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Proton-neutron multiplet states in 112Sb

M. Fayez-Hassan, J. Gulya´s, Zs. Dombra´di, I. Dankó, and Z. Ga´csi
Institute of Nuclear Research, 4001 Debrecen, P.O.B. 51, Hungary

~Received 6 December 1996!

Excited states of112Sb were investigated through the112Sn(p,ng) 112Sb reaction.g-ray, gg-coincidence,
and internal conversion electron spectra were measured with Ge~HP! g and superconducting magnetic lens
plus Si~Li ! electron spectrometers at 8.5, 8.9, 9.1, and 9.3 MeV bombarding proton energies. A significantly
extended level scheme was constructed. Spins and parities have been assigned to the levels from Hauser-
Feshbach analysis of reaction cross sections, internal conversion coefficients, angular distribution of theg rays,
and decay properties of the states. The low lying states were assigned to proton-neutron multiplets on the basis
of their decay properties. The energy splitting of these multiplets have been calculated using the parabolic rule.
@S0556-2813~97!02505-3#

PACS number~s!: 23.20.Lv, 23.20.En, 27.60.1j, 25.40.Kv
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I. INTRODUCTION

The results of our experimental study of odd-o
1142118Sb nuclei@1–4# shed light on the behavior of proton
neutron multiplets in these nuclei. The energy split of the
multiplets is expected to change smoothly as a function
mass number. Members of multiplets involving orbits w
around 0.5 occupation probability lie within a few tens
keV from each other. Since the ground state of112Sb is ex-
pected to be a member of such a multiplet, several exc
states should be located below about 150 keV energy.

In order to extend our knowledge about the structure
the light, odd-odd Sb nuclei, we have investigated the lig
est Sb isotope,112Sb that can be reached via light ion rea
tion.

The structure of112Sb nucleus was studied already fro
112Te→112Sb decay by Wigmanset al. @5#, and in (p,ng)
and (3He,6ng) reactions by Kamermanset al. @6#. The spin
and half-life of the ground state was studied by Miyano a
Gil @7#. Although all the methods of the low spin spectro
copy were already used in these works, because of the
tively poor statistics of these measurements only a do
gamma rays were placed into the112Sb level scheme, and
spins were assigned only to a few levels, which definitely
not enough to understand the proton-neutron multiplet st
ture of this nucleus.

To interpret the data previously available on the le
structure of112Sb, Van Gunsterenet al. @8# used a particle-
quasiparticle model. The agreement of their theoretical
sults with our experimental data is not satisfactory.

II. EXPERIMENTAL TECHNIQUES

The present experiments have been performed at the
brecen 103 cm isochronous cyclotron. Self-supporting,
and 2.5-mg/cm2-thick 112Sn targets, prepared by an evap
ration technique from isotopically enriched to 81% meta
powder were applied. For reliable identification ofg rays, we
also studied the114,116,117,118,119,120Sn1p reactions.

The targets were bombarded with 5–30 nA proton bea
in g and 100–300 nA in conversion electron spectrosco
measurements atEp58.7–9.3 MeV energies. Theg-ray
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spectra were detected with 20 and 25 % Ge~HP! detectors,
and with a 2000313 mm3 planar Ge~HP! low-energy pho-
ton spectrometer~LEPS!. The detectors were placed at 90o

to the beam direction for energy determination and at 12o

for intensity measurements. The energy resolution of the
tectors were;2 keV ~at 1332 keV! and;0.8 keV ~at 122
keV!, respectively. For energy and efficiency calibration
theg spectrometers133Ba and152Eu sources were used.

Internal conversion electron spectra were measured wi
superconducting magnetic lens spectrometer~SMLS! with
Si~Li ! detectors@9#. The energy resolution and transmissio
of the SMLS were;2.7 keV ~at 946 keV! and;10% ~for
two detectors!, respectively. The background from bac
scattered electrons was reduced with swept energy win
technique in the spectrum of the Si~Li ! detector. Further
background reduction was achieved by using paddle-wh
shaped antipositron baffles. For calibration of the spectro
eter, 133Ba, 152Eu, and207Bi sources were used.

The g-ray and internal conversion electron intensiti
were normalized by using the internal conversion coe
cients of the strongest114,116Sb transitions@1,2#, since the
target contained 9 and 6 % of114,116Sn isotopes, respectively

The angular distributions ofg rays were measured at 9.
MeV proton bombarding energy at 12 angles with respec
the beam direction ranging from 90o to 145o in 5o steps. The
solid angle correction factors wereQ250.983 and
Q450.945. For normalization of the spectra, we used
93-keV 116Sb and the 644.78-keV113Sbg rays, which have
isotropic distributions, as the half-life of the 93-keV isomer
level is more than 200 ns@10# and the 644-keV transition
originates from a spin 1/2 level@11#.

The theoretical angular distributions for different sp
combinations were fitted to the experimental data in a le
squares procedure using the computer codeANDIST @12#. The
attenuation coefficientsa2 anda4 were calculated with the
CINDY @13# program.g-ray feeding of the levels effects th
alignment, which was also considered. The optical poten
parameters used in the calculations are given in Sec. IV

The effect of the angular distribution of the conversi
electrons on the measured internal conversion coefficie
was estimated using theg-ray angular distribution coeffi-
2244 © 1997 The American Physical Society
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FIG. 1. Typicalg-ray and internal conversion
electron spectra of the112Sn(p,ng)112Sb reac-
tion. K, L, M denote conversion electron lines.
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cients, the solid angle correction factors and the normali
directional particle parameters. It was found that this effec
much smaller than the statistical uncertainty of the conv
sion coefficients.

Thegg-coincidence data were acquired at 9.3 MeV bo
barding proton energy, with a fixedt580 ns resolving time.
The 20 and 25 % Ge~HP! detectors were placed at 125o and
235o angles to the beam direction. Approximately 35 millio
gg-coincidence events were recorded on magnetic tape
event-by-event mode for subsequent analysis. After crea
the symmetrized, two-parameter coincidence matrices
standard gating procedure was applied.

All measurements were performed with CAMAC modul
d
is
r-

-

in
g
a

units connected to a TPA 11/440 computer and to multich
nel analyzer cards mounted in personal computers. The
reduction was carried out using ag-spectrum analyzing pro
gram @14#.

III. EXPERIMENTAL RESULTS

Typicalg-ray and internal conversion electron spectra
shown in Fig. 1. Theg-spectrum measurement on the oth
Sn isotopes and the study of the radioactive decay of
reaction products enabled unambiguousg-ray identification
in most cases. More than 80g rays were assigned to112Sb,
60 of which are new. Several doublets were resolved in
FIG. 2. Typicalgg-coincidence spectra. The
background was subtracted.
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TABLE I. The energies, intensities, internal conversion coefficients, multipolarities and coincidence relations ofg rays observed in the
112Sn(p,ng)112Sb reaction atEp59.3 MeV.N means new transition.

Eg I g ICC measurement Coincidentg rays
~keV! ~relative! 1033aK g multipol. ~keV!

22.7 N
25.8 N
37.5~4! 28~15! N
38.3~4! 113~60!
59.7~1! 51~9! 69 104 133 167 198 237

419
69.39~4! 77~15! 60 104 159 167 274 419

552 609 661
99.9~3! 7~2! N 296
103.8~1! 1000~70! 60 69 115 122 133 159

214 229 237 274 292 335
~370! ~396! 398 419 437 ~450!
492 472 506 535 539 552
569 ~584! 609 637 641 661
685 ~696! 704 ~731! 768 794
864 874

114.9~5! 42~9! N 104 133 159 167 229 237
292 358

122.1~1! 24~4! N 104 ~641! 704 808
132.59~4! 351~20! 225~44! M1 60 104 ~115! 159 ~214! 274

~370! 419 437 ~450! 492 539
551 ~585! ~601! 609 661 696
768

159.3~4! 42~4! N 158~50! M1,E2 69 104 ~115! 133 167 198
237 450 535 696

167.10~4! 409~21! 102~30! M1 60 69 ~115! 159 ~214! 229
274 335 419 ~436! ~450! 506
551 609 637 641 661 696
704 731 768 841

198.08~4! 110~11! 75~14! M1 60 159 274 419 437 ~552!
610 ~661!

214.4~1! 28~4! N 55~8! M1 60 ~69! 104 133 ~167! 296

228.2~3!

228.8~2!

28~3!

99~5!

NJ 50~5!
104

535

115

696

167 296 419 450

236.6~3!

236.7~3!

60~27!

39~18! J 67~18! 60

437

104

532

115

609

159 274 419

257.8~1! 34~4! N 39~5! M1 419
274.05~4! 88~4! 38~4! M1,E2 69 104 133 167 198 237

~370!
279.8~1! 30~9! 51~2! M1,E2 419
292.1~1! 46~5! N 48~2! M1,E2 104 ~115! ~450! 696
296.18~4! 615~23! 32~3! M1,E2 100 214 228 419 492 539

584 601 691
335.1~1! 45~9! N 29~9! M1,E2 104 167 396 ~471!
350.0~4! 123~18! N 370 448 458 492 554 598
357.54~4! 231~11! 17~2! M1,E2 115 450 535 696

369.8~1!

370.2~5!

38~4!

8~2!

N

NJ 16~2!
104

511

133 214 274 350 373

372.72~4! 313~8! 17~2! M1,E2 370 448 458 492 554 598
377.1~5! 7~4! N
395.9~4! 33~11! N 12~1! M1,E2 104 ~167! 335 398
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TABLE I. ~Continued!.

Eg I g ICC measurement Coincidentg rays
~keV! ~relative! 1033aK g multipol. ~keV!

398.25~4! 75~11! 14~2! M1,E2 104 396 472
418.59~5! 259~18! 12~2! M1,E2 60 69 104 133 167 198

228 237 258 280 296
436.8~4! 29~2! N 12~2! M1,E2 104 133 167 ~198! 237
448.2~1! 35~5! N 350 373
450.1~1! 19~7! N 10~1! M1,E2 104 133 159 ~167! 229 ~292!

358
458.0~3! 12~2! N 350 373
471.8~1! 33~11! 10~2! M1,E2 104 398

491.8~4!

491.9~2!

50~11!

21~7!

N

NJ 8.2~18!
104 132 296 350 373

505.7~5! 131~35! N 7.5~9! M1,E2 104 167
510.7~3! 174~35! N 370
534.56~9! 35~7! N 104 159 167 229 358 ~292!
531.8~2! 13~3! N
539.1~2! 52~4! N 6.5~8! M1,(E2) ~60! 104 133 296
551.6~5! 19~4! N 69 104 133 167 198 ~237!
553.9~1! 47~5! N 350 373
569.05~9! 35~2! N 6.2~7! M1 104
584.0~4! 57~6! 5.7~7! M1 60 104 133 296 ~257!
598.3~3! 31~3! 350 373
609.5~1! 32~14! N 3.4~9! E2 69 104 133 167 198 237
637.2~1! 61~4! N 104 167
641.2~2! 5~2! N 104 167
661.2~4! 21~4! N 69 104 133 167 ~198!
653.8~2! 14~3! N
672.7~1! 33~4! N
684.6~3! 14~2! N 104
696.4~1! 17~4! N 3.1~3! M1,E2 104 133 159 167 229 ~292!

358
703.8~3!

704.3~2!

16~5!

53~6!

N

NJ 3.1~3!
104 122 167

719.9~3! 14~2! N
731.0~5! 15~2! N ~104! ~167!
742.58~4! 158~12! 4.0~10! M1
749.89~5! 69~4! N 3.2~6! M1
768.5~2! 64~7! N 2.5~3! M1,E2 104
770.14~8! 39~8! N
788.1~1! 31~4! N
793.7~4! 68~2! N 3.2~7! M1 104
797.16~4! 125~18! 3.1~8! M1
804.6~3! 52~7! N
808.17~4! 67~15! 2.7~4! M1 122
820.98~4! 133~14! 1.9~2! E2
841.1~2! 29~9! N 104 167
842.4~5! 56~6! N
846.4~5! 49~4! N
864.2~3! 21~3! N 104
870.8~5! 10~2! N
874.4~2! 21~7! N 104
880.6~5! 17~2!
897.7~1! 35~2! N
904.5~3! 32~3! N
924.5~5! 53~7! N
933.6~3! 100~10! N
968.1~1! 46~5! N
970.7~1! 41~4!
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FIG. 3. The internal conversion coefficients o
112Sb transitions.
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present work on the basis of their coincidence relatio
Typical gg-coincidence spectra are shown in Fig. 2. T
energies and relative intensities ofg rays are listed in Table
I, together with their internal conversion coefficients, mu
polarities, and coincidence relations.

The internal conversion coefficients~ICC’s! of more than
30 112Sb transitions were determined, all of them are new
is worth noting that each transition hasM1/E2 multipolarity.
The ICC’s obtained are shown in Fig. 3.

The results of the angular distribution measurements
summarized in Table II. The reducedx2 fits of the theoreti-
cal distributions to the experimental ones are shown in F
4. In general, only spin, parity, and multipole-mixing-rat
values allowed by the internal conversion coefficient m
surements were considered in the angular-distribution
Spins were rejected on the basis of a 0.1% confidence li
The uncertainty of the mixing ratios (d) corresponds to the
xmin
2 11 values. All theg lines for which the angular distri

bution could be measured are ofDI50 orDI51 nature. For
about one-third of them theDI50 possibility could also be
excluded. For everyg ray d;0 was found.

IV. LEVEL SCHEME OF 112Sb

The level scheme obtained from the112Sn(p,ng) reaction
was constructed mainly fromgg-coincidence results, but th
energy and intensity balances of transitions were also ta
into account. The proposed level scheme up to 810 keV
displayed in Fig. 5.

The proposed level scheme contains five excited st
below 170 keV. Two of them at 61.0 and 129.6 keV are ne
The existence of the new level at 129.6 keV was dedu
from the fact, among others that the strong transitions
167.1 and 103.8 keV, which are not in coincidence with ea
other, were seen in several gates with a constant inten
ratio. Both of them are connected to the ground state,
there are several pairs ofg rays with 63.3 keV energy dif-
ference decaying from the same level, which are in coin
dence with the 103.8 and 167.1 keV transitions, respectiv
establishing this placement. On the other hand, there is
s.
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63.3 keV transition in the appropriate gate spectra wh
could connect the two states. Thus, for the connection of
103.8 and 167.1 keV levels assumption of a cascade of l
energy transitions was necessary. As the connecting tra
tions must be strong enough, in spite of the internal conv
sion they are expected to be visible in the LEPS spe
down to;30 keV. A 37.5 keV transition was found, whic
is well distinguished from the 38.3 keV112Sb transition in
the LEPS spectra, and which could be assigned to
112Sb on the basis of the intensity ratios obtained, when
gets with different enrichments were used. There is a pea
the spectrum also at;26 keV, needed to cover the 63.3 ke
energy difference, but it corresponds mainly to the Sn x ra
and the existence of ag ray of this energy cannot be directl
proved. On the other hand, this was the only possible co
bination for bridging the energy and intensity gaps betwe
the 167.1 and 103.8 keV states.

The strong 350.0 and 372.7 keV transitions were also
served in several gates with constant intensity ratios, wh
suggest that either they originate from the same state
there is a low-energy 22.7 keV transition hidden under
low-energy tail of the Sn, Sb x rays, which connects t
levels they decay from. Both theb decay @5# and the in-
beam@6# studies suggest that the 372.7 keV transition ori
nates from a 11 state. As the low feeding of an independe
350 keV state would lead to spin 4,5 for it@6#, the existence
of a low-energy transition between the spin 1 and 4 sta
can be excluded. Thus the two transitions must origin
from the same level. For the decay of the state populated
the 350.0 keVg ray a 22.7 keV transition is to be assume
Since the initial state of the 372.7 keV transition has s
parity 11, and the ground state has 31, the 372.7 keV tran-
sition should be a stretchedE2 transition, which is excluded
by our angular distribution measurement. To avoid this c
flict the 372.7 keV transition was placed feeding the 38 k
state. This placement leads to the new 61.0 keV state
addition to the 350 keV transition several other gamma r
placed on the basis of energy and intensity balances popu
this state confirming its existence.

After solving these problems the construction of the le
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TABLE II. Results of the gamma ray angular distribution measurements from the112Sn(p,ng)112Sb reaction performed atEp59.3
MeV. Delta values are marked by an asterisk, if the spin combination is rejected due to highx2 value, or the mixing ratio~d! obtained for
a stretched E2 transition is a finite value within its uncertainty. The uncertainty of the mixing ratio is given for the accepte
combination.

g-ray angular distribution measurements
Ei Ef Eg Multip. A2 A4 Ji Jf d Ji / f
~keV! ~keV! ~keV! Supposed Adopteda

103.8 0.0 103.8 20.264~86! 20.042~73! 11 31 *
21 10.39
31 21.77
41 20.01~4! 41

51 *
167.1 0.0 167.1 M1 20.254~95! 20.044~81! 21 31 10.35

31 21.57
41 10.01~4! 41

236.4 167.1 69.4 20.145~103! 20.132~89! 21 41 *
31 10.02~8! 3
41 20.77
51 10.11
61 *

103.8 132.6 M1 20.011~107! 0.064~93! 31 21 10.16
31 20.52
41 20.07~6! 41

38.3 198.1 M1 20.243~139! 20.133~121! 31 21 20.04~6! 21

31 *
41 20.09

296.2 0.0 296.2 M1,E2 20.006~31! 20.036~26! 11 31 *
21 20.07~4! 21

31 20.48
41 20.15
51 *

395.9 38.3 357.5 M1,E2 20.234~105! 20.024~89! 31 11 *
21 10.01~5! 21

31 10.08
41 10.13
51 *

103.8 292.1 M1,E2 20.154~132! 0.017~111! 31 11 *
21 10.05
31 20.85
41 10.07~9! 41

51 *
411.1 38.3 372.7 M1,E2 20.002~81! 20.001~71! 11 01 *

11 20.17
21 20.07~4! 21

31 10.13
502.1 167.1 335.1 M1,E2 20.229~371! 20.058~311! 51 31 *

41 20.14~8! 41

51 20.36
61 10.26
71 *

103.8 398.3 M1,E2 20.508~218! 20.010~169! 21 41 *
31 10.47
41 21.92
51 20.14~8! 51

61 *
510.7 395.9 114.9 20.147~135! 20.077~116! 11 31 *

21 10.07~15! 21
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TABLE II. ~Continued!.

g-ray angular distribution measurements

Ei Ef Eg Multip. A2 A4 Ji Jf d Ji / f
~keV! ~keV! ~keV! Supposed Adopteda

31 20.69

41 10.10

51 *

236.4 274.1 M1,E2 20.276~166! 20.176~146! 11 31 *

21 10.19~17! 21

31 21.02

41 10.06

51 *

714.8 296.2 418.6 M1,E2 20.057~100! 20.004~87! 0 21 `

11 10.28~56! (1)1

21 20.43

31 10.14

41 *

780.9 411.1 369.8 (M1,E2) 20.304~219! 20.104~183! 11 11 21.0

0 *

21 20.02~14! 21

31 *

808.2 0.0 808.2 M1 0.022~396! 20.179~342! 21 31 20.33~27!

31 20.28~25!

41 10.25~11! 41

aBased on all available data.
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scheme was self-evident. The only questionable placem
remained was that of the 236.7 keV transition. It is in co
cidence with the 103.8 keVg ray that can be fulfilled eithe
by putting the transition onto the 103.8 or the 129.6 k
states. After the spin determination this transition was pla
to decay into the new 129.6 keV state, else the initial stat
the transition would have spin 6 the final one spin 4, lead
to a low-energy stretchedE2 transition, which is extremely
rare between low spin states of odd-odd Sb nuclei.

Comparing our level scheme to that obtained fromb de-
cay @5#, it can be concluded that the levels at 38, 104, 2
296, and 715 keV are in agreement, but the 372 and 350
g rays representing two different levels were assigned
decays from the 411 keV level on the basis of their coin
dence relations and the above discussion.

The levels at 104, 167, 236, 296, 395, 501, and 715 k
of the in-beam study@6# are in agreement with our result
The 372 and 236 keV gamma rays were assigned to hig
energy levels as explained above, as well as the 357
gamma ray on the basis of its coincidence relations.

Apart from the levels obtained by replacing previous
known gamma rays, our level scheme contains four new
els even below 715 keV, the energy region where our inv
tigations overlap with the previous ones, and there are ab
four times as many transitions in it as in the earlier wor
All the higher energy states are new.

A. Hauser-Feshbach analysis

As all but a few very weak lines assigned to112Sb are
placed in the level scheme, the level scheme obtained for
nt
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of
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nucleus can be considered nearly complete, thus the c
sections for the neutron groups feeding the different lev
can be deduced from the transition intensities.

Thes lev(p,n) relative cross sections obtained in this w
are shown in Fig. 6 for different bombarding proton energi
The internal conversion coefficients of theg rays deexciting
the levels below 150 keV are not known, and due to the l
energy of these transitions, the majority of the transition
tensities is furnished by conversion processes. Conseque
the neutron cross sections for these levels cannot be ded
precisely enough from theg-ray intensities, so the level
below 150 keV were ignored from the analysis.

Hauser-Feshbach theoretical results have been calcu
with the CINDY @13# program, which is based on the com
pound reaction model. The transmission coefficients w
calculated using the optical model parameter set of Wilm
and Hodgson@15# for neutrons and that of Perey@16# ~modi-
fied by Gyarmatiet al. @17#! for protons. The parameters o
the optical potentials are given in Table III. Beside the ne
tron channels, some (p,p8) channels were also included. Th
experimental and theoretical cross sections were normal
at the 411.1-keV 11 state. In calculations of the theoretic
curves, the values of the cross sections are interdepen
since changing the spin of any individual level requires
redistribution of the outgoing flux through all the other cha
nels. Nevertheless, the variation of the spin and parity of
level can cause only 5–10 % change in the cross section
the others. This means that using only the Hauser-Feshb
analysis we cannot make distinction between spins 1 an
nor between 0 and 4, and the analysis is not sensitive to
parity.
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55 2251PROTON-NEUTRON MULTIPLET STATES IN112Sb
B. Spin and parity assignment

The level spin assignments are based on the measu
internal conversion coefficients of transitions, on the Hause
Feshbach analysis, and on theg-ray angular distribution re-
sults. The parities came exclusively from the multipolarit
measurement.

We used a multistep approach to assign spin and par
values to the levels. In the first step we determined the sp
and parities of higher lying states. Using then the multipo
larity and angular distribution data for transitions from thes
higher lying states we could determine the spins and parit
of the low lying states, too.

For states above 150 keV the spin values were determin
first of all from the Hauser-Fesbach analysis, the dichotom
between spin 1 and 3 or 0 and 4 values were resolved us
the multipolarity and angular distribution data.

FIG. 4. The reducedx2 fits of the theoretical angular distribu-
tions of g rays to the experimental ones as a function of arctand,
whered2 is theE2/M1 intensity ratio for the transition. Labeling
numbers are the assumed spins and parities for the state in ques
Encircled numbers are adopted spins and parities based on all av
able data. The dashed lines show the 0.1% confidence limit for
reducedx2.
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In the case of the 510.7 keV state the feeding of the s
could be determined only with large error, leading to sp
range 1 to 3 for this state. The angular distribution of t
114.9 and 274.1 keV transitions feeding 31 states allowed
spin 2, 3, or 4, which limited the possible spin range to 2
3 for this state.

In the case of the 714.8 keV state both the angular dis
bution and the Hauser-Feshbach analysis allowed spin 1
3 values. The spin 3 value was excluded on the basis of
logf t value from theb decay work@5#.

For the spin determination of the 38.3 and 103.8 k
states the angular distribution data and the spin values
tained for the higher lying states were used. The 38.3 k
state is fed by anM1 transition from the 296 keV 21 state, a
DI51 transition from the 236 keV 31 state, and aDI50,1
transition from the 411 keV 11 state. The only spin parity
value allowed by these requirements is 21.

The 103.8 keV state is populated viaDI50,1 transitions
from the 395.9 keV 31, the 236.4 keV 31, and the 502.1 keV
51 states, allowing only for the 41 spin assignment.

The 61 keV state is fed by transitions from 11 states and
by anM1 transition from the 781 keV 21 state, making the
1, 2, and 3\ spin assignments possible. The 129.6 keV st
is connected to 41 states via low-energy, probably dipol
transitions, which suggests spin 3, 4, or 5 for this state. O
can also consider that these states do not decay to the1

ground state, although a ground state transitions would
enhanced by a factor of 20 for the 61 keV, and a factor
140 for the 129.6 keV state according to theEg

3 scaling for
dipole transitions. The lack of such transitions suggest t
the spin of these states differ by 2\ units from that of the
ground state. As the missing of the transitions may also b
result of some strong selection rule, the 11 and 5 spin values
are only tentative assignments to the 61 and 129.6 k
states, respectively.

Our spin values are in agreement with that of the work
Kamermanset al. @6# taking into account the replacement
the gamma rays, except for the 395.9 keV level, which i
31 in our level scheme, compared to the spin 5 of Ref.@6#. A
possible reason for this discrepancy may be that we obse
more g transitions deexciting this state, which resulted
higher excitation cross section, giving a lower spin valu
Our assignments differ at one point also from that of R
@5#. We have deduced spin 2 for the 38.3 keV state instea
1, and the spin 1 state is at 61.0 keV. The spin 1 value w
deduced from the intensity of the 38 keV transition, servi
as the basis for determination of the logf t value. As the 61.0
keV state is decaying 100% to the 38.3 keV state, it is
pected that the 38.3 keV transition will have the same int
sity in the decay of112Te, in spite of the fact that it is popu
lating now mainly the 61.0 keV state.

V. PROTON-NEUTRON MULTIPLET STATES

In an odd-odd nucleus the excited states are expecte
arise from the angular momentum coupling of the differe
proton and neutron states. In zeroth-order approximation
energy of thep-n multiplet can be obtained by addition o
energies of the odd proton and odd neutron states. The m
tiplets are split by the effective proton-neutron interaction

The low lying states of the neighboring51
111Sb and

ion.
ail-
e
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FIG. 5. Proposed level scheme of112Sb from
the (p,ng) reaction. Solid circles at the ends o
arrows indicate gg-coincidence relations.
g-branching ratios and multipolarities are als
given. The 22.7 and 25.8 keV transitions we
not observed, their energy values have been
ferred.
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111Sn61 @18# are shown in Fig. 7~a!. Below 850 keV there is
only the 5/21 ground state of111Sb, which is expected to
have dominantpd5/2 configuration. The low lying states o
111Sn with 7/21, 5/21, 1/21, 3/21, and 5/21 at 0, 155, 255,

FIG. 6. Experimental relative cross sections (s lev) of the
112Sn(p,ng)112Sb reaction as a function of the level energy (Elev)
at 8.5 and 9.0 MeV bombarding proton energies. The solid
dashed curves show Hauser-Feshbach theoretical results.
643, and 755 keV excitation energies haveng7/2, nd5/2,
ns1/2, nd3/2, andng7/2%21 character, respectively@19#.

According to Fig. 7~a!, the lowest lying states of112Sb are
expected to be members of the proton-neutron multip
based on thepd5/2 proton configuration. To estimate th
splitting of the different multiplets we carried out a parabo
rule @20# calculation. The calculations were performed in
way similar to those for112In @21#, using the same formulas

The parameters of the calculations were the strength
the quadrupole core polarization interactiona2

054.2 MeV
and the strength of the spin polarization interactio
a1
0;15/A50.13 MeV. These values are the same as used

the interpretation of114Sb and are very close to those used
the description of the structure of118Sb @4#. The occupation
probabilities of quasineutron states were calculated in B
approximation using the single-particle energies and pair
interaction strength of Kisslinger and Sorensen@22#. They
are as follows: V2(nd3/2)50.07, V2(nd5/2)50.76,
V2(ng7/2)50.56, andV2(ns1/2)50.29.

The result of the calculations are presented in Fig. 7~b!.
As in the case of other parabolic rule calculations, we u
one overall normalization term, which pushed up all t
members of the multiplets by the same energy.

The levels determined from our measurements are
sented in Fig. 7~c!. The experimental states could be asso
ated with the calculated ones on account of energies, sp
and dominant decay modes, since in quasiparticle s
model strong (;1 Weisskopf unit! M1 transitions are ex-
pected between theJ and J61 members of the multiplets
The dominant decay mode was determined by rescaling
branching ratios of the transitions withEg

3 . For states above
200 keV, where branching takes places at all, this resca
leads to a very prominent selection. The main branch
10–50 times stronger than the side branches.

Thepd5/2ng7/2multiplet.The ground state is expected
arise from thepd5/2ng7/2 configuration in analogy with the
neighboring114Sb nucleus. On the low spin side the 23–3
keV g cascade decays into the ground state, indicating
the 61-keV 11 and the 38-keV 21 states are the 11 and 21
d
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TABLE III. Optical model parameters used in this work. The V, W, andVso potential depths are given in
MeV and ther range anda diffuseness parameters are in fm.E is the energy of the bombarding proton o
outgoing neutron, given in MeV.

V W Vso r real r imag. areal aimag.

p1112Sna 60.34-0.55E 13.5 7.5 1.25 1.25 0.65 0.47
n1112Sbb 47.01-0.267E- 9.52- 7.0 1.28 1.24 0.66 0.48

-0.0018E2 -0.053E

aFrom Ref.@16#.
bFrom Ref.@15#.
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members of the ground state multiplet. On the high spin s
the ground state is favored by the 236–26–104-keV casc
suggesting that the 366-keV 6, the 130-keV 5, and the 1
keV 41 states form the high spin part of the mult
plet. The parabolic rule predicts a nearly degenerate mu
let, as the quasiparticle blocking factor (U22V2) makes
practically ineffective the quadrupole-quadrupole compon
of the effective interaction. The members of the multip
have energies less than 130 keV, only the possible 61 mem-
ber seems to be somewhat higher in energy.

Thepd5/2nd5/2multiplet.This multiplet is a particle-hole
multiplet, having an open up parabolic shape. The 419–
keV cascade selects the 715 keV 11, 296 keV 21, and 236
keV 31 states to belong to the same multiplet. Although t
dominant decay mode of this state leads to the 167 keV1

state, assigning this state also to thepd5/2nd5/2 multiplet, it
is only a factor of 3 stronger than the transition to the 1
keV 41 state. The situation is even worse for the case of
502-keV 51 state, which may be the 51 member of the mul-
tiplet. These branchings suggest that the two 41 states are
mixed. This assumption is in agreement with the decay of
104-keV state, but not with that of the 167-keV one.
should then decay via a 63 keV transition to the 104-k
state, which might be possible, if this transition is we
enough, but it should also decay via allowedM1 transition
to the ground state. TheB(M1) value of the 167 keV tran
sition is, on the other hand, only a few percent of the 3
keV transition allowing only a few percent mixing instead
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nt
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the few times ten percent expected from the decay of the
and 502 keV states.

Thepd5/2ns1/2multiplet.This doublet of 2
1 and 31 states

may correspond to the 510-keV 2,31 and the 396-keV 31

states, which are selected to belong to the same multiple
the 115 keV transition. The 296 keV state decays to
lower lying ones with intensities of the same order of ma
nitude, in agreement with the expectations.

The pd5/2nd3/2 multiplet. Although the centroid of this
multiplet is expected to lie at a relatively high energy, b
cause of the strong splitting, as well as the attract
pd5/22nd3/2 interaction, some states of this multiplet ma
intrude to observable energies. The 411-keV 11 state and the
781-keV 21 one were assigned to this multiplet, which a
connected via the 370 keV transition. There is a relativ
strong branch from this state to the 38 keV one, which in
cates that this state may also contain significant one-pho
component. The 31 member of this multiplet is predicted t
lie above 1 MeV. The states at 804 and 808 might be can
dates for the 41 member of the multiplet.

Up to 780 keV all states but one were identified as
quasiparticle state, using the parabolic rule. The unidenti
state might arise either from the one-phonon states or f
pg7/2 configuration based multiplets.

Comparing the energies obtained from the parabolic r
with those from the number-projected quasiparticle calcu
tions of Gunsterenet al. @8# shown in Fig. 7~d!, it is seen that
the calculated shapes are quite different. Thepd5/2ng7/2mul-
tiplet has open-up, while thepd5/2nd5/2 and thepd5/2nd3/2
n
-

-
is

n

FIG. 7. Proton-neutron multiplet states i
112Sb. ~a! Experimental level energies and con
figurations of the lowest lying states of111Sb and
111Sn. ~b! Results of the parabolic-rule calcula
tions for positive parity states. The abscissa
scaled according toJ(J11), whereJ is the spin
of the state.~c! Experimental results on112Sb lev-
els, ~d! results of the calculations by Gunstere
et al. @8#.
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ones have compressed open-down shapes. These differ
suggest that in Ref.@8# the occupation probabilities of th
neutron states were different from the values that we use
our calculations. The deviation of the splitting of th
pd5/2ng7/2 multiplet from the parabolic shape is a cons
quence of the use of short range effective interaction in R
@8#.
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