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suggested by Leask et al. ' might account for sev-
eral of the anomalously large crystal-field pa-
rameters in CMN obtained from analysis of sus-
ceptibility data. Other effects, such as the pos-
sible admixture of 5d states into the ground state
by large crystal fields, "could also influence the

g factor and the saturation moment. They could
also affect n, and if such an effect were field de-
pendent, could influence our calculation of M'(FI,
T). A theory which proposes to account for the

observed discrepancy must explain why M', al-
though perturbed from a Brillouin-function de-
pendence, apparently remains a, function of H/T.
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ELECTRIC DIPOLE TRANSITION FROM THE 2f,g, ISOBARIC ANALOG RESONANCE
TO THE 2de, 2 GROUND STATE IN ~~'Pr f
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Electric dipole p rays from the 2f»2 isobaric analog state (2Tp) T ll') to the 2d5(2
ground state lf) in ~4~Pr were measured with a Ge(Li) crystal. The matrix element of
the k& y transition, l (flm&T (2T0) ~ 2li) I, and that of the analogous first forbidden p
transition, I (f Imp 1 i) I, were obtained.

A measurement of electric dipole y rays from
isobaric analog states (IAS) in heavy nuclei is in-
teresting since it provides information on the IAS
and the low-lying states' ' as mell as the matrix
element (r) for the El r decay (m&), and for the
analogous first forbidden P decay~ s (mg) (Fig. 1).

These matrix elements are related by

(firn

li)=(flLm, T ]li)

= (2T )"s(f1m IIAS),
0 y
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FIG. 1. Schematical diagram of isobaric analog
states, and the electric dipole y and the analogous
first forbidden P transitions. The initial state li), the
analog state T li), and the final state l f) have con-
figurations (2f 2)z I0), (2f/7p I0)+ (2')~~0(a Jb0)10),2"
and (2ds)pl 0), where

l 0) is the t4'Ce core.

where I IAS) = (2T,) "'7
I i) and where (f I T m&

x I i) = 0.' Since the IAS in heavy nuclei are locat-
ed in the high excitation-energy region, they de-
cay mainly by particle emission, so that the elec-
tromagnetic radiation branches are very small.
E1 y transitions from IAS in medium nuclei with
N= 50 have been measured with a large NaI crys-
tal. ' However, for heavy nuclei with closely
spaced low-lying levels, well-isolated high-ener-
gy y rays from the IAS to such low-lying states
may be observed by use of good resolution Ge(Li)
crystals despite an extremely small detection ef-
ficiency.

We measured the El Z rays from the 2f», IAS
to the 2d„, ground state in "'Pr (N= 82). This y
transition corresponds to the first forbidden P
decay "'Ce-"'Pr (see Fig. 1). The 2f», reso-
nance analog to the ground state of "'Ce was ex-
cited by the proton-capture reaction on "'Ce at
Ep =9.75 MeV. Proton /earns of 0.6-1.0 IL(A

were provided by the University of Washington
High Voltage Engineering Corporation Model FN
tandem accelarator. The target used was self-
supporting natural Ce (88.48% of "'Ce) with a

p yo 2 2
r r [I+a p («s())]

(g g )2 y (r/2)2
P 0

(2)

where the resonance parameters are Ip
= 12 keV,

I = 61 keV, ' ~= -', , s = &, and I= 0. The transition
probability obtained is

(exptl) = 24+ 10 eV
yo

[7 =(2.7+1.0)&&10 "sec]. (3)

thickness of 0.91 mg/cm'. This thickness was
obtained from the Rutherford scattering yield of
5-MeV protons at 35 . The y-ray detector was a,

20.7-cms Ge(Li) crystal with energy resolution
=30 keV for 15-MeV y rays. In order to attenu-
ate low-energy y rays and neutrons, an absorber
of 103-mm-thick paraffin containing 15 ~o Li,CO3
followed by a 9.6-mm-thick PbSn alloy was in-
serted between the target and the detector. An

absolute detector efficiency was obtained by ob-
serving the 15.106-MeV y rays from the reaction
"C(p,p' )),

' which is very close to the ) -ray en-
ergy of present interest.

The 2f», isobaric analog resonance was mea-
sured in an excitation function of the reaction

Ce(P, P ')'~ Ce~(4 MeV) by observing the inelas-
tic-scattering protons with a Si detector. y-ray
spectra were subsequently observed at several
proton energies on and off resonance at 90' and
125' to the beam. Apart from )' rays due to (P,
P'y') reactions on oxygen contaminants, we found
clearly a single isolated resonant line of 14.95
*0.05 MeV at Ep =9.768 MeV (Fig. 2). This line
is identified as the E1 y-ray transition from the
proton capture state (2f», IAS) to the ground
state (2d„,) in "'Pr. The anisotropy of this line,
after subtraction of the off-resonance contribu-
tions, was found to be Y(90')/Y(125 )

= 1.29 + 20 /o.

This value also supports the assignment of the y
rays to the transition f~&2 d5&2 in view of t-he cal-
culated anisotropies Y(90 )/Y(125') = 1.18 and
0.763 for transitions from IAS -,'(2f», ) to the
ground 2 (2d», ) state and to the 145-keV first
excited -', (Q'». )

' (2d„,)' state, respectively.
The y transition width I y was obtained from

the on-resonance y-ray yield corrected for the
off-resonance contribution. Assuming little ef-
fects of interference with nonresonant contribu-
tions to the IAS resonance cross section, ' we
used the single-resonance formula for calculat-
ing the preliminary value I y .

0

der(p, ) ) )' 2J+I
0

dQ 4 (2s+ I)(2I+ l. )
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FIG. 2. (a) Energy spectrum of y rays atEp=9. 768 MeV (2f&&2 resonance) in Pr at 0=90'. The 2-escape and
1-escape peaks are labeled E &2) and E, :&, respectively. (b) Expanded energy spectra of the ground-state transition
(yo) at& =9.768 MeV (2f7/2 resonance) and at Ep =10.087 MeV (off resonance). This plot was obtained by sum-
ming up counts of three nearest channels. The overall energy resolution is about 40 keV, which is due to the Ge
detector and the target thickness.

The single-particle matrix element Msp p(f I

&& mpli)p for single-particle wave functions li),
and If), with pure T spins is related to the y ma-
trix element between the IAS (2T,) ' 'T !i),and
the final sta, te If), by

(flm IIAS) = (2T )
"' (f1[m, T J li)OyOOOy'-O

= (2T ) "'M
0 sp'

where T+ If), = 0,

Z
em =e) ' l. ——a l'(vIr IA)a

y ~] A v

——b l(i IrI&)b
A v

[m, T ]=m =pa l(i
~
rlz)b .

y' — P v
A. v

The aJ (b J) and ay (by) are creation and annihi-
lation operators for proton (neutron). It is inter-
esting to note that the main E1 transition from
T Ii) is due to a coherent sum of a proton-transi-
tion amplitude (2fp)p - (2&~) with effective charge2P

eff = (1-Z/A)e ~ and a neutron one (2fz.)z - (2& &)z

with eff
= -(Z/A)e. They sum up with opposite

signs, resulting in a single-particle transition
matrix Msp with eff = e, as shown in Eq. (4).

The ratios of the observed E1 matrix element
IM Iexptl= I(f Im&IIAS) lexptl to the matrix ele-
ment I p( f I m& I IAS)0 I = IM I sp(2T0) "' estimated
using j-j coupling single-particle wave functions'
with pure T spin is obtained as

2T IM I
2 2T I' (exp)0 exptl 0 y

~ ( )
—0.075+ 0.03. (5)

sp y'
The experimental l~ Ie tl' is hindered by a fac-
tor =13 with respect to the single-particle esti-
mate IM Isp'/2T0. A part of the hindrance fac-
tor, F~=4, may be attributed to the effect of col-
lective states' and a factor Fp = [Uf'(2fx)U('(2d-, '))
=1.3, to the effect of pairing correlations. "
Quite recently a similar order of hindrance has
been found in E1 transitions from IAS in the me-
dium-weight nucleus Y.'

The P-decay matrix (f1mpli) is simply ob-
tained from the z matrix (f Im&IIAS) by using
Eq. (l). The ratio Imp I'/Implsp' is given by
the same expression, Eq. (5), since I mp I sp
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= IM Isp and Imp I = (2Tp)"' Im& Iexptl for the IAS.
Furthermore, the first-forbidden-transition op-
erator for the transition "'Ce —' 'Pr can be ex-
pressed on the basis of the ( approximation" ((
= 12.5 & +'0= 2.1) as

-C i)M = -C i(m (A-1.2A -1),
p v P 1

where mp= (r), A = i(-o.)/$(r), A, =i(&xr)/(r),
and g

= o.'Z/2R. By using (2Tp) I(f I~yI&AS)Iexptl
for the ImpI matrix element and the experimen-
tal IMpl obtained from the P-decay probability, '3

we get from Eq. (6)

(A -1.2A i-1) = 0.13 + 0.05.

The experimental P-decay probability I (f IMp li)l'
is hindered with respect to the single-particle
estimate I m p I sp

=
I ~ I sp by a factor of 100,

which we see is due to the hindrance factors 13
for Imp

I'= 1(r) I' (the same as for the E1 y
transition) and 8 due to cancellation as given in
Eq. (7).

Furthermore, if we can use Fujita's value A
= 2.4 obtained on the basis of the theory of con-
servation of vector currents (CVC)" and Ahrens-
Feenberg approximation, '~" we get from Eq.
(7),'~ A, =i(Pxr)/(r) =0.9+0.2, in accord with
the value A, = 1 estimated by using a p-j coupling
shell-model relation (i(&x r))/(r) = (rr, (& L) j)/(r)
=j;(j;+1)-&;(&+1)-jf(jf+1)+if(lan+1). This indi-
cates nearly the same hindrance factor for both
of the (r) and the (ox r). In other words, the
CVC and Ahrens-Feenberg theories' are consis-
tent with the present experiment as long as we
use the shell-model value for A„"~"although
some arguments on the utility of the CVC theory
have been made x&'7&'8

The present work gives a relation between y
and P transitions in heavy nuclei and an experi-
mental method of obtaining the matrix elements
mp of first forbidden P decay from the corre-
sponding E1 y matrix element.
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