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%'e describe the rich variety of nuclear phenomena in the odd-mass indium isotopes by taking into account
the coupling of both single-hole and one-particle two-hole configurations (seniority v = 1 and v = 3) with

the quadrupole and octupole vibrations of the underlying core (Sn} nucleus. To fully test the calculations, we

have performed detailed spectroscapic studies of the '"Sn, '"Cd, and '"Cdg decays. Energy spectra,
spectroscopic factors for stripping and pickup reactions, and electromagnetic properties are calculated and

compared with the experimental results for " In. %'e compare our model with earlier calculations for the odd-

mass In isotopes and with band-mixing calculations using a deformed basis (Nilsson model) for all odd-mass

In isotopes (107 & A & 119).The equivalence of the unified-model description with a rotational interpretation
is discussed in some detail.

NUCLEAR STRUCTURE, RADIOACTIVITY Unified-model calculation; chemi-
cally separated sources; measured E„, I„;deduced i~In and In levels; Comp-

ton suppression.

I. INTRODUCTION

Attempts to explain the nuclear structure of the
odd-mass In isotopes by either spherical hole-core
coupling or deformed (¹ilsson model) descriptions
have encountered many difficulties. Hole-core cou-
pling calculations can explain the single-hole ex-
citations 1g9&2 ', 2p»2 ', and 2p, &2

' and the one
quadrupole phonon multiplet

~ Ig,&, '2,'; ZM) quite
well. ' ' However, hole-core coupling calculations
cannot explain:

(i) rather strong II(M1) transitions from levels in
the vicinity of the

~ g,~, 2;) multiplet energy to the
g =&' ground state, "
(ii) a set of "extra" low-lying (g, = I MeV)
J'=-,', —,', . . . , —', levels in the energy region corre-
sponding to the

~ lg, &,
"'2;;JM) multiplet, '0 "

(iii) strongly enhanced II(&2; —,
' '--', ) [= 100 Weiss-

kopf units (W.ug and II(g2; —, —,', ) (=55 W.u. ) val-
1

ues8, 9 in 115I

(iv) the large guadrupoIe moment of the J'= —,",
level, ~ 2' and
(v) studies of the reactions "' "4 "'Cd(v d)-
11,115, 7In clearly indicating that the levels popu-
lated are due mainly to one-particle-two-hole
(lp-2h) excitations through the Z = 50 proton closed
she@ 22 25

Several attempts have been made to incorporate
these extra levels in the hole-core coupling cal-
culations in a rather ad ho@ way as being due to
rotational excitations built on the —,

' [431] Nilsson
orbital. '4 Recently, a calculation has been per-
formed in which hole-core (Z = 50, Sn) configura-
tions and particle-core (Z =48, Cd) configurations
have been considered. ' The major difficulty that
arises in these attempts is how to calculate the
matrix elements that connect the two subsystems.

Therefore, we have performed a unified-model
calculation for the description of the odd-mass In
isotopes (especially '"In) without introducing ro-
tational states or the particle-core (Cd) coupled
configurations as unspecified states. All single-
hole (Ig,&, ', 2p, &, ', 2p,&,

', 1f,&,
') and 1p-2h

and 1P-2h states [seniority v=1 and v=3 with

P~(2d, ~„lg7/2, »,&» 2d, &» Ih»&, )] are considered,
together with the collective excitations of the un-
derlying Sn core (quadrupole as well as octupole
phonons). We perform the calculation in a two-
step procedure: First, we treat the Cd nuclei in a
hole-core (Sn) coupling calculation. Af terward, we
treat simultaneously the hole-core (Sn) and parti-
cle-core (Cd) configurations and therein show the
precise structure of the Cd-core states and their
relations with the hole-core (Sn) configurations.

This two-step procedure and the Hamiltonian~
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used are discussed in Sec. IV. We also discuss the
simplification toward the numerically simpler hole-
core (Sn) plus particle-core (Cd) calculation and
point out the limited validity of the assumptions for
these calculations as they were performed by Abe-
casis, Civitarese, and Krmpotic. ' Parameters
and truncation effects are also discussed. "~

These results for "'In that concern energy spec-
tra, spectroscopic factors, and electromagnetic
properties for both stripping and pickup reactions
are given in Sec. V and compared with experimen-
tal data ' ~ and with earlier calculations. The
unified model is compared with a rotational ex-
planation~' ~' for the J'=-,' ', —,', . . . sequence of
levels, and the strong resemblance between this
aspect of the bvo theories is pointed out. In Sec.
VI we discuss our calculations and parameters" "
for a deformed basis (Nilsson model) in order to
look for an alternative description for the "intrud-
er" states. The idea of coexistence between spher-
ical and deformed states in the odd-mass In iso-
topes is discussed. A complete band-mixing cal-
culation for all N = 4 harmonic-oscillator Nilsson
orbitals, corresponding to the equilibrium defor-
mation for the —,

"[431] orbital, is performed and
compared with the experimental results and with
earlier attempts at describing these low-lying
(0.5& E, &1.5 MeV) positive-parity states as mem-
bers of a pure rotational band on top of the —,''[431]
Nilsson orbital.

The published data on "'In electromagnetic tran-
sitions in the decay of the "'Cd isomers '" have
remained essentially the same as published by
Graffee et al. Improvements on the specific
level and transition properties have been report-
ed."" Here we report our measurements based
on advanced spectroscopy techniques '6 that have
allowed us to detect a number of interlevel tran-
sitions in "'In and rectify a number of errors in
earlier works. '~ We have made preliminary re-
ports of these results elsewhere. "" We report
our final results for the relative intensity mea-
surement of an F.3 transition between the 391-keV
3p,~, level and the 1gg/p ground state in "'In and
for identification of population of the —,

' level at
1029.7 keV jn usSn decay 6e,vo, vz Heavy-jon Cou-
lomb excitation tends to verify this E3 transi-
tion. "'" Population of the —,

' level requires re-
evaluation of the 1028+15-keV Q value for "'Sn
decay. " These results form the basis for testing
our unified description of the In nuclei.

300— 951.2

200

O
O
Qh
O

100—

pool type reactor (LPTH). Chemically pure, thin
samples were isolated by standard radiochemical
techniques. ' '" These samples were then electro-
plated on Al counting disks. Spectral measure-
ments were made with an absolutely calibrated
low-energy photon spectrometer (LEPS) to give
intensities as precise as possible from 10 to 300
keV. We used several large-volume Ge(Li) spec-
trometers to obtain the relative y-ray intensities
above 100 keV. Spectra were taken with up to
25.4 mm of Pb absorber to accentuate the y rays
with energies greater than 600 keV. An unsep-
arated source was followed for approximately
seven half-lives to assure that y rays normally
associated with "'Cd had a '"Cd' component.
The y-ray energies were determined by counting
"'Cd sources simultaneously with known y-ray
energy standards on both LEPS and large-volume
Ge(Li) systems. These techniques and their ac-
curacy are discussed in Ref. 61. A11 spectra in this
study were analyzed by the computer code GAMANAL

developed by Gunnink and Niday. "
A separate experiment was performed to obtain

Compton-suppression spectra. In this experiment,
a first source of '"Cd' was produced by irradiating
enriched "CdQ in the LPTR center-core position
for a day. The first source was removed and a
new target placed in the LPTR for irradiation. The
irradiated first source was then chemically puri-
fied and placed at the source position of a Compton-
suppression spectrometer. Thus, each day we ob-
tained a newly irradiated "'Cd~ source and re-
placed the source from the previous day with it.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Source of 53.46-h Cd
1880

I

1900

Channel

1920

Sources of "'Cd' were made by the "'Cd(n, y) re-
action in enriched ' CdO targets at the Livermore

FIG. 1. Detail from Compton-suppression spectra
showing the 941.7- and 951.2-keV photopeaks.
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TABLE I. Energies and intensities of y rays from de-
cay of "'Cd'.

z, 4z„)
(keV)

I, (m, )' Assignment
(per 104 decays) From To

35.514 (3)
231.443 (3)
252 (1)
260.896 (3)
266.985 (10}
328.380 (95)
336.301 (3)
363.950 (95)
4e2.351 (4}
4ev. 3vo (29)
527.901 (7)
595.375 (24)
69O.22V (41)
705.180 (250)
856.245 (13)
941.420 (11)
951.187 {59)

1078.2 {-)

(3)
V4 (1)

O. OO9 (V)

194 {1)
9 2 (3)
O 33 {5)

4969 L (22)
0.61 (6)

803 (9)
5.47 (8)

2745 (18)
o.1v (2)
0.061 {6)
0.008 (2)
O.22 (1)
o.oov (1)
o.028 (3)

(0.0002

864 828
828 597

1193 1941
597 336
864 597

1192 828
336 g.s.

1192 828
828 336

Sn 497 g.s.
864 336

1192 597
1'287 597
1042 336
1192 336
941 g.s.

1287 336
1078 g.s.

~Transient equilibrium value; corrected value: 4602.

This was continued until approximately 150 h of
counting time was obtained. The day-old sources
were measured using Pb absorbers and large-
volume Ge(Li) spectrometers. In Fig. l we show
a detail from the Compton-suppression spectra
that demonstrates the presence of the 941.7- and
951.2-keV y rays. In Table I we present the y-ray
energies and intensities for decay of ~"Cd'.

10'

B. Sources of 4.3-h ~isln~

An enriched '~CdO target was irradiated for 5
days in the LPTB, removed, and allowed to decay

after dissolution and the addition of In carrier.
The indium was milked from the cadmium by pre-
cipitation of In(OH), followed by a scavenger with
CdS. The "'In was mounted as In,O, on an Al
counting disk. A second milking was performed
after a 3-day de1ay that allowed the "'In to grow
in. Singles Ge(Li) spectra were then taken with
large-volume Ge(Li) spectrometers. A represent-
ative spectrum is shown in Fig. 2. For the 497.37-
keV y ray in the decay of 4.5-h "'In we obtain a
0.025+0.001/~ abundance, which is approximately
—', the value originally reported.

C. Sources of 44.64ay

. Thin sources of '"Cd with a 10- to 20-p, Ci
strength were prepared in a manner similar to
that described in Sec. IIA except that the irradi-
ation period was 1 week and the delay was approxi-
mately 1 month. We counted these sources on
LEPS and large-volume Ge(Li) spectrometers to
obtain precise intensity values for the more abund-
ant y rays. In addition we also used these sourc-
es to determine y-ray energies of "'Cd decay by
simultaneous counting with a standard. '

We performed an initial Compton-suppression
experiment with "'Cd by first irradiating an en-
riched "4CdO target for 2 months in the highest-
flux position of the LPTB. After a 2 month delay
to allow decay of the "'Cd~, we chemically purified
the "'Cd~. The resulting source had a strength of
approximately 200 mCi. The Compton-suppression
spectrum of this source was taken for a period
of approximately 1 month. This was followed by
spectra taken with large-volume Ge(Li) spectrom-
eters and Pb absorbers up to 25 mm thick. These
latter spectra were significantly different than that
reported by Sergeev et a/. ' In particular, the on1y
y-ray energies of Ref. 9 we could confirm were
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FIG. 2. Spectra of ~ In~ decay.

1280

FIG. 3. Detailed area from the Compton-suppression
spectrum of ~Cd showing the 507-, 511—,and 515-keV
photopeaks. {Nota bene: The plot is from the individual
photopeak output routine of the GAMANAr. computer-code
analysis. The inserted spectra show the deviation of ex-
perimental. counts from the 511peak shape analysis. )
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231 and 261 keV. Also, we could not observe some
of the reported higher-energy y rays because their
intensity was low and the bremsstrahlung back-
ground was high.

A second Compton-suppression experiment was
undertaken in which we produced a 2-Ci source of
"'Cd by irradiating a target of enriched "CdP
at the Oak Ridge National Laboratory's high flux
isotope reactor (HFIR).~ Several spectra were
taken from this source over a 6-month decay peri-
od. Two types of Compton-suppression measure-
ments were performed: spectra taken without
absorbers and with a gain of 0.25 keV per channel
and spectra taken with an Al absorber and 12.5-mm
Pb absorber. In the latter, the Al absorber sig-
nificantly reduced the intense bremsstrahlung
background while the Pb absorber significantly re-
duced summing. After the 6-month period, '"Ag
was the only impurity detectable in the "'Cd .
The final spectrum was taken through the Pb ab-
sorber for a time long enough to gain satisfactory
statistics in the high-energy "Ag lines. This
spectrum was then used to energy-calibrate the
high-energy "'Cd y rays for the presence of
110A~ 61

In Figs. 3 and 4 we show representative areas of
the Compton-suppression spectra taken without
absorbers. In Fig. 5 we show the Compton-sup-
pression spectrum taken through the Pb absorber in
the energy range from 1400 to 1520 keV. The in-
sert shows the 1450- to 1520-keV energy range in
an early spectrum. The results of all these mea-
surements are given in Table II. We note that, as
in the "'Cd~ decay, our intensity results are dif-
ferent from those of earlier studies mainly be-
cause of increased knowledge of the Ge(ji) effi-
ciency, as discussed in Ref. 61.
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FIG. 5. Detail of Cd~ Compton-suppression spectra

taken through a 12.5-mm Pb absorber, showing the
area from 1400 to 1520 keV. The insert shows the 1450-
to 1520-keV area from spectra taken several months
previous to spectra in the main figure.

FIG. 4. Detailed areas from Compton-suppression
spectra of Cd~ showing (a) the 544.7 keV photopeak
area and (b) the 933-keV photopeak.
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TABLE II. Energy and intensity values for y rays observed in the decay of Cd~.

g ~„}
{keV)

I, 4r„)'
(relative)

A ssignment
From To

105.200 (25)
158.027 (20)
231.440 {20)
260.890 (30)
s1e.2o1 (1v)
336.301 (15}
ss4. e {1)
svo. e1 (v)
4ve. ev (15)
484.471 (15)
492.351 (5)
497.370 {29)
507.361 {62)
515.O5O (VO)

544.V (2)

933.8S8 (4)
941,68G (120)

1OV8.2 (5) '
113'.573 {11}
129G.585 (11)
1418.243 (11)
1448.776 (6)

(1463.7 ( ))
14V8.5 (S)"
1486.099 (11)

2.21
8.51
0.44
0.46
1.24
2.47
O. 02
o.004
0.05

145
4.8
0.03
0.13
o.05
0.043

(9)
(9)
(3)
(4)
(5)
(8)
0.)
(2)
0.)
(1)
{1)
(2)
(1)
(2)
(9) o.os '

0.01
1ooo (s)

0.12 (1)
0.02 (2) c

42.8 (5}
445 (v)

0.92 (4)
8.5 (1)

(&0.000 05}
o.oo5 (s)
O.28 (1)

933
1290

828
597

1448
336
941

1448
1418

828
Sn 497

]448
1448
14V8 "
1486
933
941

1078
1132
1290
1418
1448

{1463)
(1478)
1486

828
1132

597
336

1132
g.s.

597
1078
941
933
336

g.s.
941
933

933}

g.s.
g.S.
g.s.
g.s.
g.s.
g.s.
g.s.
(g.s.)
{g.s.) d

g.st

~For absolute intensities, an error of 2k must be added in quadrature to account for the
error in the knowledge of the efficiency curve.

We apportion this intensity based on the relative values measured by Tuttle eI; al. (see
text).

The relatively large error is due to the y ray occurring in the spectra at approximately
the same energy as the high-energy side of a Compton peak.

~We observe the 1478.5-keV y ray in several of the Compton-suppression spectra taken
through Pb absorbers. However, the spectra taken at later times exhibit interference from

Ag (see Fig. 5). Because our y-ray data are the only evidence for this level, we take the
assignment as tentative until confirmed by other experiments (see Sec. III, Decay Scheme
and Level Assignment).

D. Sources of 115.1& Sn

To measure the relative intensity of the 646.75-
keV crossover E3 y ray that depopulated the sec-
ond excited state of ' ln, we studied the decay of
"'Sn. Details of our original experiment are given
in Refs. 63 and 64. Sources of up to 0.1 Ci were
produced by the "'Sn(n, y) reaction on enriched
'"Sn. These sources were purified by ion-ex-
change techniques after a 3-month delay. This
delay allowed any "'Sb [produced by the "'Sn(n, y)
reaction] and 9-day "'Sn (produced by decay of
"'Sb) to decay to insignificant levels. Cotnpton-
suppression spectra were taken through Pb ab-
sorbers of thickness up to 25 mm which totally
absorbed the 225- and 39I-keg y rays. The mea-
surements were repeated three times over a peri-
od of 1 year, which is approximately three half-

TABLE III. Energy and intensity values of y rays ob-
served in the decay of ~~3Sn.

~ }
(keV)

1„(w„)
(relative)

Assignment
From To

255.060 (50)
382.oso ( )
391.688 (15)
638.OSO (75)
646 ~ 8 (1)

28.5
b

1000{a)
0.014 9 (5)
o.ooo oe (3)'

646
(1O29)

391
1029

646

391
(646}
g.s.
391

g.s.

For absolute y-ray intensities, multiply by 6.49 x 10
(see Ref. 61 and add 2'/0 error in quadrature to the in
tensity error iaccounts for uncertainty of the Ge(Li)
efficiency]).

A limit of &0.001 can be set for the 1029- to 646-keV
level transition.

0 This value was obtained when 25 mm of lead was used
as absorber during a Compton-suppression experiment.
Therefore, no 255+ 391 summing was possible.
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FIG. 6. DetalI of ' Sn. Compton-suppression spectra
taken through 25 mm of Pb absorber showing 63S- and
646-keV photopeaks. For comparison, the insert shows
a segment of Te Compton-suppression spectrum taken
on the same spectrometer. Note the difference in peak
shape between the true photopeak on the left part of the
insert and the sum peak on the right.
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gap' lI

[logf t] 1151
49 66

GS

lives of the 115.1-day "Sn." The results, includ-
ing spectra taken on computer-controlled spectro-
meters that record channel overflow, "are given
in Table III. In Fig. 6 we present a portion of a
Compton-suppression spectrum taken through the
Pb absorber. The spectrum shows the 638.03-
and 646.75-keV photopeaks.

III. DECAY SCHEME AND LEVEL ASSIGNMENT

A. Cdg decay nd In levels

In Fig. 7 we present the '"Cd' decay scheme we
deduce from our experimental results, previous
studies, "'"and reaction spectroscopy studies. "
As we noted earlier, our y-ray intensities differ
from previous values because the relative shape of
the Ge(Li) efficiency response is now better known.
Because of this, a more critical analysis can be
made of the character of the excited levels.

%'e identify population of several levels in the
decay of "'Cd' that have not previously been ob-
served in its decay. These are the 941-, 1041-,
1192-, and 1287-keV levels. The 941-keV level
has been observed in reaction spectroscopy stud-
ies" and Coulomb excitation studies. ' It has been
previously assigned a J"of —,".Our initial studies

FIG. 7. Decay scheme for ~ Cd~.

were the first to point out that the 1041-keV level
was the hitherto unidentified 1f,&, hole state in "'In.
The original arguments were based on the log ft
value, the identification of the 1041-keV level in

(d, 'He) transfer-reaction studies, and the absence
of this level's excitation in Coulomb excitation
studies. '" This has since been confirmed by the
level's strong excitation in (p, o ) studies. 3' Neither
the 1192- nor the 1287-keV level has been observed
before. Their population by —,

' "'Cd~, their y -ray
branching, and the systematics of the odd-mass In

nuclei suggest —,
' for the 1192- keV level and a —,

'
or —,

' assignment for the 128'7-keV level.

Cdm decay and In levels

Although much work has been reported on the
decay of "'Cd, little additional information has
been added since the study of Graeffe et al. ~ Re-
cently Sergeev et al. ' have suggested the presence
of a number of additional lines of rather low in-
tensity. Unfortunately, they show no spectra or
photopeak areas to verify the quality of their data.
As mentioned earlier, several of our initial ex-
periments disagreed with the Sergeev pt al. ' study.
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FIG. 8. Decay scheme for '~5Cd~.
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The '"Cd decay scheme that we deduce from our
detailed studies is shown in Fig. 8.

Several new features of the "'Cd" decay and the
"'R levels this decay populates should be dis-
cussed. We find no evidence for either a 386- or
1463-keV y ray as reported by Sergeev et al. ,' and
for these transitions we set intensity limits that
are 20 and 2500 less, respectively, than they re-
ported. Although our original Compton-suppression
spectra did not show the 507- and 941-keV y rays
reported by Sergeev et al. ,' we were able to identify
both these transitions in the second Compton-sup-
pression experiment. However, our intensities are
lower than those reported in Ref. 9 (e.g., the 941-
keV y ray has —,

' the intensity suggested by Sergeev
et al.). We do observe the 231- and 281-keV tran-
sitions. That these belong to the '"Cd" decay and
not to the presence of '"Cd' fed by an isomeric
transition is supported by our limit of approximate-
ly 0.0005 y-ray units for the 527.90-keV y ray,
which is known to be the second most intense y ray
in "'Cd' decay.

We observe a 544-keV y ray for the first time
and find some evidence for a 1478-keV y ray.
These suggest a level at 1478.5 keV, as shown in
Fig. 8. Such a level could have been overlooked in
both transf er-reaction and Coulomb-excitation"
studies because of the excitation in those studies of
the 1448.8-, 1463.7-, and 1486.1-keV levels. A
544.7-keV y ray is observed by Tuttle et al.~ to
depopulate the Coulomb excited 1486-keV level.

C. Deep/ Qf l15Ig~ pe levels pf 5'
The decay of "'In~ is shown in Fig. 9. Using our

y-ray intensities, the total conversion coeffici-
ents, "' and previous studies of ground-state P
intensities, "we calculate 0.025% feeding to the
497.37-keV level of "'Sn. This feeding value, the
4.3-h half-life of "'In, and the logf values of
Gove and Martin" yield a logft value of 7.5. This
value is higher than previously reported, but is
more consistent with the expected value for such
a decay. ~

1/2 336.30
4. 3 h

25
5)

6x10 y
115

3/2 497.37

s)

1/2 i
GS

4 Decal 115Sn
(logft) 50 65

pIG. g. Decay scheme for itsy)tn

The xatio of the intensities of the 544- and 1486-
keV y rays in their work is 3.7 to 78.7 (or 0.013 to
0.28, normalizing to our 1488-keV y ray intensity).
We conclude that our 544.7-keV peak is a doublet
and calculate a 0.03 intensity for the transition
between the 1478- and 933-keV levels (see Table
II). Additionally, we note that in our studies of

ax+'"Cd decay" we can identify an —, level at
1209.03 keV. This level feeds the 748.05-keV

level 6 times greater than it decays to the
ground state. In "'In, the branching ratio we mea-
sure is about 6. We use this comparison to tenta-
tively assign the 1478-keV level as the —', member
of a band built on the 864-keV level.

The 1463-keV level observed in recent reaction
spectroscopy studies~ deserves mention. Sergeev
et al. ' suggested that this level has a J"value of

and Dietrich et aII find the 1463-keV y ray to
be strongly Doppler-broadened, indicating that the
transition is predominantly M1. Sergeev reported
that this level is popul. ated in '"Cd decay with a
logft of 10. Our data set a limit of log ft &13.5
which is unusually high for a unique first-forbidden
transition.

We do observe the population of the 1078-keV
level. However, it is fed entirely from decay

of the 1418- and 1448-keV levels.
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between the lp-2h configurations as well as between
lp-2h and lh configurations will be important in
determining the structure of the low-lying (0.5 MeV
& E„& 1.5 MeV) positive-parity states in the odd-
mass In isotopes.

A. Model Hamiltonian and two-step procedure

The Hamiltonian for the interacting system de-
scribed above can be written as

II =Eo+g btzb& [h&u& +2(2K +1)]+g e,N(ctc„)

+ Q (nl yap IP&[b~g„+(-1)'b, „]N(ctcs)
o( e 8 o )t e p

113
49 I A64

&E. C. (log ft) 1 Z nays N(cncscscy) ~

n, g, y, h

(4 1)

FIG. 10. Decay scheme for '~3Sn.

D. Decay of ~ Sn and levels of In

The decay scheme for "'Sn is shown in Fig. 10.
Its half-life was recentLy measured as 115.12+0.20
days. " We place the 638-keVy ray as represent-
ing the decay of a level at 1029.71 keV. This level,
which we first proposed as being populated in P de-
cay, '~ has been observed in the reaction spectros-
copy studies of Markham and Fulbright. '" Kim
and Robinson, "in their (p, n) studies, measured
the half-life of the 1029-keV level to be 0.33 ns.
Because the decay energy has been measured as
1026+15 keV, the logft for P decay to the 1024-keV
level can only be estimated. If we take the upper
limit of 1043 keV for the correct value, the logft
would be 7.5.

The 646-keV level decays to the 391.7-keV (-,' )
level via an Ml+E2 transition and to the ground
state via an E3 transition. From Tuttle et gl. 's'
value for the B(E3), our branching ratio of I(646)/
I(255) =2x10 ', and the measured (Ref. 54) E2/M1
mixing ratio of 5'= 0.4, one can calculate the Ml
partial half-life. The ratio of this value to the
Moszkowski estimate" is =8, an Ml hindrance
factor that is comparable to those found" "in
other In nuclei for the transitions between the low-
est-lying —,

' and —,
' states.

IV. UNIFIED DESCRIPTION OF THE ODD-MASS
In ISOTOPES

In the calculations we perform, the configuration
space of single-hole states coupled to the collec-
tive excitations of the Sn core is extended with all
lp-2h (seniority g = 1 and v = 3) states coupled to the
same core. Therefore, the residual interactions

+H ph-- +~hh+~ phd (4.2)

where H, describes low-lying collective excitations
(X =2, 3) of the doubly-even core nucleus (Sn); II,„
and H, „, the proton single-particle and single-
hole states, respectively; H p H
H „,„, the interaction of the single-hole, -parti-
cle, and -particle-hole motion with the surface
vibrations of the core; and 7'» and V „ the residual
hole-hole and particle-hole interaction.

In a first step we diagonalize part of the Hamil-
tonian given in Eq. (4.1) [or Eq. (4.2)] to describe
the low-lying levels (E, &2 MeV) in the doubly-
even Cd nuclei. %e obtain the secular equation

(H, „+H, +H „,.„+V„„Cd;I&'~M

=~(I,i) ICd;I"'I&, (4 3)

where the Cd eigenstates are expanded as

I
Cd;I&"M& -=nt, (Cd)lo&

d~'~[(h~h2) J,R;I]
hz~ h2, J, R

x[(c„,c„,) S 0 (Sn)],„~0&.

(4.4)

in which g, denotes the total energy of the I'=0'
ground state in the doubly-even Sn nuclei and the
normal product is defined with respect to this
physical ground state, denoted by ~

0&. The core-
coupling term then takes into account the particle-
hole and particle-hole-core coupling, whereas
V„s ~ describes the residual interaction between
the proton single-particle degrees of freedom. If
we put the restrictions on o, , P, y, and 5 explicitly
(according to the configuration space defined earli-
er), the Hamiltonian can be rewritten as

Hc Hsp sh p core H hcore
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Here, R is a shorthand notation for (N, R„N,R,)R,
where N and R denote the number of phonons and
the angular momentum, respectively. The labels
o and q mean octupole or quadrupole type of vibra-
tions.

The annihilation oyerator is defined as c,
-=(-1}'~+~~ c, , . Calculations of this type have
already been performed by Alaga et al.~'27 to de-
scribe "Cd. Abecasis' makes the basic assumy-
tion that the low-lying levels in the doubly-even Cd
nuclei have the same collective structure as those
in the doubly-even Sn nuclei, except for a (1g,~, )0+
two-hole configuration. This assumption is only
fulfilled rather well for the I'= 0; ground state
(see Table I of Ref. 27). This can easily be verif-
ied by a calculation of the wave functions resulting
frornI"=0» 0;,2»22, and 4;. %'e have redone
this calculation with the parameters that we w'ill

discuss in Sec. IVB and obtain almost the same
conclusions as in Ref. 27.

In a second step we consider the possibility of
coupling proton configurations outside the Z = 50
closed shell to low-lying levels in the doubly-even
Cd nuclei by constructing the configurations

[c„gn,'(sn)],„lo& . (4.5b)

The wave function describing excitations in the
odd-mass In isotopes can then be taken to consist
of hole-core (Sn) coupled states:

l j& ~, sn(R); JM& =—[c& Q na(sn)]I„lo&,

and particle-core (Cd) coupled states:

l j,cd(I, i); JM& = [c s n~ q(cd}]J„l0& .
The wave function then results in

(4.6)

(4.7)

I J M& = h"(hR;J)l jh ', Sn(R);JM&
t

+ P (Pli; J)[I„Cd(I,i); JM&.
&s

(4 8)

Levels in the 2h-core coupled system up to an
energy of 2 MeV are taken into account, which is
almost equivalent with considering up to three
quadrupole phonon states in "Cd for a phenomeno-
logical particle-core (Cd) coupling calculation
(in "4Cd we have a+, =0.558 MeV).

Also in the second step, we consider the hole-
core (Sn) configurations

[c,'e n,', , (cd)], lo&. (4.5a)
The secular equations for the odd-mass In nuclei,
written in matrix form, become

H(hR, h'R'; J}+~„+ghco~N~

L(h'R', Pli; J)

I.(aR, pfi J) a (aR'J)

K(PIi, PTi; J) +v(l, i) P "(P'Pi'; J)
=z(J")

h (hR; J)

P"(P»; J)—
(4.9)

Notations of the II, I., and K matrix elements are
given explicitly in Appendix A. The single-hole
energies are denoted by eh (=—-e„), and N~ gives
the number of phonons of multipolarity ) .

The separate core-coupling calculations in the
two subsystems now become coupled by means of
the (II,&,.„+V,„}term in the Hamiltonian [Eq.

(4.2)], whereas in the particle-core (Cd) coupled
system the residual interaction V„„will also modi-
fy the results of a more phenomenological particle-
core coupling calculation, as performed by Abe-
casis. ' If the assumption made by Abecasis is con-
sidered in calculating the K matrix element, one
obtains the simplified result

2J+1
K(pfi, p'i'; J) =-4M+(1g9&2j&lg9y2 jt „J (2. 1)10 5izi6»i5«i

J ()p+ j 0 p'p

+ (ol[c,'e n„'(sn)],„lII„.„l[c,', e n,', (sn)], Io&. (4.10)

Here, the angular momentum I reduces to the core
angular momentum R, as defined for the Sn core.
However, only quadrupole vibrations are consid-
ered.

If a pairing force is used as residual interaction,
the contributions from V,„become zero, and the
resulting contributions from other forces (5 force,
etc.} remain small compared with the II „„,con-
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tribution. The coupling strength expressed as

s V 4(5n)'i'
( h(d = y

3g eR
B(E2.2'-0')'i'

1 1
0

is used, "along with

B(E2 2+-0+, )'„~2 jB(E2 2+-0+)' ' =1 41 1lSSII

(Ref 29.) for application in»'In. Although the

p, term is sti 11 def ined with respect to the Sn
core, the coupling strength (F„h+,)s„ is nearly
equal to ((~5&@2)zd, and the second term of Eq.
(4.10) can then be reinterpreted as the result of a

particle-core coupling calculation where all collec-
tive operators are defined in the Cd nucleus. In
our actual calculations (applied to "'In), the devi-
ations caused by admixtures other than (Ig,&, '), +

and by the presence of a non-negligible residual
interaction V» tend to renormalize the particle-
coupling strength (t', h&u, )», toward the value to
be considered in an empirical particle-core (Cd)
calculation, where(], h+, )» is taken directly
from the value of B(E2; 2+,-0+, ) in '"Cd."

If one uses the simplifying assumption of Abe-
casis et al. ,

' the matrix element L(h'R', pfi;Z)
connecting both subsystems reduces to

2 1/
L(h'R', pii;&) =- . 1 IG(jh jh jp j», 0) 8 „,+(-1)'p"'"'

~h' +

(4.11)

with j„=—1gg/2. The residual interaction V» cannot
connect both subsystems in the configuration space
as chosen here (lh& excitation only), so that only

Jp» gives nonvanishing matrix ele ments for Eq.
(4.11).

8. Parameters

In our calculations, we have concentrated mainly
on "'In, because we could perform the most pre-
cise measurements on it and because this nucleus
has the most complete set of documented anciJ. lary
measurements of all the In isotopes. Three dif-
ferent kinds of parameters occur: single-particle
and single-hole energies, coupling strength, and
the residual interaction Vzayp The 1&g/2, 2P3/2

2p, i2"', and lf,&2
' single-hole orbitals are taken

into account and the 1gg/2
' orbital is taken as a

reference level. We have determined the values
of &», j», and q2f to describe the excita-2f 5/2
tion energy and the spectroscopic factors in the
reaction '"Sn(d, q-)"'In (Refs. 30-32) as well as
possible for the J'=-,', , —,', , and —,', levels.

The energy for configurations in which a proton
is excited through the g =50 closed shell is de-
termined by e~ +e, +&a(0+, ,

' Cd) and can be
1~g/2

taken from the Wapstra and Gove mass tables" to
be Sz(Z = 51,N) -S (Z =49,N), yielding a value of

in 115In and 2.34 MeV jn uvIn for the lowest
lp-2h configuration. %he relative energies (rela-
tive to Ig,&, ) for the other single-particle config-
urations (2d»» 3s,&„ i@»&,) are taken from the
work of Heehal and Sorensen, ~ whereas the value

of Q 2 d /
Q 1g /

is taken as a parameter to fjx the2"5/2 1g 7/2 1+ 3+relative position of the lowest J'=-,' and —,
' states.

Then, we use the following single-particle and

single-hole energies (relative to Ig,&, and Ig,&„
respectively):

=0.60 MeV, g „=0.50 MeV,
2&1/2 2d 5/2

=1.30 MeV, e2d =2.60 MeV,2 ~3/2 2d

=2.00 MeV, e„=2.S5 MeV,

=2.10 MeV.
11/2

The coupling strengths g2 and (3 are taken from
B(E2;2;-0;) and B(E3;3, -0;) values, ""and the

phonon energies h&2 and h&3 are taken from the ex-
citation energies for the I"=2+, and 3, levels in
'"Sn. This gives as a result (2=2.5 and (3=1.0
(rounded-off values). Here one observes that the
product (f„h+,)», =3.20 does not differ very
much from the value of (g,h~, )»& =4.40. In the
"'In calculation, up to three quadrupole phonon
and two octupole phonon vibrations are taken into
account, whereas in the "Cd nucleus, all levels
with energies below 2 MeV have been considered.
This energy cutoff corresponds roughly to a cal-
culation for three quadrupole phonons and two
octupole phonons in the more phenomenological
particle-core (Cd) calculations. Unperturbed con-
figurations [Eqs. (4.8) and (4.7)j up to 8.0 MeV are
used to screen out truncation effects below E„=2.5
MeV in the final '"In nucleus.

We have introduced the same force for both com-
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ponents of the residual proton hole-hole as well as
particle-hole interactions. By considering a 5

force, one is able to explain the pairing properties
in the bvo-hole configurations and still have non-
negligible par ticle-hole matrix elements. As resi-
dual interaction, we then consider V= Vo 5(P, r, -)

with V, = -120 MeV fm' (where V, was fixed by the
requirement for a good description of the low-lying
levels in "Cd within the unified-model calcula-
tion~ 27)

V. THEORETICAL RESULTS

A. Energy spectrum

In Fig. 11, the unified-model calculated energy
spectrum is compared with our experimental data.
Both negative- and positive-parity states have
been calculated. One can clearly observe the good
agreement for the single-hole states as well as for
the ~1g,/, ', Sn(2;);g") quadrupole vibrational
multiplet. The rotational-like sequence of positive-
parity states (j'=-2, 2, . ..) is also reproduced
and mainly results from: (i) single-particle ex-
citation through the g = 50 closed proton shell for

1151
49 66

Un1 f I ed-model

+—9/2

Experimental

Band-mixing

Rotational fits
A B

Fl. 5

9/2

11/2

7/2
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1 1 /2

5/2

7/2
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G/2
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7/2

& 13/2

~11/2
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5/2
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3/2

13/2
/
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/
/

15/2

~ 9/2

0- 7!7
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3/2

FIQ. 12. Comparison of the positive-parity levels
with the unified-model calculation, purely rotational
9= 2' [431] fits (columns A and B) with different con-
straints on the fit levels (indicated with open circle),
and the results of a band-mixing calculation. Open
squares indicate the vibrational multiplet; filled circles
show the rotational-like sequence of levels.
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FIG. 11. The negative- and positive-parity levels
calculated in a unified model are compared with the
experimental data. Levels marked with a small tri-
angle mainly consist of particle-core (Cd) coupled con-
figurations.

the corresponding angular momentum j', and (ii)
large admixtures of the ~2d, /„ Cd(2;);Z') and

~ 1g,/, , Cd(2;) J') configurations.
Also in the theoretical calculation, three J'= —,

levels occur at about 1.5 MeV. The lowest of these
is the ~1g,/, ', Sn(2;); —', ) multiplet configuration,
whereas the levels at 1.64 and 1.75 MeV are main-
ly built from the ~2d, /„ Cd(2;); —,

' ) and

~ Ig, /, , Cd(2;); —', ) configurations. Only small
mixing between the hole-core (Sn) and particle-
core (Cd) subsystems occurs as is evidenced by
the y-ray branching from the level we observe
(see Fig. 8).

In Fig. 12, we compare the experimental posi-
tive-parity states in the energy region between
0.7 and 1.75 Me V with two different fits of a ro-
tational band built on the —,

'' [481] Nilsson orbital,
a result from band-mixing calculations with all
M =4 harmonic-oscillator Nilsson orbitals (see
Sec. Vi), and with the result of the unified-model
calculations. Only our calculation is able to explain
both the vibrational multiplet and the rotational-
like sequence. However, if we consider only the
latter, then the band-mixing calculation gives the
best description. Thus, concerning the energy
spectrum, it is possible through the combined ef-
fect of both the residual particle-hole interaction
V~„and the particle-core (Cd) coupling (H p care

+H,„„„)to lower the relevant states J'=-2, -,', . . .
from their unperturbed position in the energy re-
gion between 2.4 and 3.0 MeV to the experimentally
observed energy of about 1.0 MeV.
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8. Spectroscopic factors S '(Z) =h "(lj O'. J)'5 (5.1)

The single-particle and single-hole components
of the calculated wave functions can undergo a first
test in the calculation of the spectroscopic factors
for (r, d), (n, f),""and (d, r)(p, t)" ""reaction
studies. The expressions are for proton pickup

for proton stripping to a single-particle state above
g =50:

(5.2)

and for stripping into a level below g =50:

g&) (g)—
Age A2I AI, R

h "(h'R;2) d~" [(h,h, )R,R; 0](28+1) ' '

[nhg/ h2h' ( ) h2J hgh'] ( hgh2) (5.3)

However, if one uses the assumption of Abecasis'
concerning the relation of collective vibrational
states in "'Sn and "Cd, Eq. (5.3) reduces to

(5.4)

Exper|n)en t
4 Theory
2—

O
D Q

D

3/2
D 2

1/21-

8

cn 6
C4

4

3/2 3/2
I In sa s

J = 9/2

115(„
49 66

3/2

0

E„ (MeV)

FIG. 13. Experimental spectroscopic factors from
pickup reaction studies compared with those calculated
from the unified model.

In Figs. 13 and 14, spectroscopic factors cal-
culated according to Eqs. (5.1) through (5.3) are
compared with the experimental data. '
For the pickup reaction (Fig. 13), the calculated
values are as good as earlier theoretical re-
sults. ' ' '~ Above &„=1.5 MeV, experimentally
as well as theoretically, only small spectroscopic
values result for E = 1 and l = 3 transfer. However,
in the stripping-reaction studies (Fig. 14), the
values for single-particle configurations above
the Z =50 core, such as 1g,/»2d, /» etc. , agree
well overall while the absolute values are too

small by a factor of 2. Using the simple Nilsson-
model interpretation for the rotational band built
on top of the —,

' [431] intrinsic orbital, the spec-
troscopic factors are expressed as

SI,y(Z) =
2 1 c(~'(2 [431])nyz ~ (5.5)

I I
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FIG. 14. Experimental spectroscopic factors from
stripping reactions compared with (a) results obtained
for a purely rotational band on top of the ~" [431] Nilsson
orbit and (b) those of unified-model calculations.

The expansion coefficients c„.for the Nilsson wave
functions have been calculated for the —,

' [431] or-
bital corresponding to the equilibrium deformation
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as obtained in the total potential energy (TPE)
curves for "'Jn, ~'~ and the results are indicated
in Fig. 14(a). Results for spectroscopic factors
as obtained from the band-mixing calculation (see
Sec. VIIA) do not differ significantly from the pure
—,
"[431] rotational-band calculation.

In comparing the results shown in Figs. 14(a)
and 14(b), we observe already a strong resem-
blance bebveen the rotational description and the
unified-model description in terms of lp-2h ex-
citations coupled to the quadrupole and octupol, e
vibrations of the Sn core.

C. Static moments

Further understanding of the wave functions for
"'In can be obtained by calculating static moments
(p, and Q) and electromagnetic transition rates
(ZI, 82, E3, and M1}. In this section we discuss
the static moments and in the next section we dis-
cuss the reduced transition probabilities. For this
part of the calculation, some new quantities enter,
such as the effective proton charge e~", which is
taken throughout as 1.5e. For the gyromagnetic
ratio we usega =Z/A, and we consider g, =0.5g,""
as the quenched proton intrinsic-spin value in the
nucleus.

Af ter straightforward but tedious calculations,
the formulas for the static moments and transition
rates are obtained. For a more detailed discus-
sion see Appendix B. The operators we consider
for the unified-model calculations" are for the
electric operator:

TABLE IV. The magnetic dipole and electric quadrupole
moments as calculated in a unified model for i In.
Comparison with the experimental data is made.

p (pg) q (eb)
Jo Theory Experimental Theory Experimental

3+
2 i
5+
2 f

0.687 0.80 a 0.14 -0.615 l0.60 + 0.08l

-0.579

5+

22
3.704

2.357

0.148

-1.132

When one uses the assumption of Abecasis' con-
cerning the relation between collective vibrational
states in '"Sn and "4Cd, the reduced transition
probability for the collective part of the M1 oper-
ator reduces [(Z/A)'"Cd —= (2/A)"~Sn, to a very good

approximatiort] to the result of an empirical par-
ticle-core (Cd) coupling calculation [see Eq. (B2),
Appendix B].

The static moments p and Q are calculated with
the parameters given above and are shown in Table
IV. Here, we observe a rather good agreement
with the scarce amount of experimental re-
sults ' '2'3 ~ The sequence of negative quadrupole

1+ 3+ 5+ 7+ 9+ 11+ ~ 13+
21 P 21 21 21 2 3 4 2

levels will be discussed later. This sequence is a
reflection of the single-particle character for which

the proton is moving outsiQe the g = 50 closed shell.
If, however, the calculated laboratory quadrupole
moment for the J'= —,

' level is transformed into an

M(ZZ tt) =a(Z~ It-0')'~'[5' +(-1)"5 ]

+ (al~'I;„I p) c'„c„
C ~

whereas the magnetic dipole operator is

(5.6)

M(M1, p, ) =gaR„+ g (a lg, I„+g, s„l P) c ca ~

a, a

(5.7)

Here again R denotes the total collective angular
momentum in the core nucleus Sn, and R&-=R,

&

+p
The expression for the reduced matrix element

between the initial state l g,I"IM, ) and the final
state l J&6IMf) is given in Appendix B. This rather
complex expression (Bl) can be separated (approx-
imately) into:

f+
T2

a+
2i
9+
Y2

9+
23

9+
2

ii+
22

i3+
2i
i3+
22

4.697

5 880 5 336,c

5.561

4.131

6.259

6.570

4.108

7.613

-0.018

0.344

0.685 l0.880l

0.125

-0.504

-0.463

0.490

-0.981

0.625

-0.287

(i) single-particle transitions in either the hole-
core (Sn) subsystem or the particle-core (Cd) sub-
system;
(ii) collective transitions in both subsystems;
(iii) single-particle transitions connecting the hole-
core (Sn} and particle-core (Cd) subsystems (domi-
nant for E1 transitions).

3+
21

4.007

Reference 38.
Reference 40.
Reference 21.
Reference 39.

0.299
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FIG. 15. Quadrupole moments for positive-parity
levels J p f p f

. calculated in a unified model
are compared with the purely rotational-model predic-
tion for a ~" (431j Nilsson orbital as bandhead.

0
10

02 e2 b2

intrinsic quadrupole moment, assuming K =-,', a
value of Qo(ft = —,') = 2.075 s b results. This is very
close to the experimental value of 3.0+0.4 eb."'~'
In Fig. l5, the pure rotational limit with this value
of Q, is compared with the quadrupole moment cal-
culated in the unified-model description of "'In.
Except for the J"=-,' (configuration mixing) and
13+ 3s4
—,, (truncation effects in the configuration space
for high spine) levels, the rotational limit is rather
well reproduced in a semimicroscopic approach.

2.5
115
49In

25 M.U. &

5 Mu. &

1 MU&

FIG. 16. Experimental Coulomb excitation B(E2
&—J'~ ) values compared with unified-model calculated

values.

D. Reduced transition probabilities

First we discuss the Coulomb excitation results
and then we discuss the transitions inside the ro-
tationlike sequence of positive-parity levels. In
Table V we present the important wave function
components in the positive-parity rotationlike se-

g+
quence of levels. The theoretical B(E2; »- J')
values are shown in Fig. 16 and compared with the
experimental results. '8 ' The overall agreement
is again good because only the I 2g, &, 'Sn(2;);J")
multiplet is strongly excited. The theoretical
mixing between J'=-,', , levels however, is strong-
er than experimental data indicate.

The theoretical mixing between the vibrational
8+ e+

and the —, levels is weaker than shown by
existing data. Coulomb excitation of the other ro-
tational-like members (J"=+„—2, , —,„and —,', )
is very small and indicates the near coexistence
of both hole-core (Sn} and particle-core (Cd}
coupled states in "'In.

If we now calculate the B(E2) values inside the
rotational-like sequence of levels, together with
B(E2) values for transitions connecting the rota-
tional-like states with the I 2g, ~, ', Sn(2;);J")
multiplet, the scheme in Fig. 17 results. Here

Ul

ii)

1.5—
O

*P

lg

I
CJ

LLI

1/2 3/2 5/2 7/2 9/2 11/2 13/2

J 7I

FIG. 17. The reduced E2 transition probabilities for
transitions inside the rotational-like sequence of posi-
tive-parity levels, inside the vibrational multiplet

~ lgayt 'Sn(2& };J ), snd connecting both subsystems.
The intensity scale, indicated in the figure, is ex-
pressed in %eisskopf single-particle E2 units.
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TABLE V. The most important components from the wave functions describing the positive-
parity rotational-like sequence of levels, as calculated in a unified-model for i In (columns
B). Also given (columns A) are the strong-coupling wave functions decomposed in the repre-
sentation of Eq. (6.4) ~ Sec. VI. For the J =f' and $t' levels, the lower component is based

&3si . 2s3 .on the ordering in excitation energy as obtained in the unified-model calculation.

16
2 i

3si/2

2d»„cd(2', )

2d, /„ Cd(2, )

1g»„Cd(4', )

-0.40

-0.58

+ 0.35

+ 0.30

-0.26

-0.48

0.35

0.44

J =—3 +
2

2d3(2

1gz(2 ~ Cd(21)

2d5/2, Cd(2()

2d3/2, Cd(2()

3si/2, Cd {2i)

1gz/2, Cd(4))

2dn/2, Cd (4i)

0.37

0.62

-0.19

-0.25

0.24

-0.21

0.20

0.28

0.50

-0.1S

-0.25

0.20

0.26

+5y
21

2dS/2

1g,/„ Cd(2', )

2'(2, Cd(2i)

2d3(2 ~ Cd (2i)

3si/2, Cd(2&)

1gz/2s Cd(4i)

2'/2, Cd(4i)

2d3(2, Cd(4))

-0.54

0.16

0.40

-0.17

-0.35

-0.16

-0.17

0.20

-0.44

0.18

0.37

-0.15

-0.22

-0.22

-0.16

0.19

1'/2
1gz /2 s Cd {2i)

2d», , Cd(2+, )

2d3/2, Cd(2i)

1gz/2 Cd{4i)

2d,(„Cd(4;)

2d3/2, Cd{4i)

3si/2, Cd(4))

0.60

0.46

0.11

0.35

0.21

-0.10

-0.12

0.13

0.47

—0.50

0.13

0.29

-0.15

-0.14

0.14

gf 9+
23,4

1gz/2, Cd(2i)

2d5(2, Cd(2()

1gz/2, Cd(4i)

2d, /2, Cd(4&)

2d3(2, Cd {4i)

3si(2, Cd(4))

2d»„Cd(6', )

1gz(2, Cd(6i)

-0.12

-0.55

0.31

-0,50

-0.16

-0.28

-0.09

-0.05

-0.24

-0.20

0.15 -0.14

0.40

-0.57

0.16

0.56

-0.24

-0.21

0.13

0.19

-0.28

-0.49

-0.23

0.48

0.06

-0.20

-0.10

0.09

-0.25

gr ii +

22

lgz/2s Cd(2i)

g, /, , Cd{4',)

2d5/2, Cd(4))

2d3/2, Cd(4()

1gz/2, Cd(6i)

-0.36

0.10

0.33

0.13

0.62

0.15

0.33

0.23

i3+
223

1gz/2, Cd (4i)

2d5/2, Cd (4i)

2ds(2. Cd«i)

2d3(2, Cd(Bi)

3si (2, Cd(ei)

0.17

0.64

-0.15

-0.25

0.17

0.29

0.58

0.32

-0.41

-0.07

0.18

0.11

0.68

-0.21

-0.48

0.23

0.19

0.53

-0.40

-0.29

0.30

0.06

-0.].2 -0.13
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1/2 3/2 5/2 7/2 9/2 11/2 13/2

= 0+„2+„4;collective quadrupole states,

(ii) J'= —,', —,', and —, with a lg, &, proton single-
particle excitation coupled to the I'=0;, 2'„4',
collective quadrupole states, where maximal align-
ment between the single-particle and collective
angular momenta occurs (the J'= —,

' and ~s levels
result from maximal antialignment).

In this description, strong E2 transitions only
occur within the bands separately, because the
collective part of the E2 operator contributes to
bJ =2 (E2) transitions with

B(E2;J,-J,) = ~(j, (N —1),R. ..„;J,~

2
f 2J +1 3 4f e max& f

&& II M(E2; coll) ()j,N, R, ,„;J,}I

'
=N B(E2;2~ 0~) . (5.8)

FIG. 18. The 6J=2 (E2) and AJ=l (E2) reduced
transition probabilities for the rotational-like sequence
of positive-parity levels, as calculated in the unified
model. Filled circles indicate transitions with the J
=

2 4 level occurring as the initial (J& ) or final (J&)
state. Curves give the purely rotational results for a
~" I431) band. Asymptotic values in this case are also
given.

the B(E2) values are drawn schematically and
clearly Ostablish the rotational behavior of strong
~J =2E2 transitions and small gJ = 1E2 transitions.
In this figure, one also observes the fact that B(E2)
values inside the 'vibrational multiplet are of the
order 1 W.u. & B(E2)& 5 W.u. [for comparison
B(E2;2;-0;) for '"Cd is 31 W.u.]. The transitions
from the vibrational multiplet towards the rota-
tional-like levels are small compared with the very
strong B(E2) values inside the rotational-like se-
quence.

In Fig. 18 our theoretical results are compared
with results obtained iri a pure rotatiqnal model,
and again the intensity rules for ~J= 2 and ~J =1@2
transitions are well reproduced within our unified
model. This alternatioa in the reduced E2 tran-
sition rates can be explained qualitatively in the
unified-model description. There one observes,
for the main components in the wave function for
the J'= —,

' „-',„... levels (see Table V, columns
B), configurations dominated by the 2d, &, and 1g7&,
single-particle states. %e assume, for simplicity,
a harmonic quadrupole spectrum+ for describing
the low-lying (E,&2 MeV) levels in '"Cd and obtain
a zero-order description of levels in '"In. In this
description, one observes bvo bands developing:

(i) J'= —,', —,', —,', and '2' with a 2d, &, proton
single-particle excitation coupled to the I"

(Here the reduced E2 transition probability is tak-
en from '"Cd.) For E2 transitions with b,J =1,
however, a change between bands is necessary,
and only the single-particle part of the operator
can contribute, resulting in a value of

B(E;J( J~) =
2 1 ~(j',N R;J~ ~

1

2J, +1

x Il~(E»'s p )II j,N.R.
(5.9)

Admixtures in both initial and final states, and
"'Cd not behaving as an harmonic quadrupole vi-
brator, modify this simple picture somewhat. The
basic features as discussed above remain and
dominate the M= 2 and M= 1 E2 transition rates
between the rotational-like sequence of positive-
parity states in "'In. The intensity rules for M
= 2 and M= 1 E2 transitions in a purely rotational
model originate from the Clebsch-Gordan coef-
ficient, giving as a result

B(E2+( J))= Q (
—'+[431])(C' ' ' '~'~'.

(5.10)

This expression for J, and J& tending to infinity
shows the asymptotic intensity pattern

B(E2aI( —Jy)= Qo(~"[431])a(nJ= 2), (5.11)

B(E2P,-J,)=, q', (k'[431]l,(~=1). (5.»)

(Already for relatively small values of J„Jz
(—'„-',), the asymptotic values are approached with-
in 15%.) Thus, for nJ= 2 and M= 1 in "'In, we
can give a qualitative explanation for the strong
resemblance between those B(E2) values calcu-
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TABLE VI. The hindrance factor, expressed in
Keisskopf units, for the strongly retarded E1 transi-
tions in ff5In.

J;i—Jgf
F.l hindrance factor

Theory Experiment ~

lated in a unified-model approach and those re-
sulting from a purely rotational band structure
on top of the &'[431] intrinsic orbital [see Eqs.
(5.8) through (5.12)].

In the "' "'In isotopes, highly retarded E1 tran-
sitions have been observed, ""connecting the J'
=&'„2+, levels with the J'=&f Qy levels. In the uni-
fied model, highly hindered (compared with the
Weisskopf estimate) reduced El transition rates
result but are still too high, compared with the
experimental data. The E1 matrix element results
from single-particle transitions connecting par-
ticle-core (Cd) and hole-core (Sn) configurations.
Here, the 3s,~„2d,&„2d,&„and/or 1g,&, pro-
ton single-particle orbits are considered, result-
ing in the occurrence of the 2P», 2P, &» and

1f», proton single-hole orbits see the second
term in Eq. (Bl) in Appendix B]. The only con-
figurations that can contribute are those where
the two-hole cluster, describing I'= 0', and 2',

levels in "'Cd, consists of either (2p, &,
-')

(2p, (, ')~, and/or (2f,~, ')„. These configurations
occur with small amplitude (see Table 1 of Ref.
27), so the resulting El reduced transition prob-
ability will be highly retarded. The results of
these considerations are indicated in Table VI,
from which one observes a discrepancy still of
two orders of magnitude.

The observation of E3 deexcitation and E3 Coul-
omb excitation for the J = » level is reproduced
rather well in the unified model, indicating non-
negligible octupole phonon components in the wave
function for this level. The calculation yields
E(E3;a2;-2, )=7.02 X 10"e'cm' [experiment gives
5.73 +0.35 x 10 "e'cm' (Ref. 16}]. This value
results from constructive interference between the
single-hole 1g,&,

' - 2p, &,
' transition and the collec-

tive 1g,&,
' —

~
]g,&, ', Sn(3, );-',,) (amplitude-0. 334)

E3 transitions; these transitions have nearly equal
amplitude.

Finally, in Table VII, the known M1 transitions
in "'In are compared with the experimental data"
and with other calculations. ""' Here, we clearly

TABLE VG. Comparison of unified-model with ex-
perimental and other theoretical B(M1) values for 1 5In.

Jg& Jyf

B(u1) x 10' (p~}'
Theory

Experimental A B

ii + 9+
21 21

f 3+ ii+
21 21

9+ 9+
22 21

9+ 11+
22 f

7+ 9+
22 2f

7+ 9+
21 21

7+ 5+
22 22

30+53

64 + 4

0.03-0.03
+2o7

37+50

20'15

0.5 k 0.3

70+193-55

18 21 15 9 13 8

39 30 302 451

1.7 0.70

66 35 37.5 54.8

25 26 18 2 19 1

5.5

58 42 30.5 11.4

9+ 9+
23 21

9+
2

3+12-2

+236
-20

0.8 1.8

24.7

A, Ref. 2; 8, Ref. 3; C, Ref. 5; D, this work.
Reference 16.

observe good agreement of the unified model with
experiment and also a general overall agreement
with the results of Abecasis. '

E. Comparison with other calculations

Vfe have demonstrated that the unified-model
calculations performed for "'In can account for
almost all phenomena observed without resorting
to extra, deformed states (such as the rotational
band on top of the ~'[431] orbital). The older cal-
culations of Covello' and Iachello' do not even
attempt to explain an important part of the '"In
energy spectrum, Sen' and Mang' introduce de-
formed states in a purely empirical way. The cal-
culation of Abecasis' comes close in idea to our
unified-model calculation, although one of his
basic assumptions for connecting the collective vi-
brational states in '"Cd and "'Sn is not fulfilled
very well, as shown in a calculation of the '~Cd
level scheme and wave functions up to E„&2
MeV. '"" However, the differences between the
final results of his theory and ours are small.
This is because:
(i}Extra configurations other than

ly 1
~i ~i

21
3+ 1
~ 1 ~i

3%

2f

Reference 15.

6.1 x 103

5.9 x 104

1.6x 102

6.3x 10

7.4 x 105

4.3 x 107

2.5 x 106

3.2 x 109

are important in describing the I' = Of Op 2] 22,
and 4+, levels in '"Cd.
(ii) Particle-hole (V „) interactions contributes
significantly to the calculation of matrix elements
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for the particle-core (Cd) configurations.
Both (i) and (ii) act to renormalize the coupling

(IP~24i, here and in the subsystem for
particle-core (Cd coupled configurations [see Eq.
(4.10)], tending to increase toward the coupling
strength of ()Pro, )qi~c& as taken from the
B(E2;2', -0;) value in "~Cd. Although our calcu-
lation contradicts one of the basic assumptions of
Abecasis, ' the final results concerning energy
spectra differ little. Larger differences occur in
the electromagnetic transition rates.

equals &, i.e. , the smallest energy possible in the
odd-mass nucleus. ] Similar calculations have
been performed by Ragnarsson (see for example
Ref. 42) where also the parameters of the Nilsson
model" (a „, i~ „, and pairing strength 6& „) are
extensively discussed. For the 2'[431] Nilsson
state considered going from &,=0.15 to f2= 0.20,
the decoupling parameter a only changes from
0.22 to -0.42. These small values completely
disagree with the fitted values of a= -2.0, -2.20
(see A and B, respectively, in Fig. 12) for a de-
scription of "'In.

VI. CALCULATIONS IN A DEFORMED BASIS

The origin of the low-lying positive-parity "in-
truder" states has been suggested to be the —,"[431]
Nilsson orbital. "" However, it was not until re-
cently that detailed calculations of the TPE sur-
faces for odd-mass In isotopes were perform-
ed."'" In these, one clearly observes a well pro-
nounced deformed minimum with 0.10&&, & 0.20
for ' " '"In, corresponding to the 2'[431] Nilsson
orbital. 'The excitation energy, defined as the dif-
ference between the deformed minimum and the
"odd-even" background for a, spherical shape,
ranges from 1.0 to 1.6 MeV." [The "odd-even"
background is identified with the total energy cal-
culated when the quasiparticle energy E„~(A,i)

A. Band-mixing calculation

We have performed a complete band-mixing cal-
culation"~' for "'In as well as for the other'" '"In isotopes. We have then taken into account
all Nilsson orbitals originating from the N= 4 har-
monic-oscillator shell and performed the calcula-
tion at the equilibrium deformation of the &'[431]
orbital. Strong mixing with the nearby ~'[420) and
&'[422) orbitals is expected to modify the rota-
tional-band structure considerably and is the most
probable explanation for the anomalous decoupling
parameter a used to fit the rotational-like se-
quence. The strong-coupling wave functions"

~

JM;Ai) can be expanded in a basis where the core
angular momentum is a good quantum number:

t/2
~
jJ;JM) =QC~ ~+ ~q+

2 Dgc ' (~) o'g,
~
0(core)),7' (6.1)

where (d denotes the Euler angles and a~& creates a quasiparticle in the orbital with quantum numbers
(n, I,j,m). The interaction matrix element for the core and single-particle Hamiltonian then results in

(JM;Ai ~H, +H, J JM&A'i') = 2 Q ( I)~ "Co~~" ~,(-I)~ "C~ q ~ ~ E~ ~
c( j'Ai') c)(A, i)

& ~c

x (vo Pot, ~i+ vo ~volt ~r )+E&&&(A, 'E)6oo, 6g~ . (6.2)

Here, E&, describes the core energy
[I /2J J,(J,+ 1) in a rotational nucleus, one can
verify that, for Ez =8'/2J ~ J,(J,+ 1), the normal
Coriolis coupling and decoupling matrix elements
result], c~(A, i) the Nilsson expansion coefficient,
v2,. the occupation probability, and E„,(A, i) the
corresponding quasiparticle energy. In our calcu-
lations, the experimental excitation energies in
the underlying doubly-even Cd nuclei have been
taken"'" as core energies (up to J,= 12' to de-
scribe states in the odd-mass In isotopes up to
J'= ~2' '). Whenever the higher-spin states are not
observed experimentally, we extrapolate toward

J', = 12'. We have studied the sensitivity of the
level schemes in the odd-mass In isotopes by
varying the extrapo1. ated Cd core energies
(J;= 8', 10', 12'); only small changes result. The
final wave function at the energy E(J") is obtained
as

(6 3)

8. Parameters and results

Before discussing the results, we remark that
from ' 'In to '"In the change in lg, /, proton single-
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FIG. 19. pariation of Nilsson single-particle energies
(at e&

——0) with increasing neutron number, 7 ~In.

This variation is cause/ by varying p~ =0.375 (' ~In) to
pp 0 525 ( Ql) in steps of 0.025.

particle energy (relative to 2d», ) will influence
the detailed structure of the Nilsson wave functions
considerably. Therefore, and because we intend
to describe the finer details of the positive-parity
rotational-like sequence J'"- &'„&'„.. . , we must
consider the variation of 4, =- e~, &,

—a~, &, from
'o7In to "9In. (This variation of 4, is not very
important in calculating global properties of the
nucleus such as TPE and the subsequent equili-
brium deformation corresponding with the ~'[431]
orbital. ) We can account for the change in 4, by
varying p& from 0.375 ('o'In) to 0.525 ("'In) in
steps of 0.025. The resulting change in the calcu-
lated single-particle energy (for e, = 0) is shown
in Fig. 19. The change in 4, corresponds very
well to the analogous change in 4, for the Sb iso-
topes. ""

The resulting energy spectra are shown in Fig.
20, relative to the J'=&', level. Here, one ob-
serves that band mixing is very important in de-
termining the precise ordering and energy sepa-
ration for the different members of the rotational-
like sequence. For '" "'In however, problems
occur with respect to the position of the J'= —,",
level. There is some mixing with the nearby

~
lg, ~, '8n(2;); —,') configurationthat cannotbe repro-

duced in the present calculation in a deformed
basis. The calculation indicates that it is probably
the lowest experimental J'= &' level which occurs
as a member of the rptational band (as in '"""In).
The wave functions for the J' levels between &' and

in "'In are shown in Table VIII. Here one ob-
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TABLE VIO. Expansion coefficients d {Oi;J) [see Eq. (6.3)), resulting from a band-mixing
calculation for the rotational band mainly built on the -'[431) Nilsson orbital.

2

J '[431) Y'[420) 2'[422) -'[411) 2'[422)
2

[413) 2'[413) —,'[404)

i+
2

3 +
T
5+
2
7+
2

9+
2

ii+

i3+
2

i5+
2

0.95

0.94

0.85

0 ~ 80

0.76

0.76

0.77

0.74

-0.29

0.21

-0.43

0.41

-0.42

0.45

-0.43

0.47

0.25

0.27

0.41

0.30

0.43

0.32

0.43

-0.14

-0.16

0.11

-0.17

0.13

0 ~ 17

0.12

0.12

0.13

0.15

0.22 -0.19

serves the growing importance of the &'[420] and
&'[422] Nilsson orbitals with increasing angular
momentum. Ne can conclude that, although at
lower spin values (J'~ —,")the sequence of states
very well resembles a pure &'[431] rotational

band, at the higher angular momenta a decoupled
band structure built on, respectively, the 2d»,
and 1g,&r single-particle orbits develops (see also
Sec. VD). By transforming the final wave func-
tions to the basis (6.1), we obtain'4~'

(6.4)

Here
~
JPf~) describes the core states of the doubly-even Cd nuclei, and the expansion coefficients are

given by

(6.6)

and a, similar expression for V&z (J~).
Comparing the wave functions

~

J M) for J'=-,"
through~5 (Table V, columns A) with the results
from the unified-model calculation for "'In reveals
(i) The suggested decoupled band structure for the
higher-spin members of the &'[431] rotational-like
sequence becomes very clear, and the 2d, I, and

1g7/ 2 single -partic le orbits are mainly involved.
(ii) The same structure results from the unified-
model approach (Table V, columns B). For the
~=~' levels, however, the important components
occur in a reversed order compared with those of
the deformed calculation.

As pointed out (see Sec. V E), truncation effects
can already play a role for the description of high-
angular-momentum states in the unified-model
description.

In the unified-model calculation, admixtures in
the wave functions

~

J"M) when a single-particle
component with angular momentum J exists are
such that configurations ~j, Cd(2;);J) with j=Jor J
+ 2 have large amplitudes whereas j=J+1 admix-

tures have small amplitudes. First-order pertur-
bation theory can explain this alternation: The
reduced matrix element (J[[Y,)(j) determines the
amplitude for the configurations given above. "
The asymptotic (j,J- ~) selection rules" for the
reduced matrix element immediately explain the
strong alteration in amplitude shown in Table V,
columns B.

VII. CONCLUSION

%e have shown that if one takes into account the
coupling of both single-hole and lp-2h excitations
(seniority v= 1 and v = 3) to the quadrupole and
octupole vibrations of the underlying core nucleus,
a rich variety of nuclear phenomena result. In our
calculations, both the vibrational multiplet

~
lg, ~»Sn(2;J); J') and the rotational-like sequence

J =&'„&'„... of positive-parity states at low ex-
citation energy (E, = 1.0 MeV) result and are seen
to interact only weakly. One exception is the J'
=-,"levels, where moderate mixing occurs. In the
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calculation of spectroscopic factors for the "Cd
('He, d)"'In reaction our results are similar to
those from a Nilsson-model calculation, in which
the positive-parity levels result from a rotational
band on top of the &'[431] orbital. The unified
model is able to explain, by means of the 1p-2h
excitations, the more phenomenological approach,
where proton single-particle excitations through
the Z = 50 closed shell are coupled to the vibration-
al excitations of the Cd core nucleus. The negative
quadrupole moments for the rotational-like se-
quence of levels are also reproduced in the unified-
model approach. Yhe reduced E2 transition pro-
babilities B(E2) inside this rotational-like se-
quence strongly suggest a purely rotational ex-
planation.

To better understand the equivalence between the
rotational model and calculations starting from
either spherical single-particle orbits and quad-
rupole vibrations or single-hole orbits and octu-
pole vibrations of the underlying core nucleus, we
have performed a band-mixing calculation for all
Nilsson levels originating from the N = 4 harmonic-
oscillator shell. This calculation shows that, for
the higher-spin members of the positive-parity
rotational-like sequence, a decoupled band struc-
ture develops on top of the 2d, &, and 1g,&, single-
particle orbits. This structure becomes more
pronounced when the strong coupling wave func-
tions are transformed to a basis where the core

angular momentum is a good quantum number. In
this way, the wave functions obtained from band
mixing of Nilsson orbitals compare, even in detail,
with the wave functions resulting from the unified-
model calculations. This equivalence has in some
places been traced back to identical expressions
that result from either the core-coupling model
(Alaga model) or from the Nilsson model. A more
detailed study of this equivalence, with application
especially to the odd-mass In isotopes, will be
published.
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APPENDIX A

The matrix elements to be calculated in the secular equation (4.9) have been abbreviated into the follow-
ing short-hand notations:

H(hR, H'R', J) = ( ja ', Sn(R); Jl~,. 1 j~ ', Sn(R '); J&, (A 1)

L(hR, P'I'i'; J}—= (j„',Sn(R};Jj V» +H»««( j,Cd(I', i'); J), (A2)

K(PIi, P'I'i'; J) =(j~, Cd(I, i); J'~ V,„+H,«« ~ j, , Cd(I', i'); J). (AS)

Here 8 is used as a short-hand notation for the quantum numbers specifying the collective states:
(H, R, , HORo)R. In all following formulas, I stands for (2I +1)' '.

Following we give the full expression for the matrix elements (A2) and (AS). The matrix element giving
the coupling between single-particle states outside of the Z = 50 closed shell and excitations of the doubly-
even Cd nucleus, can be described in a two-hole-core (Sn) unified-model calculation [Eqs. (4.3) and (4.4)]
by
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K(PII, P'I'I', J') =
A1,12, J'g,

lg Ph R

~i

d ' [(h,h, )J„&;I ]d
'

[(h, h, i)J,', R'; I'] x (2J, + 1)II'5R„.
8 J I 8' J P

+ (( jh jh )Jci jr)s Jil ~Ph I ( jh jh )Jap jp'i Jy) + hgh~ h2h2 ~ j g'(

x ~ ' ~ ' (jp, Sn(R); J, IHp „I jp, Sn(R'); J,) I.j A J1 jP 8' J,
I J", J I'

(A,4)

The separate contributions of the matrix elements describe the particle-core (Sn) coupling interaction
and the residual particle-hole interaction. Expressions for the ip-2h matrix element are not given here,
but the result can be obtained as a limiting situation of the K matrix element as defined in Eq. (9e) of
Ref. 53 with u, =u, =u~=u, =0, u, =u&=1. If we consider only the (1g,I, ),+ two-hole configuration in con-
necting the collective states in Cd and Sn, ' then Eq. (A4) reduces to Eq. (4.10). The matrix element con-
necting the subsystems of the secular equation (4.9) where single-hole-core (Sn) coupled configurations
and single-particle-core (Cd) coupled configurations occur reads

I.(I If, P I'i'; J) =
h1~,h2' e~S', S1

[(h, h, )J",, Il'; I'] I
J',I'(-1)

G( jh jh jy'Jl J )(1 + 5h h ) 6RR'2J, +i 1 2 1 2

( jh .II y~ II jq) " '
5hh -(-1)'h"'h2 "(jh, , ll &~ll j, &

jp Jc

(A5)

[The precise definition of the G and F matrix elements occurring in Eqs. (A5), (4.10), and (4.11) is also
found in Ref. 53.)

Again, the contributions from ~~h and H»~, & are clearly separated. Contributions from ~ph will always
be very small because of the condition 1 ~+jh=f,'; and because mainly 1h~ excitations through the 8 = 50
proton shell are considered, only a few terms from the 2ara excitations (lh»g„2P, I, ', 2P, I, ', lf, h ') grill
contribute. lf the approximation of only considering (lg, y, ),+ configurations is made in connecting col-
lective excitations in Cd and Sn, expression (A5) simplifies into Eq. (4.11).

APPENDIX 8

The reduced-transition matrix element from an initial state I J,"Q) to the final state I J~M&), with wave
functions described by Eq. (4.8) and with the electromagnetic operators as indicated in Eqs. (5.6) and
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(5.7}, can be calculated to be

&Jgjifp]]Oh„]]JISM() = Q h (IIA J }hs(h'll' J )(-1)'h"
l,h'

"JiJ~ (-1)"'"'&I'h ]]o~p(s.p )llih&

Jg jh A.

+ Q P"(Pli; J()h (h'8'; J~)d~' [(h h)J, &;l]J, ~
Zy

pg, f

~ p,z pgo$

J& jp& Jj
R J] I Jg J,

X 5ss +[Q P;primed= unprimed] (-1)

+ Q P"(Pli; J;)P (p'I'i';Z~)d "[(h,h, )J Ii l]d'1[(h, .h )Z' ll' I']

plop ]p

$o,o'$

)( J' J Q(2j +1)lp Ip 1 Ip 1 1 1 (»8 +k+Zg+1

P

& «']l&h+I i]IIt»(Ei; ~-o;)s.'5pp 5h~h~ 5h2h

J J' J'IJtgp(»s+ Jy+z&+ ~ 1 f Ip' 1 Ip 1

8'J, I' AJ,. r

+ «lh, jh, ,)J', I p
', J,' llO ~ „(sp )Il(ih lh, ) J,I„J&4R (Bl)

(Here we denote all quantum numbers for the final state with a prime. )
With Ohp(s. p.}, we denote the single-particle component of the electromagnetic multipole operator, and

the symbolic summation index [0) stands for all quantum numbers (h» h» J;R}. In the transition matrix
element Eq. (Bl), one observes three contributions: the single-hole and collective transitions in the hole-
core (Sn) coupled system; the single-particle transition connecting both systems; and the single-particle
and collective transition in the particle-core (Cd) coupled system. If we take again the (1g, i, '), + config-
uration as the most important in connecting the collective excitations in Cd and Sn [Ref. 5], Eq. (Bl) re-
duces considerably, especially for the third contribution. The sing1e-particle matrix elements
& ((0 q p (s.p.)]]) are not given explicitly but can similarly be obtained from the analogous equations [(AS) and
(AS)] of Ref. 53 by taking into account the appropriate occupation probabilities.

The transition matrix element for the collective part of the magnetic-dipole operator then becomes



1242 K. HEYDE, M. %AROQUIER, AND R. A. MEYER

gtQ h (hR; J;)h (h'R', Jy)J; Jy(-1)'b'"' y+'[R(R+1)(2R+1)]' 2 ~ " 5~„5qq.
J, 8 1

+ Q p (pIi; 7;)p (p'I'I', jy)d ' [(h,h2)J, R;I]d '
[(h,h, ,)Z' R'~ I']

p, I,i
p', I'i '
(o,o '}

&& ~ ~i g (2~, +1)»' ' ' ' ' (-1)'~"~'""[R(R+1)(2R+1)]"
1 A J; 1 8 Jy 1

X ~$00 ') lI CR
Ji 8 1

(B2)

With the simplification (1g,I, ),+, the second term of (B2) reduces to the collective Ml transition matrix
element, as defined in the particle-core (Cd) system treated in an empirical way, because g„=(Z/A)~„
= (Z/A)cd .
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