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Backbending and breaking of axial symmetry in the yrast bands of!'*3%e isotopes
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The quadrupole deformation paramef®r, and energies of yrast states have been calculated in the micro-
scopic frameworks, using the quadrupole-quadrupole-plus-pairing model of a two-body interaction for the
even-even isotopic mass chain of xenon isotopes. Results obtained indicate that ground-state deformation
systematics are satisfactorily reproduced and there is a breaking of axial symmetry as we move along the yrast
states. Besides this, the observed backbending in some of these isotopes is explained in terms of the partial
rotational alignment of a pair of neutrons in thehgl,,), orbit. [S0556-28188)00610-4

PACS numbsd(s): 21.10.Ky, 21.60.Jz, 27.60j

I. INTRODUCTION present calculation can be thought to involve no free param-
eters.

The study of a chain of xenon isotopes assumed great The energies of the various angular momentum states
importance in the pastl-13 because they constitute an have been calculated in both the axially symmetric variation-
important part of a transitional nuclear region in which theafter-projection (VAP) and nonaxial cranked Hartree-
nuclear structure makes a smooth transition from a spheric&ogoliubov (CHB) frameworks using the same set of input
shape to a deformed one. Detailed nuclear structure investR@rameters, interaction and valence space. From the com-
gation of these isotopes has been carried out by Saha Sarkdifed data, the yrast spectra is obtained by taking the mini-

and Ser{14] suggesting the mechanism for the obseried mum energy values for each angular momentum state. Re-
1 sults on excitation energy yrast spectra thus obtained indicate

systematics. They have calculated the yrast spectra only Ypat there is a breaking of axial symmetry as we move along

to 'Tz‘g 12; state for all the xenon isotopes, except in the casgne yrast states. The low-lying energy states with sgifis

of 1#21%Xe, where the yrast spectra up to1bas been <g* exhibit axial symmetry and higher lying levels with

calculated. Since the parameters of their two-body interacspin J7=8* are seen to be axially asymmetric. This break-

tion have been fixed by reproducing some of the experimen’mg of axial symmetry at 8 is found to play an important

tally observed observable quantities iff"**%e, it is quite  role in the onset of backbending phenomenon in the xenon

natural that for these isotopes they are bound to get goootopes. The results indicate that the cause of backbending

agreement with the experimental quantities. Some time backn xenon isotopes at higher spins is the partial rotational

Kusakariet al.[15] reported the existence of high spin statesalignment of a pair of neutrons in théa],, neutron orbit near

in 122-13%e isotopes using in-beam-ray spectroscopy. the Fermi surface.

They have also reported the occurrence of backbending in

122-13%e nuclei. It is the inquisitiveness to understand the

underlying mechanism of backbending that has motivated us Il. CALCULATIONAL DETAILS

to carry out the present work. ) . , , ,
In this paper, the results are obtained for the deformation 1he Spherical single-particle energi&PE's that are em-

parameterg,, energy gap parameter for neutrods, the Ployed here are(in MeV): (2ds;)=0.0, (3815)=14,

yrast states, moment of ineri{B and cranking frequenciw) (2d3) =2.0, (1g7,) B 4.0, (1 h_11/2) =6.5, ,(2f7/2) =12.0,

in a microscopic framework using pairing-plus-quadrupole-2nd (Ihe) =12.5. This set of input SPE’s for the states

quadrupole effective interaction operating in a valence spacsi2: Si2: dzi2, 972, andhyy, is nearly the same as that em-
spanned by 8, 2ds/, 2dsss, 2 F12, 1072, 1hep, and ployed by Vergados and Kyd 7] as well as Federman, Pit-

1hy,, orbits for protons as well as neutrons. The nucleugd®!: ahd Como$18] except that the energy &k, has been

1005 has been considered as an inert core. increased by about 1.5 MeV. In fact the entire set of spheri-
The reason for choosing this model of interaction and thé@! Single-particle energies is exactly the same as employed

valence space is that we had earlier used the same model Bf Us In our detailed study of even-even tellurium isotopes

interaction and the valence space for carrying out a detaile 6]. . .

study of the complete isotopic mass chain of even-even tel- The two-body effective interaction that has been em-

lurium isotopes in the mass regidn=120[16]. In this paper ~Ployed is of “pairing-plus-quadrupole-quadrupolg~ q)

we have established the applicability of pairing-plus-YP€[19]- The pairing part can be written as

guadrupole model in this mass region. It may be noted that

the interaction parameters used by us in our present calcula-

tions of xenon isotopes_are _exactly the same as used by us in Vp=— (G/4)2 Sasﬁala%lgaﬁ, 1)

our calculation of tellurium isotopdd 6]. In that sense, the ap “«
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TABLE |. Results of VAP and CHB calculations fot'4~**%e isotopes. Here(Q3).((Q3).).
(Q3)..({Q3),) gives the contribution of the protoriseutrons to the components of quadrupole moment
operator. The seventh column gives the calculated value of quadrupole deformation pamgmetdre
eighth column gives the value gf— the degree of nonaxiality and the ninth column gives the valu&,of
the energy gap parameter for neutrons. Numbers quoted in square biafketsexperimental values with
errors quoted in parenthes¢s. The quadrupole moments have been calculated in units?ofwbere
b= \%/mew is the oscillator parametetExperimental data taken frofri4] and[41].)

Nucleus 37 (QP). (Q2. (Q}), (Q), B2 (7). 8
IV 0"  20.00 0.00 29.70 0.00 0.275 0.00 1.356
2" 20.99 0.00 37.20 0.00 0.307 0.00 1.253
4+ 20.99 0.00 37.20 0.00 0.307 0.00 1.253
6"  21.93 0.00 43.16 0.00 0.333 0.00 1.262
8T  20.99 0.00 37.23 0.00 0.307 0.00 1.253
10t 20.87 2.94 37.84 5.55 0.340 —19.3° 0.820
12" 20.70 2.50 38.05 3.76 0.335 —15.4° 0.404
14" 21.15 2.08 38.24 1.23 0.331 —10.3° 0.332
0"  20.89 0.00 38.57 0.00 0.269 0.00 1.546
16xe 2t 20.89 0.00 38.57 0.00 0.269 0.00 1.546
4% 20.89 0.00 38.57 0.00 0.269 0.00 1.546
6" 20.89 0.00 38.57 0.00 0.269 0.00 1.546
8" 22.28 0.00 51.06 0.00 0.313 0.00 1.193
10t 20.42 2.91 35.80 7.00 0.290 —21.4° 0.490
12t 2073 2.90 36.15 5.85 0.287 —19.9° 0.300
14* 20.72 2.77 36.02 4.95 0.283  —18.3° 0.242
0" 21.35 0.00 45.88 0.00 0.255 0.00 1.475
[0.2656)]
2% 21.35 0.00 45.88 0.00 0.255 0.00 1.475
118e 4% 2237 0.00 51.95 0.00 0.276 0.00 1.030
6" 22.37 0.00 51.95 0.00 0.276 0.00 1.030
8" 22.37 0.00 51.95 0.00 0.276 0.00 1.030
10t 21.31 2.85 46.70 6.88 0.280 —18.8° 0.822
12f  21.28 2.79 46.15 6.66 0.278 —18.4° 0.822
14" 21.27 2.70 45.63 6.28 0.276  —17.8° 0.800
o* 21.46 0.00 48.02 0.00 0.231 0.00 1.169
[0.241(11)]
120xe 2t 21.46 0.00 48.02 0.00 0.231 0.00 1.169
4% 21.82 0.00 52.98 0.00 0.243 0.00 1.358
67  21.82 0.00 52.98 0.00 0.243 0.00 1.358
8" 21.82 0.00 52.98 0.00 0.243 0.00 1.358
10" 21.48 2.43 45.70 2.19 0.243 —12.0° 1.126
128 21.48 2.38 4521 2.22 0.243  —12.0° 1.170
14" 2150 2.21 44.74 2.13 0.241 —11.4° 1.224
0"  22.28 0.00 55.11 0.00 0.224 0.00 1.960
[0.231(10)] [1.479
2+ 22.28 0.00 55.11 0.00 0.224 0.00 1.960
122xe 4" 22.28 0.00 55.11 0.00 0.224 0.00 1.960
6"  22.28 0.00 55.11 0.00 0.224 0.00 1.960
8"  22.28 0.00 55.11 0.00 0.224 0.00 1.960
10" 22.28 0.00 55.11 0.00 0.224 0.00 1.960
12* 22.27 0.14 52.77 0.01 0.240 -0.52° 1.120

14" 22.40 —0.02 52.23 -0.10 0.240 0.20° 1.074
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TABLE I. (Continued.

Nucleus 37 (Qg)r  (Q).  (Qah  (Q3h B2 (M 3n
0" 22.33 0.00 52.64 0.00 0.198 0.00 1.045
[0.2648)] [1.386
124y 2% 22.33 0.00 52.64 0.00 0.198 0.00 1.045
4" 22.33 0.00 52.64 0.00 0.198 0.00 1.045
6" 22.33 0.00 52.64 0.00 0.198 0.00 1.045
8" 21.99 0.00 51.42 0.00 0.195 0.00 0.921
10* 21.19 2.90 45.97 9.21 0.208 —21.56° 1.160
12* 21.13 2.86 45.19 9.31 0.206 —22.01° 1.098
14* 21.07 2.81 44.24 9.38 0.205 —21.96° 1.060
0" 22.23 0.00 48.57 0.00 0.174 0.00 1.200
[0.188130)] [1.313
2" 22.23 0.00 48.57 0.00 0.174 0.00 1.200
126Ke 4+ 21.82 0.00 44.73 0.00 0.167 0.00 0.971
6" 21.82 0.00 44.73 0.00 0.167 0.00 0.971
8" 21.82 0.00 44.73 0.00 0.167 0.00 0.971
10* 21.82 0.00 44.73 0.00 0.167 0.00 0.971
12* 21.49 0.00 42.72 0.00 0.162 0.00 0.950
14* 21.49 0.00 42.72 0.00 0.162 0.00 0.950
0" 21.77 0.00 42.22 0.00 0.149 0.00 1.175
[0.183749)] [1.269
2" 21.77 0.00 42.22 0.00 0.149 0.00 1.175
128y 4* 21.77 0.00 42.22 0.00 0.149 0.00 1.175
6F 21.77 0.00 42.22 0.00 0.149 0.00 1.175
8" 21.24 0.00 40.80 0.00 0.145 0.00 1.090
10* 20.86 3.04 41.02 11.87 0.169 —25.95° 0.720
12* 20.50 3.01 33.92 7.12 0.154 —22.39° 0.718
14* 20.31 3.00 31.87 7.00 0.150 —22.72° 1.000
0" 21.18 0.00 35.38 0.00 0.127 0.00 1.484
[0.1696)] [1.513
2" 21.18 0.00 35.38 0.00 0.127 0.00 1.484
1300 4" 21.18 0.00 35.38 0.00 0.127 0.00 1.484
6* 21.18 0.00 35.38 0.00 0.127 0.00 1.484
8" 21.33 0.00 36.90 0.00 0.129 0.00 1.550
10* 20.49 2.96 33.53 5.82 0.140 —20.69° 1.546
12* 20.38 291 32.64 6.02 0.138 —21.04° 1.440
14* 20.24 2.85 31.48 6.15 0.136 —21.16° 1.340
wherea denotes the quantum numbéndgjim). The stater is Xnn( = Xpp) = —0.0122 MeV b4,
same asy but with the sign ofm reversed. Her&, is the
phase factor £ 1)) ™. Theq-q part of the two-body inter- Xnp=—0.0230 MeV 154,

action is given by
Hereb(= VA/mw) is the oscillator parameter. These val-

Vag=—(x/2) E E <a|qi|y> ues for the strengths of thg q interactions compare favor-
aBys ably with the one suggested by Ariri20] and are very near
><<,3|q2_,L| 8)(— 1)”a£a}a5ay, ) to the_ongs employed in an earlier study of deformation sys-
tematics in theA=100 region by Khosat al.[21] as well as
where the operatoy? is given by for even even tellurium isotopgd6]. The strength for the
pairing interaction was fixed through the approximate rela-
qi:(laﬂ/s)l@rzyi(a,q))' (3) tion G=18-21A at G=—0.20 MeV.

The calculational details of CHB theory are the same as
The strengths for the like particle neutron-neutrann(), given by Goodmarj22] and details of VAP theory are the
proton-proton p-p), and neutron-proton components of the same as given by Onishi and Yoshif23] and Baranger
quadrupole-quadrupolegfq) interaction were taken as [24].
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FIG. 1. () Comparison of the experimental and calculated yrast spectf4itt®e. (b). Comparison of the experimental and calculated
yrast spectra it?-13%e.

Ill. RESULTS AND DISCUSSION The results on energy gap paramedgrfor the 0" state
are also in reasonable agreement with the observed values
for 122-13% e isotopes. The satisfactory agreementgerand

In Table I, the calculated results on quadrupole momentss  clearly shows that our model parameters and the wave
quadrupole deformation paramet@p, asymmetry param- fynctions for the xenon isotopes are fairly reliable.
etery [25] and energy gap parametéy for the set of even- We now come to the discussion of quadrupole moments
even4~13Xe isotopes are presented. and asymmetry parameters. From these results, with the ex-

The quantitys, for 0" state represents the gap betweenception of 1221?%e, all other Xe isotopes are found to ex-
the ground states of even even and odd nuclei and is calcunibit a departure from axial symmetry as we move along the
lated from the formulas,=2(e,—\)?+AZ% (Ref. [26])  yrast states. The values 62), and(Q2), are found to
where \ is the Fermi energy value for neutrons, is the  suffer a change from their zero value for lower states to
single-particle CHB energy nearest to the Fermi level, andionzero value for higher angular momentum states. This fact
A, is the corresponding energy gap parameter for this singleis also shown by a sharp change in the value of asymmetry
particle state. From the results presented in Table I, we notparametery. It may be noted that Xe isotopes with the ex-
that the value of quadrupole deformation paramgterfor  ception of?212&Xe have a tendency to be axially symmetric
118-13%e are in reasonable agreement with the experimentah their low-lying states but they suddenly change their shape
values for the 0 state. Our values are also comparable to theso that the nonaxial states appear lower in energy than the
values calculated by Saha Sarkar and Bef). axially symmetric state. For example, 1-120.124.128-138¢

A. Results indicating change of symmetry
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isotopes the angular momentum states up toaBe axially In Fig. 2, the results of moment of inert{f and square of
symmetric whereas the states higher tddr-8" have non- the cranking frequency «?) are plotted for the nuclei
axial nature. This particular behavior is not exhibited by!#!*%e. These quantities have been computed in terms of
122128¢a. Our calculations show that the axially symmetric the yrast energies by using the following expressiB&:
intrinsic states and the energy spectra obtained from them
through the methods of projection techniques are lower than
the corresponding nonaxial projected angular momentum
states. Because of this reason, in these two isotopes, the pro-
jected angular momentum states producing the yrast spectra
in these nuclei arise from such intrinsic states which exhibi@"
a high degree of axiality. As a result of whi«éﬁ)%}w,,, turn
out to be zero and hencee=0 for all the yrast states. It may
be noted that Saha Sarkar and Sen’s calculations predict an
axially symmetric 0 state for all even-even xenon isotopes
which is also confirmed by our calculations.

We have also presented the excitation energy spé€iga
1) for all the isotopegexperimental values taken frofg27—

2|_ 4)-2
72 E;—E;5°

:[(JZ_J+1)(EJ_EJ—2)2]

h2w2
(2J—1)?
From the experimental backbending plots, backbending is
seen to occur at T0in 1141281%@a: at 12" in 12212412 -
A 11 H 1~116,121 H
37)). It may be noted that fot*®-*%e, a satisfactory agree- and at 1 4 in "e. Itis absent inf ) Xe isotopes. In the
same figure we have plotted the- w“ curves arising from

) Begt |
ment with the observed values for the sta 8" is the calculated yrast energies. Our calculated backbending
achieved. Thus from these results, we predict the occurrenc

of breaking of axial symmetry in Xe isotones as we 0o topqots also predict the occurrence of backbending at the same
higher spir? states y y P 99 WOgpins as is observed experimentally'fft12212412%%e hut at

different spins in118126.13%e Besides this, our results also
predict occurrence of backbending 11*%e; but experi-
mentally such a backbending is not observed. It, therefore,
In Fig. 1, the calculated yrast spectra is compared with theonstitutes a limitation of the present calculation.

observedexperimental spectra. It is observed that the sys-  In order to understand the mechanism of backbending in
tematics of the low-lying states are qualitatively reproducedxenon isotopes, we have examined the wave function of the
The agreement fai"< 8™ for the set of'2°~13Xe isotopes is higher angular momentum states at which the onset of back-
quite satisfactory. bending takes place. The details of these wave functions

B. Discussion of results for backbending phenomenon
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FIG. 2. (Continued.

are given in Table II. In these details we have given thexenon isotopes which can be linked to the occurrence of
values of occupation numbeM{f, pairing gap parameters backbending in these nuclei.

Ay k for single-particle CHB orbits, single-particle energies

hy x and matrix elements of angular momentumof some
single-particle statelk which diagonalize the density matrix. decrease for those values of cranking frequeacst which

It is noted from Table Il that the pairing effects decreasebackbending takes place in a nucleus. These pairing gap pa-
considerably for higher angular momentum states. This isameters of single-particle orbits are different from the val-

indicated by nearly negligible values of the pairing gags

It was shown by Man¢39] that these pairing gap param-

eters corresponding to the single-particle CHB orbits must

ues of energy-gap parameteisand J, for protons and neu-

for the higher spin states. It is further interesting to note thatrons.

the contribution to the the angular momentu=[(Jy)x k It has also been suggested by Mottelson and Va[diih
+<Jx>mv§ given in the last column of the table for various that the single-particle pairing correlations must considerably
K orbits becomes large as we go to the states of angulatecrease at high spins because the Coriolis forces act in op-
momentum 14. Thus there is a tendency for partial rota- posite directions and tend to decouple the pairing correla-
tional alignment for the pair of neutrons at higher spins intions.
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TABLE Il. Details of 114-124128-1%e wave functions. The occupation probabilitg single-particle energids,, and the pairing gaps
Ay are given for five single-particle neutron orbits for the various yrast levels. Hetenotes the cranking frequency required to obtain
various J's. The last column gives the contribution to the angular momentlimfrom that of single-particle orbits),=[({J,)xk
+(JX)K§]V§ for variousK orbits. The nuclidé®®Xe has been excluded because of its axial character.

Nucleus J7 ) K 2 Ag(MeV) hi (MeV) Jy Nucleus J7 ® K 12 Ag(MeV) hg (MeV) Ji

1l4¢e 10" 0.328 1 1.00 0.0011 -1.39 0.59 4 1.00 0.0 2.12 0.66
2 100 0.0003 0.86 5.66 5 1.00 0.0 2.81 0.03
3 1.00 0.0010 154 1.26 .

4 000 00011 216 000 12e 12 0438 1 100 00  -105 7.08
5 0.00 0.0002 2.36  0.00 2 1.00 0.0 1.54 1.82
12t 0400 1  1.00 0.0066 0.47  6.95 3 1.00 0.0 1.58 0.07
2 099 0.0285 174 097 4 100 0.0 2.24 0.53
3 000 0.0192 2.09  0.00 5 100 0.0 288 -021
4 000 0.0087 2.32  0.00 14+ 0495 1 1.00 0.0 —1.28 7.05
5 0.00 0.1276 2.72  0.00 2 1.00 0.0 1.48 2.00
14¢ 0446 1  1.00 0.0031 015 7.34 3 1.00 0.0 1.52 0.59
2 099 0.0157 180 1.31 4 100 0.0 2.22 0.61
3 000 0.0102 2.06  0.00 5 100 0.0 2.87  —0.09
D0 0 2 0% Ly a0 0w 1w o0 on s
2 1.00 0.0 1.27 0.54
116ye 10" 0319 1  1.00  0.0026 112 4.80 3 1.00 0.0 1.78 1.75
2 099 0.0072 146  1.87 4 100 0.0 221 0.39
3 098 0.0253 215  0.44 5 100 0.0 3.08 0.57
4 000 0.0066 250  0.00 12+ 0431 1 100 0.0 —0.01 6.22
5 0.00 0.0114 2.92  0.00 2 1.00 0.0 1.26 0.67
3 1.00 0.0 1.72 1.85
116xe 12* 0.387 1 1.00 0.0069 0.73 6.07 4 1.00 0.0 217 0.74
2 099 0.0257 156  1.39 5 1.00 0.0 3.02 0.64
3 098 0.0267 212 070  124ye 14" 0491 1 1.00 0.0 -0.17 6.41
4 0.00 0.0117 2.36 0.00 2 1.00 0.0 1.26 0.80
5 0.00 0.0190 2.82 0.00 3 1.00 0.0 1.68 1.95
14 0.469 1 1.00 0.0004 0.39 6.80 4 1.00 0.0 213 1.04
2 100 0.0018 160 1.20 5 1.00 0.0 2.96 0.67

3 099 0.0013 2.05 1.03
5 000 0.0010 2,72 0.00 2 1.00 0.0 1.09 1.06
18 10" 0297 1 1.00 00 034 566 3 1.00 0.0 2.06 2.08
2  1.00 00 142 043 4 100 0.0 2.18 0.57
3 100 00 187 1.43 5 100 0.0 3.08 0.70
4 1.00 0.0 224 —0.10 12t 0.377 1 1.00 0.0 1.00 5.08
5 0.00 0.0 3.06  0.00 2 1.00 0.0 1.43 2.07
12 0362 1 100 00 013 6.21 3 1.00 0.0 2.11 0.57
2 1.00 0.0 1.44 0.56 4 1.00 0.0 2.47 1.56
3 1.00 0.0 1.82 151 5 1.00 0.0 2.87 1.19
4 1.00 0.0 2.20 0.33 14 0.422 1 1.00 0.0 0.97 5.24
5 0.00 00 3.00 0.00 2 1.00 0.0 1.45 2.26
14+ 0430 1 1.00 0.0 -0.11  6.57 3 1.00 0.0 2.08 0.70
2 100 00 146 072 4 100 0.0 2.50 1.49
3 100 00 176 162 5 0.00 0.0 281 1.66
g é:gg 8:8 ;:;i g:gg 10e 10" 0369 1 1.00 0.0 525 —2.50
2 1.00 0.0 582 —0.18
120ye 10" 0297 1 100 0.0 038 6.31 3 1.00 0.0 6.42 —276
2 1.00 0.0 1.69 0.48 4 0.00 0.0 7.55 0.00
3 1.00 0.0 2.02 0.96 5 0.00 0.0 8.54 0.00
4 1.00 0.0 223 —0.08 12+ 0.461 1 1.00 0.0 524 -—2.18
5 1.00 0.0 2.88 —0.28 2 1.00 0.0 576 —0.28
3 1.00 0.0 6.49 —3.07
1200 12° 0342 1 100 00 1.99  6.69 4  1.00 0.0 753 0.00
2 100 0.0 218 061 5 1.00 0.0 8.59 0.00
3 100 0.0 285 114 14+ 0521 1 1.00 0.0 522 -1.78
4  1.00 00 404 032 2 1.00 0.0 568 —0.38
5 100 0.0 478 -0.12 3 1.00 0.0 6.57 —3.18
14" 0.400 1 1.00 0.0 —0.06 6.98 4 1.00 0.0 7.50 0.00
2 100 0.0 171 081 5 1.00 0.0 8.64 0.00

3 100 0.0 1.95 1.28
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IV. CONCLUSIONS all other xenon isotopes are found to exhibit a departure from
the axial symmetry, in their yrast spectra at higher spins. The
Summarizing, it turns out from the results that our modelinteresting observed backbending phenomenon in the
reproduces the deformation and low-level systematics in thél4-13%e jsotopes af"=8" is explained in terms the partial
even-even isotopic mass chain of Xe isotopes. Besides thisptational alignment of a pair of neutrons in thie,{,,), or-
our results also indicate that with the exceptiont@i'?Xe,  bits.
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