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Shell model study of backbending phenomena in Xe isotopes
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Xe isotopes near mass~ 130 region, which exhibit features of(6) symmetry at low energy and the
backbending at high spins, are studied in the shell model framework. The monopole and quadrupole pairing
plus quadrupole-quadrupole interaction is employed as an effective interaction. As for single-particle levels, the
1ds,, Ohyqp0, 2S5, Orbitals are taken into account for neutrons and ttg,1 0g-,, orbitals for protons under
the assumption oN=Z=64 subshell closure. The calculation reproduces the experimental energy levels of
high-spin states as well as low-lying states well. This is the first successful microscopic description of the
backbending in this mass region. The shell model states are examined in pair-truncated models. The analysis
shows the alignment of twoH),,, neutrons at high spins.
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[. INTRODUCTION with higher angular momenta is a predominant mechanism
of the structure change in the high-spin states near the back-
There exist two prominent features in nuclei with massbending region. Thus, previous studies were successful only
A~130. First, the backbending phenomena are observed it the low-lying state$2—4,11—-13, but they are not enough
many of the nuclei in this region. The basic mechanism ofor high-spin states without decoupled pairs.

the phenomena has been regarded as a quasiparticle levelMicroscopic studies of the backbending phenomena have
crossing between an unoccupied higintruder orbital and been carried out in terms of mean field frameworks. Various

the most high-lying occupied orbital, causing a sudden incranked Hartree-Fock-Bogoliubov calculations using  the
airing plus quadrupole-quadrupole type interact{di—

crease of moment of inertia along the yrast level sequenc&l).g] the Gogny interactiofi20.21], and the Skyrme interac-

Secondly, the energy scheme shows a feature of thesta- tion [22,23 have described the backbending phenomena suc-

bility in low-lying states, which is known as a manifestation ;
. : ) cessfully. However, very few studies were made from the
of O(6) symmetry in the interacting boson modeM) [1]. ell model point of view. The reason is stated as follows.

This feature becomes manifest in the energy staggering Qjhile most medium-heavy nuclei with a large number of

even-odd spin states in the qugsband and also in some pycleons show the backbending, applications of the shell
forbiddenE2 interband transition rates. To describe consisynodel were restricted to light nuclei with a few valence

tently these aspects in terms of a completely microscopigucleons since the dimension of the configuration space be-
framework is an important and intriguing issue in the transi-comes prohibitively huge for heavier nuclei. Though the
tional nuclei. number of studies is limited, in lighter nuclei there exist a
The IBM describes collective properties of low-lying couple of studies of the backbending in the shell model
nuclear states in terms of its angular momenta Zer@nd  framework. For example, the backbending calculations were
two (d) bosons. Low-lying states in th&~ 130 nuclei were carried out for *Cr and °Cr, and the even-spin yrast se-
extensively studied in terms of the IBM, and energy spectrajuences were reproduced quite wekt,25. The mechanism
and electromagnetic transitions were successfully describesf the backbending foféCr was investigated in terms of the
[2,3]. A similar study was carried out using the fermion dy- projected shell model and the generator coordinate method
namical symmetry modedFDSM) [4]. The low-lying states [26].
were also well reproduced in terms of the FDSM. However, The IBM was extended by including the fermionic in-
the model has deficiencies that structure of pairs is fixedruder configurations[27,28. Backbending calculations
irrespective of dynamics and that the contribution of single-around theA~ 130 region were carried out on the basis of
particle energies within thk-i basis is a constant. this extended IBM 27-30. Although it was a very impor-
Recently, the nucleon-pair shell mod®&IPSM) [5,6] was  tant attempt, the model cannot deal with the Pauli principle
introduced to incorporate dynamics in determining the strucexplicitly between the boson core and the fermionic intruder
ture of pairs. The model essentially reduces to $fizpair  configurations. To take into account the Pauli effect explic-
model[7-11] except some details in mathematical treatmentijtly, we introduce a model of th&D pairs with a neutron
provided that the pairs in the NPSM are restricted to thgh,;,,)2-pair as an improved model of the extended IBM by
angular momenta zer(®) and two (D) pairs. However, the replacing thes andd bosons by thes- and D-collective fer-
NPSM with S and D pairs is not successful in describing mionic pairs.
high-spin state§12-14 because decoupling of the pairs  In this paper we describe in a comprehensive manner the
nuclear states from low spins to high spins, where the former
indicate they instability and the latter display the backbend-

*Electronic address: higashi@phy.saitama-u.ac.jp ing phenomena, using both the full-fledged shell model and
TElectronic address: yosinaga@phy.saitama-u.ac.jp pair-truncated models. In the practice of calculations, we em-
*Electronic address: tanabe@phy.saitama-u.ac.jp ploy the monopole and quadrupole pairing plus quadrupole-
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guadrupole interactionR+QQ) as an effective interaction. TABLE |. Adopted single-particle energies for neutron holes

The model space is restricted to68l<82 (50<Z<64) for  and proton particles, which are extracted from experinidt32

neutrons(protons under the assumption d=Z=64 sub-  (in MeV).

shell closure for the feasibility of our shell model calcula-

tion. j 281, Ohyy0 1dgp, 1dsp, 0975
In Sec. II, shell model calculations fdr®"z;Xe isotopes 0332 0242 0000

are carried out. First, force strengths of two-body effectlveew 0.962 0.000

interactions among identical nucleons are adjusted to fit ex=

perimental data for singly closed nuclei. Next, quadrupole-

guadrupole interactions between neutrons and protons for

open shell nuclei are adjusted. The shell model results for the H,.= Z szCijTijT— GoTPI(O)P(TO)
even-even isotope$®~1*%e are examined in detail in Sec. im
. In order to investigate collective behavior at low energies = . .
9 g ~Gp PI@. PP~ k.:Q.-Q,1, )

and the effect of the pair of twolQ 1, neutrons at high spins,

the energy spectra in the shell model are compared Witlyhere :: stands for normal ordering. Hesh,, andc;y,, are
those in the truncateBD collective space and those in the the nycleon creation and annihilation operators, respectively,
truncatedSD+ (hy,/)” space. ThesD space 1S constructed ang (j,m) represents a set of quantum numbers necessary to
by theSar;dD_p_aws, and thesD+ (hy1,)” space by a neu-  gpecify a single-particle state. The monopole-pairing opera-
tron (h;1/2) pair in addition to thé_andD. pairs. The Hamil- tor Pl(O), the quadrupole-pairing operaths{,,(f), 5§\A2)T and
tonian in these truncated spaces is set identical to that used,me uadrupole operat@,,. are defined as
the shell model. In Sec. IV, results reported in this paper are q P P M7
summarized and conclusions are drawn. Pi+1
j+1 .
PIO=2 —5—Asii), )
Il. SHELL MODEL CALCULATIONS :

All the relevant orbitals should be included in the original t(2)_ @)
PI(2)= A 4
shell model space to describe a nucleus in the major shell M7 %:2 Qi Aui= J1l2). @
between 56-N(Z)=<82. However, some kinds of truncation

schemes are necessary since at present large-scale shell PP =(—)MpE), | (5)
model calculations are infeasible for these medium-heavy
nuclei. f~

From experimental excitation energies of the nué¢iésn Qum-= E Qi 2[C]17CizT]( ),
and 1¥3sb[31,32, a relatively large level spacing is inferred a2
between the levelsds;, and 1d5,, which is about 1.7 MeV G =(—1) e ) ©®)
for both the neutron and proton single-particle orbitals. In the imz I=me/
Xe isotopes, with which we are concerned, the number of G4Ir2Y @)
valence neutron holes is restrictedNg=0~6 (N,.=4 for Qjj,=— 1—2, (7)
proton particles so that the occupation probabilities of vz V5

1dss, Ohyys0, and &4, (1ds and levels are expected . . . .
o ba Iarglé/rzfor the ﬁgétro{?ézrotom%;/;)ce For instange this Where the creation operator of a pair of nucleons in orbitals

fact can be readily confirmed by investigating tBepair )1 andj2 ith total angular momentuand magnetic quan-
structure which composes the ground states. In Réf.the UM numbemM is constructed as
structure of theS pair was determined in the full major shell

to show that the occupation probabilities in thels, A= 2 (jamgjomglIMie] el
Ohq4s2, and 2,,, (1ds,, and Qg,) levels for neutron holes myMz e
(proton particles are dominant. Therefore, we assume the =[c ¢l ¥ ®)
N=Z=64 subshell closure, and adopt the same single- Ja7 lpmIM

particle orbitals given above in the present analyses.

. ML . The interaction between neutrons and protehs, is taken
The effective shell model Hamiltonian is written as P

as
v (1) HV’JT: KVWQV'QW' (9)

whereH,, H,., andH . represent the neutron interaction, Here the operato® . is the quadrupole operator defined by

the proton interaction, and the neutron-proton interactionEg. (6). We employ the harmonic oscillator basis states with

respectively. oscillator parameteb=1. The usage of these interactions
The interaction among like nucleobs. (7= or 7) con-  was presented in Reff7—10].

sists of spherical single-particle energies, monopole-pairing The single-particle energies, employed in the calcula-

interaction @), quadrupole-pairing interactionP{?)), and  tion are listed in Table I, which are extracted from experi-

qguadrupole-quadrupoleQ) interaction: mental excitation energies in Ref§31,32. The single-

H=H,+H,+H
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TABLE II. Force strengths used for Xe isotop@s MeV). be misleading because of the differences of the shell model
spaces. However, it is recognized in Table Il that our neutron
e ¥Xe e ¥Xe e ¥Xe ™%Xe  pairing strength$,, are close to this value, and proton pair-
ing strength<s,,, are slightly larger. The difference between
Gor 0200 0.200 0200 0.200 0200 0.200 0200 4,5 e ytron and the proton pairing strengths given by Ref.
G,, 0.010 0.010 0.010 0.010 0.010 0.010 0.010 [12], i.e.,Gy,=0.131 MeV andG,,=0.180 MeV, is simi-
- 0080 0.080 0080 0080 0080 0.080 0.080 |arto ours. Our pairing strengths are about 0.02 MeV larger

Go, 0.160 0.150 0.150 0.170 0.180 than those in Ref12].

Gay 0.012 0.008 0.004 0.006 0.006  Concerning the&QQ interactions, the force strengths cho-
K, 0.160 0.160 0.160 0.120 0.160 sen in the calculation are much larger compared to the pre-
Ky 0.240 0.200 0.180 0.160 0.100 0.120 vious studiegespecially,x, for the interactions among neu-

trong [10-12. With weakerQQ interactions, energy levels

i ) of high-spin yrast states cannot be reproduced. There are
particle energies are kept constant throughout all the Xe, .o calculations with stronge®Q interactions. For ex-

i_sotopes. The f(_)rce strengths of two-body effecti_vg irlteracI’;lmple, the NPSM calculation in tH&D space uses the sur-
tions are given in Table Il. The method of determining forceface delta interaction among like nucleons @D .. inter-

1 w
parameters is stated as follows. action between neutrons and protops4]. Their force

First, two-b'ody effective mteracﬂqns among |dent|'cal strengths of theQ,Q, interaction are similar to ours in
nucleons are fixed to reproduce experimental data for singl agnitude

H 13| 126-13
c![osedthnuc]lce;h of Gxe. tand i Ent. Secondl¥, force d The theoretical and experimental spectra for positive par-
strengths of theQ,Q, interactions between neutrons an ity levels are compared in Fig. 1. F#%e, which is a singly

protons, , are determined }‘or open shell nuclei. Finally, the closed shell nucleus, the yrast 8tate comes close to the 4

force _strengths .OT the,Q, Interaction among NeUtrons,  gia16 iy the calculation. This is characteristic of our effective

are slightly modlfle_d for a better flttlng_of high-spin states. interactions of the®+ QQ type. If we intend to describe the
Some characteristics of the theoretical spectra are as fo, avel spacing between these two states more precisely, we

3 .
lows. In the case of**Sn, the energy spectrum is not well oq higher multipole interactions in the Hamiltonian, such
reproduced. Especially the calculated excitation energies ags 4 hexadecapole-pairing interaction, a hexadecapole-

rather higher than experimental ones. hexadecapole interaction, and so on.
The ground state of 3/2and the first excited state of In 13%Xe, the level spacing between the yrast and 6

iAl3 12
%217/2 a;]e well replroduc%d irt¥'Sn an_d Sn. In caseb of hstates is small, and the yrast &nd 10" states are almost
Sn, they are almost degenerate in experiment, but thgeqenerate in experiment. Our theoretical energy levels
separation is about 0.3 MeV in the calculation. The resultingy5tcp, the irregularities of the experimental data, and achieve
order of the calculated energy levels is qualitatively eX-sufficiently good agreement. The™ 2state on the quasi-

plained as follows. ___band is a bit lower and the;3state is somewhat higher in
For the ground state of*}Sn, one neutron hole occupies : . n
our calculation than experiment. The calculatgdate ap-

the 1d5,, orbital. This state has the spin and parity 3/For pears lower in energy, due to the facts that B QQ in-

the ground state of?°Sn, three neutron holes occupy the o A _ _
. ) . - teraction is oversimplified and the yrast band is mainly fo-
1d5, orbital. Since two neutron holes compose a pair of spin

and parity 0 and one neutron hole occupies thd;a or- cused on determining force parameters.

13 e
bital, this state has the spin and parity 8/20n the other theln uaze,bil?]?jrggr;e\r/s:sc?r:atgle a’;rrzplpogﬁzt dbir:% %Tﬁ
hand, for the ground state df’Sn, five neutron holes cannot quasty y P ’

. e calculation predicts that the yrast 1@tate should come be-
occupy the By, orbital, because thedk, orbital is filled | "+ statgs This is consigtent with the following experi-
with four holes. Four neutron holes fully occupy thesb '

) P : "
orbital and one neutron hole occupies thh;{, orbital. rgental lgwdenlcge. The 191248 Isomeric _transitions for
’ ; OTe, 132Te, ¥%e, and **Xe were reported in Refs.
Thus, the ground state has the spin and parity 11/he [35 3'61 Théir half-’lives of the 10 isomers areT
first excited state of?’Sn has the spin and parity 3/2since 2 12

. ! =1.90(8) us, 3.70(9) us, 5.9(8) ns, and 5(1)us for
a 1d5,, neutron hole excited to thehQ,,, orbital composes a 13 13 13 134 :
0" pair together with the partner in thenh@,, orbital, two Te, "Te, ™Xe, and "*Xe, respectively. On the other

. 3 . -
holes in the H5, orbital compose a 0 pair, and one neutron hand, in case of**Xe, the 10 isomer decays into the 7

M . . level by the unique transition &3 multipolarity and has the
22:;5 F:aerr:;;'g;;g in the d, orbital produces the total spin long half-life of T,,=8.4 ms[37]. This fact indicates that

The force strengths of the pairing interaction are deter2Ur calculation yields consistent results along the yrast se-

mined under the general assumptions on the nature of th%usnce, predicting the unknowr &tate to appear above the
residual interactionf33] 10, state about 0.05 MeV.

In 1¥%e, the even-spin yrast sequence is well reproduced
20 MeV except for the 8 state, which is lower than experiment. The
A (10) calculated quasi+ band appears somewhat higher in energy
than experiment, but the result is satisfactory. Especially, the
This givesG~0.15 MeV forA~130. Direct comparison of energy staggering of even-odd spin states on the guasi-
the present interactions with those in other approaches mayand is well reproduced.
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FIG. 1. Comparison of energy spectra in experim@xp) with the shell modelSM) results for the even-even isotopé®-13%e.
The experimental data are taken from R¢&1—37.

In even-even isotope$®®~13%e, experimentaly-ray en- around 2.9 MeV[35,36. The calculated levels agree with
ergies versus angular momentunare compared with the experimental ones, especially the sudden decrease of level
shell model results along the yrast sequence in Fig. 2. In thispacing occurring around the states of spiri 19 well re-
figure for 13?Xe, we use the experimental excitation energiesproduced for all of these isotopes.
of the yrast 10 state instead of the yrast'8state since the In Fig. 3 the calculated yrast levels are compared with the
8" states are not yet known experimentally. On the otheexperimental data for odd isotop&¥—13Xe. It is recognized
hand, for*%Xe and 1¥¥Xe, the excitation energies of thg'8 that yrast levels are well reproduced except for low-lying
states are available since these states were observed regative parity states it*Xe. The negative parity states
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[ ' ' ' ' ' ' necessary either to shift thg,, single-particle energy rela-
' %e — gi'c' tive to the others or to modify the force strength @fQ,
P related to theh,q,, orbital.

IIl. THE ANALYSIS OF THE SHELL MODEL RESULTS

Throughout the great successes of the IBM, it has been
understood from a microscopic consideration that nucleon
f pairs with low angular momenta play essential roles in
nuclear collective motion. Therefore it is natural to expect
that theSD-pair model works well in describing low-lying
states. In this model, nuclear collective excitations are de-
scribed by theS- and D-nucleon collective pairs.

Using the two-nucleon creation operat@r;%“) as defined
in Eq. (8), we give theS andD pairs in terms of the linear
combinations ofAl(? |

2
X
oD -

Uy ] s'=21 ;AL j)), (1D
L 4 ]
0.5F : t (2
a ] Du=2> B i, A 1i2). (12)
- 1 J1l2
0_ 1 L 1 ]
0 4 8 12 The structure coefficienta and 8 are determined so as to

() maximize the collectivity of th&sandD pairs. More explic-
itly, the structure of the collectiv8 pair is determined by the
FIG. 2. Comparison ofy-ray energiesE [E,=E(I+1)—E(l variation
—1)] versus angular momentuinin experiment(exp) with the
shell model(SM) results for even-even isotopé®-*%e. The ex- N N
perimental data are taken from Reff84-37. &S |H|S )=0, (13
appear lower in energy than those of positive parity state¥/hich is considered as a number conserved BCS equation. In
due to the energy difference between the ground 1Had ~ the second step, with the use of tSepair obtained above,
the first excited 3/2 states in*2’Sn. A simple modification the structure of the collectiv® pair is determined by

of force strengths of the present scheme turns out to be in-

sufficient for changing the order. For this inversion, it is S(SN"ID|H|SVID)=0. (14)
" exp. SM T exp. SM T exp. SM ]
- 512 .
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| s — 12 Ref.[34].
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After determining the structure of th® and D pairs, the to the shell model, its results are still much better than those
collective states of even-even nuclei are constructed on thie the SD-pair model, especially at high spins. The expecta-
core|—) as tion values of the numbers dd and H pairs in the yrast
sequence are listed in Table Ill. There we also see thabthe
(SH"(DT)"|—)=|S" D" 7l), (15  andD pairs are dominant in low-lying states, and the effect
) » ) of the H pair is large above 8 states. Comparing the
where 7 is an additional quantum number required to cOM-gp nair model with the shell model, a qualitative agreement
pletely specify the states anda total angular momentum of s generally achieved in the low-lying states. Especially, the
the nuclear state. Here, the number of valence nucleon PaiEs/en-odd staggering in the quagiband is well reproduced.
ns+ng is fixed constant for a specific nucleus. TB®-pair s implies that the low-lying states consist mainlySdind
states are generally nonorthogonal and the Schmidt orthoggy pairs, and theSD truncation schemfl0—14 provides us

nalization procedure is necessary. The detailed prescriptiongiih an efficient and practical method in the-130 region.
for the SD-pair model have been given in Ref8~-10.

In the present paper we propose t8®+ (hjq/,)2-pair
model, which includes a pair of neutrons in thie; @, orbital
in addition to the ordinarg andD pairs. The reason why the It is one of our purposes to propose a shell model descrip-
(h11/9? pair should be incorporated in tf&D-pair model is  tion of high-spin phenomena which are caused by the inter-
stated as follows. From various experimental investigationglays between quadrupole collective motion and the excita-
[38,39, it is inferred that the spin alignment of two neutrons tion of single-particle degrees of freedom in medium-heavy
in the Chyy, orbital, the intruder high- orbital in A~130  nuclei. In this paper, we have successfully demonstrated the
region, contributes to the determination of the yrast £6n-  capability of the shell model by showing the theoretical re-
figuration, and gives rise to backbending. Hence, #i@  sults for Xe isotopes in th&~ 130 region.

+ (hy1/)%-pair model is expected to work thoroughly in both  The calculated spectra are nicely fitted to experimental
the high-spin states and the low-spin states within a commodata for high-spin states as well as low-lying states, and the

IV. SUMMARY AND CONCLUSION

framework. backbending is well reproduced for the even-even isotopes
The (hy4/,)%-pair creation operators are defined as 130-13%e. Particularly, the complicated yrast band levels are
Ot ) well reproduced for*2Xe and **Xe. In 1¥2Xe, the experi-
Hu=[C112 C1apl (16 mental half-lifeT,;,=8.4 ms of the yrast 10state is much

longer compared to other nuclei. This suggests that the ex-
perimentally unconfirmed B state exists above the j10
state. Our calculation predicts that the yrastate exists at
an excitation energy about 0.05 MeV higher than thg 10
state. This is the first successful description of such an ir-
regularity in terms of the shell model framework. Concern-
ing *%e and **2Xe, our calculations reproduce the energy
tyns 1y T N 1 YR\ — | Qs NGy N staggering of even-odd spin states on the guga%iand,
(SHTADHMHY)™| =) =|S=DH™ 1), (9 which indicates the instability of a deformed potential in the
where 7 and! denote the same as in t&D-pair model, and ¥ direction. The reproduction of the yrast band is satisfactory

ng+Ng+ N, gives the number of nucleon pairs. In the presen IS0 for odd mass nuclei except f6FXe, in which negative
calculation, the number of thil pairs is limited to at most P&ty states come lower in energy. In order to fit the theo-
one (i.e., n,=0 or 1). Thus, the states of even-even nuclei '€tical spectra to experiment, we have chosen much stronger

force strengths of th®,Q, interaction among neutrons. Al-
though inclusion of higher multipole interactions may be de-

with J=0, 2, 4, 6, 8, and 10. Note that thé,(,,)? pair
has a unique structure in contrast to ®andD pairs, and
has some overlap witS or D pairs forJ=0 orJ=2, respec-
tively. The (hyy0)? pair is shortly denoted as thid pair,
hereafter. In the $D+ H)-pair model, the nuclear states of
even-even nuclei are described by the states

are constructed as linear combinations [&*D *H,
Ns7myNd7w NsyyNdr Qs7zyNd#=
S ™D " pl) and|S D @ S "D " ql).

w w
We calculate energy spectra in t8®- and (SD+ H)-pair TABLE lIl. The expectation numbers of tHe andH pairs cal-
models using the Hamiltonian identical to the one employedtulated in theSD+H pair model. The number db pairs are the
in the shell model calculations. They are compared with thesum of the neutro , pairs and the proto® , pairs (g, + Ng..).
shell model results for the even-even isotogé$ e in
Flg 4. 130X€ 132Xe 134)(e

For each nucleus, the yrast Gand 8" states in the $D

+H)-pair model are shifted further upward than those in theI H b H P H b

shell model, while the yrast 10states appear almost at the 12* 1.00 1.81 1.00 1.58 1.00 1.23
same position in both models. This is due to the fact that theg* 1.00 1.10 1.00 0.76 1.00 0.34
10; state can be reproduced mainly byldpair, but the 6 8+ 0.99 1.18 1.00 0.94 1.00 0.55
and 8 states have much more complicated structure ang* 0.69 2.12 0.92 1.17 0.94 0.64
require the dissociation of th® and D pairs to form higher 4+ 0.30 2.24 0.48 1.64 0.36 1.85
angular momentum pairs, such @sairs. The energy levels 2+ 0.16 1.72 0.22 1.44 0.12 1.09
of the quasiy bands are nicely reproduced. Although the g+ 0.06 1.22 0.09 0.98 0.07 0.35

(SD+ H)-pair model gives a sharper backbending compared

054317-7
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sirable to obtain a better fit, we have avoided such a complilow energy, while the $D+ H)-pair model improves the

cation as much as possible in the present analyses since \@&bD-pair model substantially and is in quantitative agreement

concentrate on clarifying the role of the intruder orbital with the shell model results from low spins to high spins. It

within the shell model framework. is found that theSD collective nucleon pairs play essential
In order to interpret the shell model results, we have comrgles in describing the low-lying states, and the paihgf,

pared those with th&D- and (SD+H)-pair model results.  neytrons is indispensable for the high-spin states around the
The SD-pair truncation reduces the shell model dimensionyackpending region.

drastically. In the §D+ H)-pair model, a pair of neutrons in

the Ohyy/, orbital is taken into account in addition to tig

and D pairs. We have kept using the_same_ Hamiltonifan as ACKNOWLEDGMENTS

adopted for the shell model calculation, since our aim in
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