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In this work the microsecond isomers 1#%n and *2°Sh were investigated. These nuclei were produced by
the thermal-neutron-induced fission ¥fPu. The detection is based on a time correlation between the fission
fragments selected by the LOHENGRIN spectrometer at the (Iktenoble and they rays or conversion
electrons from the isomers. The decay schemes of the new istiher in*?%n and 23/2 isomer in'?°Sb are
reported. A shell-model study of these two nuclei was performed using a realistic effective interaction derived
from the CD—Bonn nucleon-nucleon potential. Comparison shows that the calculated energy levels and elec-
tromagnetic transition rates are in very good agreement with the experimental data.
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I. INTRODUCTION established up to spih”"=11/2", and a long-lived isomer
| ™=19/2" was found fromB-decay experiments. Our aim in

The study of nuclei in the close vicinity to doubly magic this study is to extend the knowledge of this nucleus to
1323 is currently drawing much attention. This is related tohigher spins, and to compare its structure with that of the
the fact that these nuclei provide the opportunity for testingoreviously known microsecond isomers BfSb[5].
the predictive power of the shell model well away from the Motivated by the new data made available by the present
valley of stability. experiment, we have performed a shell-model study?dh

In this paper, we have studied the yrast structure of thénd *?°Sh, assuming®’Sn as a closed core. In our calcula-
two isobarsn and 1?°Sh. In both of them the neutron tions we have employed a realistic effective interaction de-
holes occupy the levels of the 50-82 shell, but whilé¥sb  rived from the CD-Bonn free nucleon-nucleon potenfl
the valence proton is also in this shell, #8°n there is a  Similar calculations have been recently carried pdt for
proton hole in the lower 28-50 shell. The yrast states in thesether nuclei with proton particles and neutron holes around
nuclei are expected to have a simple structure and are theré?Sn.
fore well suited to test the matrix elements of the effective The paper is organized as follows. In Sec. Il we describe
interaction, in particular the proton-neutron ones in the holethe experimental method, while in Sec. Il we report on the
hole and particle-hole channels. results of our measurements. In Sec. IV we present the re-

Nuclear-structure information on the heavy In isotopes issults of our shell-model calculations and compare them with
very scarce. For nuclei abovEin, only the ground states the experimental data. Section V contains a summary of our
and the long-lived isomers, decaying I8 emission, are conclusions.
known. For?9n, apart from the known 9/2 ground state
and an excited 1/2 state at 380 keV1], the most important

information was the possible evidence, by Fogelbetral. Il EXPERIMENTAL PROCEDURE

[2], of the high-spin yrast traps 2372and 29/2 belonging The details of the experimental setup are given in Refs.
to the aligned configurationsmggsv(dgzahi,) and  [5,8]. The nuclei ofA=129 mass chain were produced by
mggav(h11p) 2, respectively. thermal-neutron-induced fission &f'Pu. The LOHENGRIN

Much more information is available for?°Sb. Stone and spectrometer at the ILL has been used to separate the fission
co-workerg3,4] reported on an extensive level scheme up tofragments recoiling from thin targets of about 4@@/cn?
about 2 MeV. The spins and parities of the levels were firmlythickness and 1.3 mg total weight according to th&iig

ratios. The fission fragments are detected lkyEagas detec-
tor and subsequently stopped in a Mylar foil of & thick-
*Permanent address: Schuster Laboratory, University of Manchegess. They rays deexciting the isomeric states are detected

ter, Manchester M13 9PL, UK. by two large-volume Ge detectors and the conversion elec-
TPermanent address: Instittit fiernphysick, Universitazu Kaln, trons are detected by two cooled adjacen(LiSidetectors
D-50937 Kdn, DE. covering a total area of 26 cn, located 7 mm behind the
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FIG. 1. y-decay spectrum of the microsecond isomers observed
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FIG. 3. SiLi) spectrum of*?%n gated by the sum of the 359.0-,
995.2-, and 1354.1-keV rays.

in the A=129 mass chain in delayed coincidence with the fissionserved lines are interpreted as theKlp—x rays and theK

products. The energy error for the lines is 0.2 keV.

andL conversion electrons of the 333.8-keV transition also
observed in they spectrum. The measured value of the con-

Mylar window. The electron detection efficiency is very version coefficienity, =0.08(2) is compatible either with an
high, about 30%, and the setup allows one to detect electrold 2 (ax=0.071) or arE3 (ax=0.063) transition. The mea-

down to a very low energy+15 keV).

I1l. EXPERIMENTAL RESULTS
A. 9

sured half-life of the isomeric transition allows one to com-
pute the reduced transition probability rates for pure multi-
polarity B(M2)=0.032(2) W.u. andB(E3)=279(16) W.u.,
respectively. As accelerated2 or E3 transitions are not
expected, one may conclude that the isomeric transition is
predominantlyM 2 in nature.

In a previous work devoted to new microsecond isomers The 1295 |evel scheme is shown in Fig. 4. The

in 2°%sn and *°Sb [9], we also reported on fouy rays
belonging to a new isomer if?in. However, the poor sta-

conversion-electron measurements allow us to fix unambigu-
ously a spin and parity valug€'=17/2" for this new isomer.

tistics of this measurement were not sufficient to get a pre-
cise half-life of the isomer and to build a reliable level B. 12%5p

scheme. Consequently, a new measurement was performed thanks to the high statistics for the=129 mass chain,

with better statistics. The new-decay spectrum of th&  gnother weakly produced isomer was also observed. It de-
=129 mass chain in delayed coincidence with the fission

fragments is shown in Fig. 1. The time spectrum of the

X+281. (292" 110 ms
333.8-keVy ray is reported in Fig. 2, and a mean half-life 281.0
value of 8.%5) us was measured for the four lines deexciting )
. X (23/2) 700 ms
the isomer.
The SiLi) spectrum in coincidence with the 359.0-, B
995.2-, and 1354.1-keVy rays is shown in Fig. 3. The ob- 1688.0 1712 85ps
3338 M2
1354.2 (109 13/2°
1000 3600
] *In E =333.8 keV 995.2 ® 11/2"
2
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FIG. 2. Half-life spectrum of the 333.8-keY ray of the 1?%n

isomer.
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FIG. 4. Decay scheme of th&9n isomer. The relative intensi-
ties of they rays are reported in parentheses. Two long-lived mil-
lisecond isomers, previously found by Fogelbegal. [2], have
been added to the figure. The excitation energy of the lowest energy
state, which decays hg emission, is unknown.
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the A=129 mass chain in delayed coincidence with the fission

products. The contamination &f°Te is due to a small admixture of

A=129 and 135 masses having clds& ratios.

cays by two weaky rays of 98.62) and 189.52) keV. More-
over, theK- andL-shell conversion electrons of the 98.6-keV
transition were also observed in thgl$) spectrum shown The main difference between t
in Fig. 5. These two transitions are in coincidence, as show
in Fig. 6, and their half-life reported in Fig. 7 is 1.1(s.
The electron energy differencex—E, for the 98.6-keV
transition, and they and electron energy difference

sition in

— Ek allows us to assign this new isomer to the Sb element.
The experimental conversion coefficient valug=1.1(2)
for the 98.6-keV line is compatible only with &82 multi-

polarity, and the reduced transition probability B{E2)
=0.51(9) W.u.
This new isomer very likely feeds the 19/2state at

1295p.

4

E, (keV)
FIG. 7. Half-life spectrum of the electrons of the 98.6-keV tran-

energy was reported in the work of Stone and Walfdis
and we have measured its half-life in a previous wdr@].

he two Sb isotopes concerns
the relative positions of the 15/2and 19/2 states, which

are reversed in these two nuclei. The consequences of this
feature are dramatic for the 19/&tate that has a very dif-

Y ferent half-life in these two nuclei.

IV. COMPARISON WITH THEORY

As mentioned in the Introduction, we have performed a

shell-model study of*?In and *?°Sb employing a realistic

effective interaction derived from the CD-Bonn nucleon-

1851.0 keV excitation energy and of 17.7 min half-life, andnucleon potentigl6]. We consider the doubly magi¢?sn as

is the analog of the one already found 1&'Sb [5]. This

a closed core and let the valence neutron holes in both nuclei

hypothesis is supported by the fact that the isomericoccupy the five levels of the 50-82 shell. The same model

transition energies are very clo@8.6 and 96.4 keV in?°Sh

and 13!Sb, respectively and the excitation energies of the
23/2" isomeric states are also very clo€139 and 2166
keV 12°Sh and!3!Sh, respectively

The '2°Sb level scheme is shown in Fig. 8 and compared.,, e
to the previously known level scheme of tH&'Sb isomer
[5] . We have also added in the level scheme another previlsgg.g

21389
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FIG. 6. y-ray spectrum in coincidence with thé electrons of
the 98.6-keV transition of?°Sh.
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FIG. 8. Decay schemes of the isomers'fiSb and*3'Sh.
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TABLE |. Single-particle and single-hole energies(MeV)  namely, those corresponding to the experimental ones of Fig.
adopted in our calculations. 8, are also shown. A more complete spectrum is reported in
Ref. [7]. The significant similarity between the spectra of

Neultm”l'ho'e Pmt?”'pf‘”ic'e Prolton‘lho'e these three nuclei makes a comparison of their level structure
eve € eve € eve € quite interesting.
1dy), 0.000 @y 0.000 @,  0.000 The 7/2" and 11/2 states in*3!Sb result essentially from
Ohyy1/ 0.100 s, 0.962 Py 0.365 the coupling of the valence proton in thpe,, level to the
25,0 0.332 y 2439  Ipy, 1650 ground and first 2 state of**%Sn, respectively. The next two
1dg), 1.655 i1 2.793 O 2750 groups of states are dominated by a single configuration,

being members of the.g,,v(dz3h1;},) and (hyyp) 2

0975 2.434 By 2.800 g 97/2v(U32N11) TG72v(N1yy

multiplets.

In 129N, the role of the valence proton in tlag, level is
proton hole in*29n is assumed to occupy the four levels of Played by the proton hole in thg, level, while the structure
the 28-50 shell. Our choice of the proton single-particle ancf the two neutron holes is preserved. In this case, the'11/2
neutron Sing|e-h0|e energies is discussed in %flwhere a State Corresponds to the stretched-minus-one COUpling of the
similar study of the heavier Sb isotope$? 131138 was  Pproton hole to the 2 state of**Sn while the stretched cou-
carried out. As regards the proton single-hole energies, theling gives rise to the 13/2state. The 17/2 state is a mem-
have been taken from the experimental spectrumidih  ber of the mgg,v(dyzhiy;,) multiplet. All other members
[11]. The adopted values are reported in Table I. turn out to be higher in energy, with the maximum-spih

A description of our derivation of the effective interaction =23/2" state lying only few tens of keV above the 17/2
including references can be found in REf]. Here we only  one. Aside from the 11/2 state, we find three other states in
mention that the effective interaction in the neutron-neutrorthe energy interval between the 13/and 17/2 states. They
channel has been calculated in the hole-hole formalismall haveJ=<9/2, which is consistent with the isomeric nature
while the proton-neutron matrix elements have been derivedf the 17/2 state. The 29/2 state, which we predict at 389
in the particle-hole and hole-hole representation 8iSb  keV above the 23/2 level, is the maximum-spin member of
and 12n, respectively. mggv(N112) 2 configuration.

We now present the results of our calculations. They have The states of?°Sb have essentially the same structure as
been obtained by using tl@xBASH shell-model cod¢12]. that of the corresponding states 1#'Sb, the additional two

In Fig. 9 we compare the calculated levelsifin and  neutron holes giving rise to a zero-coupled paiire 17/2
12%5h with the experimental ones which have already beestate, which has not been observed, is predicted to lie at 1.86
reported in Figs. 4 and 8. Some selected levels'88b, MeV). It should be noted, however, that configurations other

23/ 2 2.166

2.127 23/2  2.139 2.106
19/2+ 2070 w 19/m ................ 2047
29/ 2¢ X+O'28-1-....________ 1062 > 2040 _ 2047
15/2 1.861 1808
19/2 1.851 e, 0
23/2 X 1772 1.727 1.802
— 19/2____1.688_ — 1678
17/2 1.688 1573 15/2 1.677 . 1.677
R 1.628
1.540 1.426
wz 134 1.300 1.322
S 1205 11/28 1226
11/2° 1128
11/2° 0995 -
or2r 0 0 7720 . _ 0 e 0 0
Expt Calc Expt . Calc Expt Calc
129|n 13lsb 1298b

FIG. 9. Experimental and calculated energy lev®eV) in *?9n, 3Sb, and*?%sh.
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TABLE II. Calculated and experimental reduced transition probabilifi¥si) and half-lives in*'Sb,

129, 12%gp,
Nucleus Transition JT—=J37 Reduced transition probability T
Calc. Expt. Calc. Expt.
1315p E2 23/2" —19/2" 0.60 0.5310) 1.2us 1.1(2) us
E2 19/2" —15/2" 1.02 0.6us
E2 19/2 —15/2 1.24 0.9918) 4.4us 4.3(8) us
M2 15/2 —11/2" 0.33x10 2 0.66x10 3(11) 18.7us 65(5) us
129n E3 29/2"—23/2 052<10°*  0.66x10 %100 170 ms 11015 ms
M2 17/2 —13/2" 045101  0.32x10 %2 6.0us 8.5(5)us
12%5p E2 23/2" —19/2" 0.97 0.519) 0.7 us 1.1(1) us
E2 19/2" —15/2" 1.07 0.2us
M2 15/2 —11/2" 0.25x10°?  0.26x10 2(3) 2.2us 2.2(2) us

than the dominant one play a significant role, their percentfound to decay by two competirigl transitions to the 1972
age ranging from 20% to 48%. In particular, they are responand 17/2 states.

sible for the inversion of the 15/2and 19/Z states with

respect to'31Sp. V. CONCLUSIONS

As regards the quantitative agreement, we see that the .
observed excitation energies are very well reproduced by our |N€ present delayeg-ray and conversion-électron mea-
calculations, the only significant discrepancy occtinsall surements of fission prod_ucts have aIIO\ﬁed the stud_y of the
three nuclei for the 11/2 state, which is predicted to lie a Yrast structure of the two isobatén and *°Sb. Two high-
few hundred keV above its experimental counterpart. ThiSPIn isomers 17/2 and 23/2 have been established. These
discrepancy leads to an inversion in the ordering of the'€W qlata substantially extend our study of these neutron-rich
13/2" and 11/7 levels in 129n. nuclei close t0*3%5n to higher-spin states.

In Table Il we compare with the experimental détata In conne_cti_on with the experimer_ual work, we T?ve per-
from works other than the present one are taken from Refdormed realistic shell-model calculations f&#n and 12°Sb,
[2,5,13) our predictions for the electromagnetic transition Which are the main subject of this study, as well as'fisb.
rates and half-lives, the latter obtained by using experimentdictually, the energy levels of the latter nucleus were already
y-ray deexcitation energies, whenever available, and inclugc@lculated in the study of Reff7]. Here, we have completed
ing conversion. TheE2 transition rates in Sb isotopes have this stut_jy by calcullatlng the elxpenmentalltransnmn rates and
been calculated with an effective proton chaﬂj§=1.55e, comparing them with the available experimental data. As al-

which is the same as that adopted in R@i4] for the N ready mentioned in Sec. IV, the inclusion &#'Sb in the
— 82 isotones, while for the proton hole #39n we use the present study is motivated by the remarkable similarity be-

. 3 . 12!

value o= 1,35, as results from our study of (1850 JLESA 510NN MOPRTeS MO TESE TR A B L
isotones[15]. For the neutron hole we take the value Ofaver satisfactory inter re';atié)n of the ex erimentalg ectra
0.78, which reproduces the experimental value of the Y y P P P

B(E2:10"—8") in 23%n. In the calculation of the magnetic and the electromagnetic-transition rates for the three nuclei

0 X . considered. It should be stressed that no adjustable param-
transitions we have used the free gyromagnetic factors, sinc

reasonable changes in their values would only slightly affecfeeters have been used in our calculations.
the final results. From a comparison with the experimental
data, we see that a quite good agreement is obtained in all
cases considered. In Table Il we also report for the two Sb  We wish to acknowledge Professor M. Asghar for stimu-
isotopes the values oB(E2;19/2" —15/2"). The 15/2 lating discussions and a careful reading of the paper. The
level, which has not been observed, is predicted to lie afvork at the University of Naples Federico Il was supported
about 100 keV below the 19f2level in both nuclei. The in part by the Italian Ministero dell'lstruzione,
calculated values of the abo®B£E2) are consistent with the dell’'Universitae della RicercdMIUR). A.S. acknowledges
findings of Ref[5], where the 19/2 state in!3!Sb has been support from BMBF under Grant No. 060K958.
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