the nucleus.
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trum and the size of the longitudinal polarization as
observed experimentally can be best described with
values of x in the range 0.67 —1 and correspond-
ing values of y that depend on the radius of the
nucleus. These values do not depart too far from
those that have been obtained by other authors.

The possible amount of nonconservation of time
parity obtained by Geshkenbein and others? agrees
with the results of our work. A change of the as-
sumed nuclear radius has a marked effect on the
quantities x and y, but we can always take val-
ues of x and y that satisfy all the experimental
data without resorting to the hypothesis of a con-
siderable nonconservation of time parity. The in-
accuracy associated with the determination of E;
affects the values of aj and bj mainly near the
limit of the spectrum. For example, when we re-
place E;,=3.26 by E,=3.32 the value of a; at
E = 3.0 decreases by 9 percent for x=0.2 and
by 14 percent for x = 1.2. At E = 2.0, however,
the maximum change of a; for permissible val-
ues of x does not exceed 3 percent.

We see from the tables that the change of the
longitudinal polarization is of the same order of
magnitude as the transverse polarization in the
direction [n Xny] xn. For conservation of time
parity the transverse polarization in the direction
n X ng is very small. For example, for E = 1.2
the coefficient a; is equal to 2 percent.

It is a remarkable fact, however, that a3 de-
pends sharply on a possible nonconservation of
time parity. If we write Cp = aCyelf, then if
the angle 6 that gives the phase shift between
the A and V interactions is 3° (which is within
the limits of error of the existing experiments ),
the coefficient a3 reaches a value of 45 percent.
Therefore we can recommend the study of the
transverse polarization of the B particles from
oriented RaE as one of the most sensitive ways
of testing the law of conservation of time parity.

The polarization formula (1) is valid for nuclei
oriented in any way (for example, by the method
of Gorter and Rose). For nuclei aligned by the
method of Bleaney or Pound there remain only the
terms proportional to the quadrupole polarization
of the nuclei. In this case the amount of longitudi-
nal polarization will differ from that of unoriented
RaE by not more than 15 percent. There can be
a transverse polarization only in the direction
[n xny] Xxn. Inthe special case x = 0.5 the co-
efficients ay, a;, and b; are equal to zero. Thus
in this case with aligned nuclei there can be only
a longitudinal polarization of the B particles, of
an amount that agrees exactly with the polariza-
tion of the B particles from unoriented RaE.
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We can make an estimate of the corrections
from the third degree of forbiddenness. Using an
estimate for the matrix elements of the third order
in forbiddenness that is clearly too high

d I P
svgarﬁ/sAS[cxr]éR%Vgaz/sA’\[cxr]z(s—lO)y (6)
and keeping the largest term in the expression for
the correction, we get

_ q;C(E)+2|G(E, R)|Va,C(E)
i C(E)+21G(E, R)|VC(E)

(7

where the aj are the corrected values and the a4
the original values of the coefficients in Eq. (1),
and

G (E, R):%%%S“ﬂ/g[”r]' 8)

The bj and bj are related in a similar way.

It follows from Eqgs. (7) and (8) that the third-
forbidden terms make their largest contribution
to the soft part of the B -ray spectrum. Their total
contribution is small. At E = 1.2 the coefficient
ay is decreased by 2 percent.

The writers are grateful to K. A. Ter-Martiro-
syan, who informed them about earlier papers??
before their appearance in print and called atten-
tion to the problem of RaE.

APPENDIX I

Analytical form of the functions aj, bj for the
VA interaction:
a,C (E) pE~* = x* [Byy (Mo + 2L; — 2 gN,,

+ 2 L)) — 5 g8y Nol + v?Bvv Lo+ Baa (M -+ - L}

+ 2 qNo+ % g2 Lo) + 2 gBaa Ny

+ 24[8va (No -+ 3 qLo) —Bra No]

+ 2% [Bva (Mo — Ly) + = qBya No

+ 2xy [Bvv (No— + qLq) + Buv Ny,
byC (E) = x> {Bvy [My— 2M; + Ly — 2 g (No — N,)]

— 28y [My+ 5 q(No— NI} + Baa Mo+ My + 3Ly

+ L g(@2Ns+ NY+ Lq* Lol

+ BaalM; -+ L g (2N ¢+ N)]

4y Lo +4 [Bva (2No-+ Ny + 2-qLo)— Bva (2Ng-+N3)]

+x[Bva (@My— My —L; — gNy — 3-¢°Ly)

— By (B3My— = qNo-+3 gNy)]

+2xy By (No — Ny — = qLo)+ Buv (No — No)J,
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a, C (E) = x*[Byv (2M; + Ly — 2 gNy) + Buy 2M, — 2 gNy)]
+Baa( L — M, —L gN}) —Biaa (M, 4 L gNy)
— y(BvaNy+ ByaN;) + x[Bya(My —L; + gN;)
+ 8va (BMz + L gN)] + 2xy (Byw Ny -+ Buw N3).

We get C(E), by, and a; from a,C (E)pE~L,
a,, and by, respectively, if in the latter expres-
sions we make the replacements

(M;, Li, N))—(M;, L;, N,), Biir— 25, Brir—> iz, No—>0.
We get a, from a; by the replacements
My—M,, L,—L, Ny—N,, L,——2L,,
My——1M, Ny—— LN,
My——+ M, and ./, —— LN,
We get a; from 1/2 a, by the replacements

My —% M, Ny—2 N, N,—2§,

M, ——>:_T' /\/12 and L] .0

We get a; from b, by the replacements

My——2+M,, Li—2L;, Ny——L N}, M,—— LM,
Ny—— % N, Bi»—3u-and ?” — — B
a;»=Re(C;Cir +C; C) [ e; 2,

’ * ’ ¥
xppr = Im (C, C," + C,‘ C[') / €; vy

,* bl

Bir=TRe(C; Cr + C: Civ) [ & 5,
Bir=1m(C;Cir + C; Ci') | 2; &y,
5= C*+ C? au=1, ay= B =0.

For the case of the ST interaction we must
make the following replacements in the formulas
presented above: in Bijj» and Bij’ replace indi-
ces A — T; in the terms in x2, X, and 1 re-
place V —; in the terms in y?, xy, and y re-
place V— T; also replace a, — —a;, by— —Dh,
q— —-q, and let

{5 P oo 1 Ch
X = zasx‘ﬂr/srng[c‘x-r], Y= QR“ / %ﬁ[o’xr].

APPENDIX II

Values of the functions Mj, Lj, etc., as func-
tions of the energy of the B particle and the ra-
dius of the nucleus, as found for a volume charge
distribution in the nucleus:

My = o= F{[o 95 (W — 1) ~‘i’*’,§ (W — )+(/?(—?123>2]a?/2—w

3aZ 3aZ
[095(W,L1) — W+ 1)+ (lgR)} : ,/2}

2m-().88
0_ EPF (au —1/, +al/l/)
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L= ,f’f“ @, ., ~ai,,),
No=— s E . {[0 92 (W — 1) — 1(“)—,§J @,
o -, |
My = 9E F [0 95 %2 3;‘; W+ (%ﬁﬂ @y,1,a,, ,, COS 3,
"= 41;301:88 sy, @y, COS By, Ly = E%I‘Egiaw;_}a.‘;-w os &y,
No= — IF F(O 92w — 10R>au;/ Qiy, 1, COS B,
No= g,gﬁp Qijy )y Qyjpty, SIN 8,
My= oo F{[o 94 (W — 1) — fgﬁ]a,/ 4,1, 008 b5
+ [0 94 (W + 1) — mR]al/ a5/, COS a;},
N, = 1;): (@)y—iy, @511, COS 85 —- @y, s, 1,08 8 ).

We get M{ and Nj from M; and N;, respec-
tively, if we replace ag/y 1/2 by agp -y, and con-
versely, and take 6 instead of &3.. My, N,, Mj,
and Nj differ from My, Nj, Mj, and Ni, re
spectively, by replacement of cos 67 by sin 61
We get Mo, LO, No from M,, Ly, N by the
replacement a1/2 12— —a1/2 1/2, and we get Mi,
N; from M;, N; by replacing cos 6; by -cos 6;.

8 = 61/2_‘/2 - 8'/2 Yas 81 = 53/¢ /S 6’/ —"/22 62_‘ = 81/2¥‘/2 - 03/21'/2’
3 aZ
83 = 81/ 4_1/ — 8:/2 1/” W E o 7_2 p— WZ— 1,

-3z,
p*=E*-—1,

qg=E,—E.

ajn and Oj\ are tabulated in the work of Sliv and
Volchok” for ry=1.2 and ry=1.5. F is the
Fermi function, which is tabulated in the work of
Dzhelepov and Zyryanova.b If we neglect the change
of the electron wave function inside the nucleus, M,,
Ly, Ly, and N; coincide with the functions deter-
mined by Konopinski and Uhlenbeck.? Corrected

for the finite size of the nucleus, but for different
values of Z, these functions have been tabulated

in reference 8.

APPENDIX III

The values of aj and bj in Table I are calcu-
lated for ry,=1.2. A change of r, can be com-
pensated by a suitable change of y. The values of
y obtained from the data on the shape of the B -ray
spectrum for ry=1.2 and ry= 1.5 are given in
Table III. It was found that the quantities aj and
bj calculated with these values of y were prac-
tically identical for the two values of r), being a
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TABLE I. Calculated values of the coefficients aj and bj

NE 1,2 15 ‘ 2,0 ‘ 3.0 1.2 ] 1.5 l 2.0 l 3.0

:\ a, by

0.2 0.84 0.85 0.86 0.89 0.41 1 0.44 0,68 0.61

0.5 0,80 0,82 0.81 0.84 0,38 0.39 0,64 0,70

0.67 0.78 0,80 0.79 0:81 0.35 0,35 0.63 0.74

1.0 0.74 0.76 0.74 0,75 0.30 0.28 0.59 0.75

1.2 0.72 0.74 0.70 0.7 0.28 0.18 0.54 0,71
ay ag

0.2 0.93 0,82 0.89 0.85 0.37 0.58 0.65 0.93

0.5 0,89 0.78 0.89 0.98 0.17 0.50 0.65 1.01

0.67 0.86 0.74 0,93 1,05 0.02 0.60 0.66 1,06

1.0 0.76 0.69 0.89 1.07 —0.40 0.63 0.70 1.08

1.2 0.70 0.55 0.87 1.08 —0.58 0.42 0.64 1.11
by ag

0.2 0.010 0,026 0.057 0,148 0.016 0.035 0.069 0.167

1.0 —0.010 | —0.029 | —0.062 |—0.124 —0.027 | —0.047 | —0.089 | —0.175

1.2 —0.011 |—0.035 |—0.071 |—0.103 —0,028 | —0.062 | —0.112 | —0.181
as

0,2 0.016 l 0.031 0.056 0.122

1.0 —0.012 | —0.032 [ —0.084 | —0.220

TABLE II. Experimental values of a,

E a, ' E a,
1.23 0.69%0.04 [19] .57 0.66=0.06 [1°]
1.24 0.733%0.06 [2] 1.76 0.725<0.06 [2]
1.30 0.75+0.04 [19] 2128 0.69+0.10 1]
1.41 0.75+0.04 [19]
TABLE IIJ
y
X
r,=1,2 r,=1,%
0.2 19.2 16.0
0.5 23’5 | 19.5
0.67 559 | 21.4
1.0 305 | 5.1
1.2 33.2 | 27.3
TABLE IV
X
) 1,2 1,5 2 3,0
X
0.2 |0.84] 0.85 |0.85|0.83
0.5 |0.80| 0.81 | 0.81 | 0.75
0.67 0.8 0.79 | 0.78 | 0.69
1.0 |o.74 0.74 | 0.72 | 0.60
12 1o | 0.7 |0.68]0.55

bit different only at the limit of the spectrum.
As an example, values of a; for ry=1.5 are
shown in Table IV.
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