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The P moments of the T~ (P)T+ transition from the decay of «4«Ce, have been extracted from
the experimental data. We have obtained the following results: {ir) =0.98+ 0.20 fm, {0x r)
=-1.11+0.35 fm, {iB& ) =1.30+ 0.50 fm, and {ie)/$ =2.16+0.45 fm. These results are con-
sistent with the analysis of the TY (P)T~+ transition in «39Ba and with the measurement of the

y moment {ir) from the isobaric analog state of the ground state in «4«Ce to the ground state
in «4«Pr. We present here a discussion concerning the polarizability effects due to the charge-
exchange excitation modes.

I. INTRODUCTION

In a previous paper' a detailed study of the
2 (0.962 MeV)2' P transition from the decay of
'"Au has been carried out. Although that first-
forbidden P transition is the best known one from
the experimental point of view, it has not been
possible to extract any information concerning
charge-dependent excitation modes because of:
(a) the validity of the f approximation and (b) the
scanty information on the nuclear structure of the
states involved in the process.

Here we have a more favorable case. In fact,
the T (0.581 MeV) $' P transition from the decay
of ' 'Ce presents the following interesting features:
(i) The low-lying states in the "'Ce and the '~'pr
nuclei are experimenta11y well known, ' and many
of their properties (magnetic-dipole moments,
electric-quadrupole moments, E2 transitions, one-
body transfer processes, etc.) are satisfactorily
explained in the framework of the quasiparticle-

plus-quadrupole-quadrupole phonon model. ' 6 In
particular the ground states in "'Ce and "'Pr nu-
clei are in good approximation pure one-quasipar-
ticle 2f», and 2d„,states, respectively.
(ii) The experimental information on the p pro-
cess" indicates that the $ approximation is not
valid. This fact is also supported by the single-
particle estimate of the linear combination

1'=-&l.~ -1+(g~lZ )~,1,

where the quantities A and A, are

(n)
((ir) '

(o xr)
(i f')

(2)

and the remaining notation is the same as in Ref.
1. For the 2f7&2-2p, &2 transition A, =1; and using
the Fujita-Eichler estimate' '0 for the 13 moment

(n) (see the next section) we have with g„=-1.19g»,
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Y=0.2)=2.65 in natural units (0 =m =c =1).
(iii) The matrix element &ir&„ofthe El y transi-
tion between the isobaric analog (IA) of the ground
state in ' 'Ce and the ground state of ' 'Pr, which
is related by rotational invariance in isospace to
the transition matrix element &ir) 8, has been re-
cently measured.

The result reported by Ejiri et al."from the
'4'Ce(P, y)'~'Pr reaction is

will allow the extraction of the P moments, This
information, together with the above mentioned
one on the IA state in ' 'Pr and the P moments in
"Bawill permit us to discuss:

(a) the core polarization effects associated with
the isospin (7=1) and spin (o =1) excitation modes,
(b) the purity of the IA state in '4'Pr, and

(c) the validity of the conserved vector current hy-
pothesis.

(2T,)'('&ir)„=0.65y0. 16 fm,

while Shoda et gl."obtained the value

(4)
II. RELEVANT THEORY

(5)(2T, )"'&ir&„=0.66 + 0.05 fm,

on the basis of the "'Pr(e, e'P)"'Ce reaction
study. A level diagram for the relation between
the 81 y decay from the IA state and the P decay
is shown in Fig. 1. The y moment(ir)„ is re-
duced with respect to the pairing-model estimate
by a factor of =4 and the hindrance has been at-
tributed to the core-polarization effect induced
by the charge-exchange dipole field. "
(iv) The p transition xv (2.223 MeV)v' from the
decay of "'Ba, which is similar to the correspond-
ing P transition in ' 'Ce (the wave functions of the
initial and final states are similar), has been re-
cently analyzed by Sunier and Berthier. '~ They
have reported that a hindrance factor of =3.5 re-
mains between the experimental and the calculated
p moments.

In short, if the experimental data on the ~7

p transition from the decay of ' 'Ce are accurate
enough, the deviation from the $ approximation

In the evaluation of the relativistic P moment
&n & one may take advantage of the conserved vec-
tor current theory (CVC) which connects the p
vector current J~ and the electromagnetic cur-
rent J„", through the relation

g(v) — Sz [T gs] (6)

where T is the isospin lowering operator. By
using the continuity equation for the current J„,
the following expression is easily obtained'" for
p decay

with

X,$ =&[V, ir]& j&ir&, (6)

where Wo = 8',. —W& is the transition energy and V~

is the Coulomb potential.
Taking into account the Ahrens-Feenberg approx-

imation" for the Coulomb term [Ao(AF) =2.4], Fu-
jita' and Eichler" arrived at the result

1/
(IA&=(2Ti)

ITi I) 1)

~Ec-2.5

&n&/&fr&5=2 4+(Iy —2 5)h '=A(FE) (9)

The energy factor that appears in Eq. (7) can be
related to the energy of the IA state (IA& of the
initial state. In fact from the relation (6) it fol-
lows that the p matrix elements (n) and &ir) for
the transition i-f, are related by isobaric sym-
metry to the corresponding matrix elements for
the transition IA- f. That is

(Ii.Ii)
oi=l t27&

Ce 81 HeV

j-E1
14.95 MeV &fl ~rs I I& = ~&fl[T, zr&ll z&

(10)

Wp
on the assumption that (T,), = T, and that (f( T„-O.
A similar relationship is valid for the moments
& n)8 and(n)„. This means that

2

FIG. 1. Schematic diagram of P decay and the IA El
y process showing notation and energy relationships.

and since the electromagnetic moments are con-
nected by the continuity equation for the current
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J'„",the following expression is obtained"

((n&/(ir))s =E„=E,„—E/--W, —2.5+bEc, (12)

where r/Ec = Ec(A, Z+ 1) —Ec(A, Z) is the Coulomb
displacement energy. Considering the Coulomb
potential of a uniformly charged sphere one gets
bE~ = 2.4$ and the above expression corresponds
to the Fujita-Eichler approach. This is due to the
fact that the Ahrens-Feenberg approximation is
eqiuvalent to neglecting the effects of the Coulomb
field in violating the isobaric relationship between
the states i and IA.

Damgaard and Vihnther" have suggested that the
matrix element of [Vc, iP] should actually be cal-
culated by taking the Coulomb potential of a uni-
formly charged sphere, and they obtained that

Xo(DW} = (3 - e,); e, = (o'&
s'o'(s'&

' (13)

Their formulation depends on the reliability of the
nuclear wave functions. More strictly their ap-
proach means the expression (13) plus the evalua-
tion of the ratio e, without taking into considera-
tion the effects of the core polarization induced by
isospin-dependent interaction. In this way they
arrived at the conclusion that the Fujita-Eichler
approximation could be grossly in error [Xo(DW)
«Xo(AF)] when the wave functions of the initial
and final states differ in the number of radial
nodes. The renormalization of the ratio e„i.e.,
of the Coulomb-potential term, due to the y = 1 ex-
citation mode has been recently calculated by Fay-
ans and Khodel' in the framework of the finite
Fermi-system theory. They concluded that even
in the case of dealing with radial wave functions
with different number of radial nodes, the Fujita-
Eichler approach is valid up to 25%.

III. RESULTS

The available experimental information on the
—~' p transition in ' 'Ce nucleus is:

(a) The spectrum shape factor Ce(W) measured by
Beekhuis and Duinen' (see Fig. 2}.
(b) The angular distribution of P rays from oriented
nuclei

N, (W, 8}=1+N, (W) f~P—, +No(W) —fsPe. (14)

The coefficients N, (W) and N, (W) contain informa-
tion on the P moments according to

1 1, 13 2
Nl(W) ~2 b11 ~Q 12 16 5 22

h) (&) (i)

(15)
7 2 1/2 y 5 1/2

Ã (W) = —— — bt" ——— btei +—bt"

where b~™~,are the particle parameters. ' The ex-
perimental values obtained by Hoppes et al.' are
indicated in Fig. 3.
(c) The partial half-life t=33 days (cf. Ref. 2).

The matrix-element parameters used in the anal-
ysis are

(cs &

&(er&
'

n& = -g'~(& x r &

r/& =Ex (sB;/&

tt=-g„(er&.
The formalism as well as the method of extraction
of the p moments from the experimental data are
given in Ref. 1. The X' function is defined as

X'=X'(Cs) X'(N.), (1V)

where X'(Cs) and ys(N, } are the y' functions for the
spectrum shape factor and oriented nuclei (N, and

30-
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20- ~0.80-

~lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllri

'to-
'|.50 1.75 2.00

Energy (in units of mc )

1.6 2.1

Energy [in units oi mc2)

FIG. 2. Experimental shape-correction factor from
Ref. 8, with theoretical values calculated from the P
moments in the case A.

FIG. 8. Experimental results of the coefficients N&(S')
and N2(S'), with theoretical values derived from P mo-
ments in the case A.
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6222n'=
t (18)

with

N, ), respectively. Its minimization was per-
formed with the help of the MINUIT routine. "

The errors on the matrix elements were esti-
mated by considering 1 standard deviation (X' func-
tion increased by unity from its absolute minimum)
in addition to the uncertainty in the axial-vector
coupling constant ( g„/gv= -1.19+ 0.03). The nor-
malization parameter g was determined from the
observed half-life t and the integrated spectrum
c,(w),

reproduced. In order to have a better fitting for
the nuclear orientation measurement in the case
D, we have also minimized the function

X'(C z), X'(N.)
N(C, ) N(N) ' (2o)

where N(CS) = 40 and N(N, ) = 2 are the numbers of
the experimental points considered for the observ-
ables C8 and N„respectively. The results of this
minimization are quoted as case D' in Table I.

In the present analysis we have neglected the
third-forbidden P moments and the matrix ele-
ments of the form (0(X)(r/», )") have been approxi-
mated as

Wp

f, = Cz(W) PWq'F(Z, W)dW.
1 Ox — = Ox (21)

The analysis has gone through the following
steps:

Case A; The expression (17) has been minimized
by taking the matrix element ratios A. , u, and z
as free parameters.

Case B. The ratio A has been fixed at the value
A =2.22, which corresponds to an energy F.

„= 14.95 MeV of the IA state to the ground state as
measured by Ejiri et al." The remaining parame-
ters (z and u) were taken as free.

Case C. Besides taking a fixed value for the ra-
tio A = 2.22 we also supposed that the ratio u was
equal to its single-particle value l(u), »

= -gA/g»].
The only free parameter was the ratio z.

Case D. The matrix-element parameters u and
z were fixed at the values (I),»

= -g„/g», (z)
= -(18/5)"'gA/g», while the ratio A was freely
varied.

The results are displayed in Table I. It can be
seen that in every case, except in the last one
(case D) the experimental data are satisfactorily

This means that we have fixed the ratio e, at the
value e, =1. Both approaches are justified in spite
of the pronounced cancellation effect observed in
this transition, due to the fact that happ, „=0.03

ln addition, there is no known mechanism
which would be expected to reduce the first-for-
bidden P moments without also reducing the third-
forbidden P moments, and the introduction of addi-
tional nuclear parameters decreases the selectiv-
ity of a X' test.

IV. DISCUSSION

The reduction of the experimental p moments as
compared with the calculated values is often dis-
cussed in terms of the effective coupling constants
(g„"„')~ defined as

(0(x))exp eff

(0( )) (g», AK/g», A (X V, A) X q

where(X» „)is the polarizability induced by a field

TABLE I. p moments for the ~2 -&2 p transition in Ce and Ba, in Fermi units.

Case A Case B
i4iCe

Case C Case D Case D'
i38Ba a

Case A' Case B' "

&~ r)exp
(cr

(za,,),„,
g '(8&,

„

A exp

(xv)~= i
(xg)y = i
(xg)) = 2

»graf. t/(f~) pJ
Y
x'(&g)
x'(&, )

0.98 + 0.20
-1.11+0.35

1.30 ~ 0.50
2.16+ 0.45
2.28+ 0.53

-0.63 + 0.08
-0.59 6 0.11
-0.69 + 0.12

1.24
-0.78
30,2
0.10

1.02 +0.11
-1,11+ 0,15
1.20 + 0.30
2.19+ 0.23

2.22
-0.61 + 0.05
-0.58 + 0.05
-0.71 + 0.07

1.25
-0.77
30.2
0.10

1.08+ 0.02
-1.08+0.06

1.20 + 0.20
2.23 ~ 0.08
2.15+ 0.05

-0.59 + 0.02
-0.59 + 0,02
—0.71+0.04

1.20
-0.81
30.2
0.10

1.10 + 0.01
-1.10 + 0.05

2,10 + 0.10
2.27 ~ 0.05
2.12 + 0.02

-0.60 +0.01
-0.60 + 0.01
-0.60 + 0.01

1.19
-0.92
32.9
8.4

0.75
-0.75
1.44
1.65
2.28

-0.71
-0.71

, -0.71
2.51
0.98

65.8
1.74

0.78 + 0.16
-1.74 + 0.26

1.94+ 1.30
2.81+0.16
3.74+ 0.70

0.82

1.16
-1.52

1.40
3.12
2.65

0.64

~ Results obtained by Sunier and Berthier {Hef. 14).
"No errors on the P moments are given.
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with the structure characteristic of the p moment
in question. As the effect of the quadrupole-quad-
rupole interaction is negligible in the present
case, ' ' the term &0(X)),

„

implies the single-parti-
cle value of the moment 0(X) corrected by the pair
correlations, i.e.,

(' ) 1=&(2 2i2)2110(&)ll(2f„,)„)U,(2d )U (2f

(23)

Using Rho's value for the vacancy: U (2d„,) =0
,( f7„)= 1.0 and employing radial wave f

tions in the Woods-Saxon potential with standard
parameters ( &2d2& 2lr l2f7~2) =4.82 fm) we obtain

(ir)„,= 2.60 fm,

&o xr)„,= -2.60 fm,

&ia, /) „,=.4.20 fm,

e1(WS) = 1.15.

(24)

The polarizabilities calculated in this way are
shown in Table I. The assumptions made in the
previous section correspond to

(XA) 1=1 (XV) X= 1

and

(XA)1.=2 (XA)k=1 (XV)k=1'

(25)

(26)

for the cases C and D(D'), respectively. Consider-
ing as statistically significant only those solutions
that fulfill the condition

x'(c8) ., x'(N, ) .,
N(CB)

' N(N, )
(2'I)

it follows from Table I that the equality (26) is not
consistent with the experimental data.

In Table I we also present the results for the P
moments for the T (2.23 MeV)T transition from
the decay of "'Ba. They have been obtained by
Sunier and Berthier' after analyzing the shape fac-
tor C 8(W) and the angular correlation parameter
e(W). The cases A' and B' are equivalent to our
A and B, respectively. In the last case the A ratio
was fixed at the value A = 2.65 which corresponds
to the Fujita-Eichler estimate. "

Comparing our results with the ones obtained by
Sunier and Berthier, and considering how difficult
the extraction of the p moments from the experi-
mental data is, it is encouraging to observe such
a close corr'espondence between the p matrix ele-
ments for "'Ba and "'Ce.

The p moment (ir)s obtained by Ejiri et al. ,
"

from the measurement of the El y moment &ir)„
from the IA state, and on the basis of equation
(10), (ir) z =0.64+ 0.16 fm, is in fair agreement
with our result: &ir)8 =0.98+0.20 fm. This fact

0.4-
0 3- ///////I///IIIII/I/IIIIIIIIIII//////Ill/Ill/Ill//

lfllIlllf/////I/II////I/I//////////////I

Al
~////////////////////////////////I/IIII/IIIIIIIIIIIIIIIIIIIIlllJF/lllllllllllllA

'

0.2-

-09-
—1.0-

1.1
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Energy (in units Of m(:2j

2.0

FIG. 4. Calculated values of the longitudinal polariza-
tion with the P moments in the case A.

confirms the assumption
l IA) = (2T, )

"'T li ) or,
equivalently, the validity of the expression (10)
(CVC theory).

The core-polarization effects induced by the iso-
spin and spin-dependent interactions H, = I(:, 7.

y

~ r, and H = vx'72&j 'o2~i' 2 ha
ly evaluated by Ejiri" in the random phase approx-
imation. Using the first Hamiltonian, with I(;,

=9.17 fm ' MeV, he calculated the charge-depen-
dent polarizability for the Y - Y" transition in
"'Ce and obtained the value (X„)1,= -0.68, which
agrees with our result. '

Evaluating the polarizability (X„)~, in the same
way' and from the relation (X„)1,= (X v)„,(see
Table I), it follows that

Krn 09
KT

(28)

(x )~= =-o 5 (XA) 1.=1=-0.6,

(XV)1.=1=-0 8 (XA)1.1=-0 4
(29)

The first of them is consistent with the present
study.

Regarding the ratio A. , it has not been possible
to distinguish between the Fujita-Eichler approach
(A = 2.40) and an estimate based on the Damgaard-
Winther approximation [A = 1.95 with c,(WS) = 1.15].
Further measurements on the distribution of elec-
trons from the oriented nuclei and their longitudi-
nal polarization, both as a function of energy,
could provide the necessary additional informa-
tion. The predicted values of these observables
are presented in Figs. 3 and 4.

which is in accordance wi'. h the value z„/e,=0.85
deduced by Ejiri from the analysis of the unique
first-forbidden p decays in the mass region A.= 90."

The reduction in the P-transition matrix ele-
ment in the lead region, has been recently dis-
cussed by Damgaard, Broglia, and Riedel. " They
obtained two solutions
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