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Observation of signature inversion in then„h11/2…^ p„h11/2… band of 122Cs

J. F. Smith,* C. J. Chiara, D. B. Fossan, G. J. Lane,† J. F. Lewicki, J. M. Sears, and P. Vaska‡

Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794-380
~Received 8 June 1998!

High-spin states have been studied in122Cs using the94Mo(31P,2pn) reaction. Two rotational bands have
been observed to spins of 28 and 21\. The most intensely populated band has been reassigned to have the
n(h11/2) ^ p(h11/2) configuration. A low-spin signature inversion is observed in this band between 19 and
20 \, consistent with the neighboring odd-odd cesium isotopes. Spectroscopic properties are discussed, in-
cluding signature inversion of bands inA.120 nuclei.@S0556-2813~98!03412-8#

PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j, 29.30.Kv
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I. INTRODUCTION

The odd-odd, neutron-deficientZ555 cesium isotopes ar
of particular interest because both the valence neutron
proton can occupy orbitals originating from the same higj
h11/2 intruder subshell, which can have competing sha
driving tendencies. The proton Fermi level lies near the lo
V h11/2 orbitals, which favor prolate nuclear shapes. In t
A.130 cesium isotopes, the neutron Fermi level lies in
high- to mid-V h11/2 orbitals, which favor oblate nuclea
shapes. As the neutron number decreases towardsA.120,
the cesium isotopes possess a variety of shapes dependi
the Fermi level, the configuration of nucleons, and on
rotational frequency. In addition, as N decreases, the neu
Fermi level lowers into the low-V h11/2 orbitals, while the
proton Fermi level also lies in the low-V h11/2 orbitals. With
increasing spatial overlap, the possibility of a residual int
action between the valence proton and neutron arises. T
is already some experimental evidence forpn interaction
effects in this region@1,2#.

The spectroscopy of odd-odd nuclei can be difficult b
cause of the inevitably large number of low-lying excit
states. These states are often connected by fragmented,
energy decay paths. However, physics can often be ea
extracted from the spectroscopy of these nuclei if they
sufficiently deformed for rotational bands to develop. T
A.120 odd-odd cesium isotopes have well-developed qu
rupole deformations withb2.0.25. Certain rotational band
in these nuclei have recently been shown to exhibit a p
nomenon known assignature inversion@3#. The signature
quantum number,a, is associated with the rotation o
a deformed nucleus around a principal axis by 180°, a
is defined asa5I mod 2, whereI is the angular momen
tum. By definition, the levels with favored signaturea f lie
lower in energy than those with unfavored signature.
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an odd-odd nucleus, the favored signature is given bya f
5 1

2 @(21) j p21/21(21) j n21/2#. Signature inversion de
scribes the situation where, below aninversion spin, the lev-
els with favored signature lie higher in energy than tho
with unfavored signature; that is, the signature splitting
inverted from what would be expected. The physics und
lying signature inversion has been attributed to a variety
effects, most notably triaxiality@4# and thepn interaction
@5#; at present, however, the theories cannot satisfacto
explain the experimental data. A low-spin signature inv
sion has been observed in bands based on then(h11/2)
^ p(h11/2) configuration in118,120,124Cs @1,6,7#. In these nu-
clei, then(h11/2) ^ p(h11/2) band is populated with the larg
est fraction of the channel intensity. In122Cs, the most in-
tensely populated band had previously been assigned to
the n(g7/2) ^ p(h11/2) configuration @8#. Furthermore, the
trend in signature splitting within the previously reporte
band suggests that a signature inversion may take plac
higher spin than has so far been observed.

An experiment has been performed at the Nuclear Str
ture Laboratory at Stony Brook, in order to test the config
ration assignment of Ref.@8# and to populate excited state
up to and above the possible signature inversion. The re
tion used in the present work was chosen to populate hig
spin states in the122Cs residue compared to that of Ref.@8#
~semiclassical estimates suggest thatl max540\, compared
with l max524\ in Ref. @8#!. In this work, excited states in
122Cs have been observed up to 28\. The most intensely
populated band has been reassigned to have then(h11/2)
^ p(h11/2) configuration, primarily on the basis of quasipa
ticle alignments. A signature inversion is observed betwe
spins 19 and 20\ ~taking spin assignments from systema
ics! in agreement with the N dependence of the invers
spin in then(h11/2) ^ p(h11/2) bands in neighboring odd-od
nuclei.

II. EXPERIMENTAL DETAILS

High-spin states in122Cs have been populated using th
94Mo(31P,2pn) reaction, with a beam energy of 127 MeV
The beam was provided by the Stony Brook FN-tande
superconducting linac facility. The beam energy was cho
on the basis of an excitation study in which singlesg-ray
data were collected for;1 h for several energies betwee
120 and 140 MeV, in order to maximize the cross sect
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FIG. 1. Representativeg-ray spectra, generated by single gates on theg-g matrix: ~a! shows a gate on the 306-keV (131→121)
transition in Band 1 and~b! shows a gate on the 203-keV (82→72) transition in Band 2. The insets show the high-energy parts of
respective spectra shown on expanded scales. The numbers marking the peaks are transition energies given to the nearest keV
labeled with the letterc indicate known contaminants.
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for 122Cs. The target consisted of a self-supporti
900 mg/cm2 94Mo foil enriched to 93.9(60.1)%.

Data were collected using the Stony Brook array of
high-purity germanium detectors, each with an efficiency
approximately 25% of that of a 333 in NaI~Tl! detector.
After approximately 3 days, 203106 g-g coincidences were
recorded onto magnetic tape. In the off-line analysis, the d
were sorted into a two-dimensionalg-g matrix with g-ray
energy on each axis. One-dimensional spectra were proje
from the matrix using theRADWARE code ESCL8R @9#. By
gating on known transitions, over 10 evaporation resid
were observed in the data. The most intensely popula
evaporation residues were122Ba (p2n evaporation! and
121Cs (2p2n), which constituted;33% and;26% of the
data, respectively. The122Cs residue was the third mos
strongly populated, and constituted;13% of the data. Rep
resentative spectra gated on known transitions in122Cs are
shown in Fig. 1.

III. RESULTS

A. The level scheme of122Cs

By gating on theg-g matrix, two bands, Band 1 and Ban
2 shown in Fig. 2, were deduced. No transitions were
served connecting the bands to each other. Only two tra
tions ~103 and 130 keV! were observed to decay from Ban
1 and no transitions were observed from Band 2. The lac
observation of transitions below either of the bands is p
sumably because the bands exist at excitation energies a
many lower spin states, as is often the case for odd-
nuclei, such that the decay proceeds via fragmented par
paths with low-energy, low-intensity transitions. Band 1 w
populated with approximately five times the intensity
Band 2. Configuration assignments have been made pr
rily on the basis of the observed aligned angular mome
and the reasons for the assignments are discussed in Se
Band 1 has been assigned to have then(h11/2) ^ p(h11/2)
f
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configuration. In this band, twoDI 52 sequences have bee
observed, ranging from spins 11 and 12\ to 27 and 28\,
respectively. Below about 19\, the two sequences are con
nected byDI 51 transitions. The signature splitting withi
the band is not constant, but varies with spin. Indeed,
signature splitting changes sign at a spin of about 20\; this
signature inversion is of particular interest and is discus
later in more detail. Band 2 has been assigned to have
n(h11/2) ^ p(g7/2) configuration. This band also consists
two DI 52 sequences, ranging from spins 5 and 6\ to 21
and 20 \, respectively. Below spin 16\, the two se-
quences are connected byDI 51 transitions. The signature
splitting is nearly zero over the observed range of spins.

The bands are not connected to any states of known
and parity. The spins of the bands have therefore been
tatively assigned, primarily on the basis of systematics.
Ref. @3#, Liu et al. have systematically studied then(h11/2)
^ p(h11/2) bands of 120-130Cs. They have used excitation
energy systematics to assign spins to the bands; in
present work the spins of band 1 have been made consi
with the level schemes of Ref.@3#. It is possible that these
spin assignments are 2\ too high, dependent upon the sp
of the band-head in130Cs ~see Ref.@3# and also Ref.@10#!. It
should be remembered that the use of systematics ca
unreliable because dynamic effects, such as band cross
can cause perturbations. However, in this case the smoo
varying excitation energies as a function of spin, shown
Ref. @3#, would seemingly rule out such effects. The spin
the band head of band 2 has been made consistent
analogous bands in the neighboring isotopes118,120Cs @1,6#.
The spins of the states above the band head have bee
signed on the basis of the directional-correlation analysis
Ref. @8#. The low intensity of the122Cs evaporation channe
in the present experiment, and the larger number of conta
nants in the spectra due to the high fragmentation of
evaporation-residue cross section, meant that it was not
sible to improve the accuracy of the previously measu
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PRC 58 3239OBSERVATION OF SIGNATURE INVERSION IN THE . . .
directional-correlation ratios. The newly observedg-ray
transitions which are all extensions of theDI 52 sequences
observed in each band, and which were not observed in
@8#, have been assumed to have stretched electric-quadru
character.

B. Comparison with previous work

There are some discrepancies between this work and
of Xu et al. @8#, which will be briefly addressed here. In Re
@8#, band 1 was observed up to a spin of about 20\ ~quoting
spin assignments from the present work! at which point the

FIG. 2. The level structure of the bands in122Cs observed in this
work. The spin and parity assignments are discussed in the text.
widths of the arrows are proportional to the measuredg-ray inten-
sities. If theg-ray energy is given in parentheses, the transition
tentative. The errors on the energies range from 0.1 to 0.5 keV,
the errors on the intensities range from 10 to 30 %, with the d
blets and weak transitions having the largest associated errors
ef.
ole

at

rotational alignment of a pair ofh11/2 neutrons was sug
gested, causing an increase in signature splitting and the
sequent loss of observation of the unfavored signature
quence. Several transitions were observed above
alignment in the favored signature sequence. Primarily
this basis, band 1 was assigned to be based on then(g7/2)
^ p(h11/2) configuration. Band 2 was assigned to be bas
on then(h11/2) ^ p(g7/2) configuration. In the present work
the two signature partners of Band 1 are observed to spin
and 27 \, and the alignment reported in Ref.@8# is not ob-
served. For reasons discussed below, Band 1 has been
signed to have then(h11/2) ^ p(h11/2) configuration. Band 2
most likely has then(h11/2) ^ p(g7/2) configuration, in agree-
ment with Ref.@8#. It should also be pointed out that in Re
@8# a 488-keV transition was observed linking the bands t
established their relative excitation energies. However,
existence of the 488-keV transition could not be confirmed
the present work.

IV. DISCUSSION

A. Quasiparticle alignments

The configurations of the bands can be investigated
comparing their quasiparticle alignments to the predictio
of the cranked shell model. Total-Routhian surface~TRS!
calculations@11,12# have been used to predict the deform
tion parameters for various configurations of the valen
neutron and proton. These deformation parameters have
sequently been used as input into cranked Woods-Saxon
culations in order to extract quasiparticle alignment frequ
cies for the lowest two pairs ofh11/2 neutrons and protons
and also ofg7/2 neutrons and protons. The results of t
calculations are summarized in Table I.

The experimental aligned angular momenta of the ba
are shown as a function of rotational frequency in Fig. 3. F
all of the data points, a reference configuration, with Har
parameters @13# of J0517.0 MeV21 \2 and J1
525.8 MeV23 \4, has been subtracted. The large init
alignment of 9 \ in band 1 is indicative of a configuratio

he

s
nd
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TABLE I. Calculated deformations, predicted by TRS calcu
tions, and quasiparticle alignment frequencies for~a! the n(h11/2)
^ p(h11/2) configuration and~b! the n(h11/2) ^ p(g7/2) configura-
tion. The labelse f, f g, andab refer to the first and second pairs o
h11/2 orbitals, and the first pair ofg7/2 orbitals, respectively. The
letterB in parentheses indicates that the alignment will be block
for the given configuration.

~a! n(h11/2) ^ p(h11/2): b250.248 g55° b450.008
v (MeV/\)

e f f g ab

Protons 0.36 (B) 0.70 ;0.7
Neutrons 0.37 (B) 0.50 ;0.65

~b! n(h11/2) ^ p(g7/2): b250.230 g521° b450.001
v (MeV/\)

e f f g ab

Protons 0.41 0.73 .0.7
Neutrons 0.34 (B) 0.45 .0.7
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3240 PRC 58J. F. SMITHet al.
involving high-j quasiparticles, and is consistent with th
band being based on then(h11/2) ^ p(h11/2) configuration.
Table I reveals that, at the deformation calculated for
n(h11/2) ^ p(h11/2) configuration, the rotational alignment o
the first pairs ofh11/2 neutrons and protons~known as thee f
alignments! are predicted to occur at very nearly the sa
frequencies of 0.36 and 0.37 MeV/\, respectively. In Band
1, the first alignment is observed at;0.5 MeV/\. This ob-
servation is consistent with Band 1 having then(h11/2)
^ p(h11/2) configuration for which the alignments of the fir
pairs (e f) of both neutrons and protons would be blocke
but where the alignment of the second pair ofh11/2 neutrons
( f g) would be expected at 0.50 MeV/\. The initial align-
ment of Band 2 is lower than that of Band 1, suggesting t
the underlying configuration involves lower-j nucleons. Fur-
thermore, Band 2 does not have a sharp upbend like Ban
but has a gradual upbend. This is consistent with the al
ment ofh11/2 protons at;0.4 MeV/\, which would be ex-
pected if the band is based on then(h11/2) ^ p(g7/2) configu-
ration. The alignments of pairs of neutrons or protons fr
the g7/2 subshell (ab alignment! occur at rotational frequen
cies above those observed in this experiment.

B. Transition strength ratios

To further investigate the underlying structure of t
bands, the ratios of the reduced transition probabilit
B(M1)/B(E2) have been studied. The experimentally e
tracted values have been compared to semiclassical estim
made using the Do¨nau and Frauendorf formalism@14,15#.
Though inherent ambiguities, such as the alignmenti x of the
quasiparticles and the size of the rotational gyromagn
ratio gR , prevent the deduction of preciseB(M1)/B(E2)

FIG. 3. Aligned angular momentai x plotted as a function of
rotational frequency for the bands in122Cs. For all data points a
reference configuration with Harris parameters ofJ0

517.0 MeV21 \2 and J1525.8 MeV23 \4, has been sub-
tracted. TheDI 52 sequences with opposite signature quant
numbera are shown by closed (a50) and open (a51) symbols.
e

e

,

t

1,
n-

s
-
tes

ic

ratios, their values can provide additional evidence for,
against, a proposed configuration. In this wo
B(M1)/B(E2) ratios have served to eliminate a possib
configuration for Band 2 involving ag9/2 proton hole. The
experimentalB(M1)/B(E2) ratios have been extracted fro
the data using the relation

B~M1;DI 51!

B~E2;DI 52!
5

0.697

~11d2!

I g~M1!

I g~E2!

Eg
5~E2!

Eg
3~M1!

, ~1!

where I g representsg-ray intensity andEg is the g-ray en-
ergy in units of MeV. The mixing ratiod has been assume
to be zero, meaning that the experimental values plotte
Fig. 4 are upper limits. Also shown in the figure are t
values calculated using the Do¨nau and Frauendorf formalism
for various configurations. The parameters used in the ca
lations are summarized in Table II. In the calculations,
quadrupole moments used were deduced from TRS calc
tions, and the standard approximation ofgR50.7 Z/A was
used. The signature splitting, which was included in the c
culations, was estimated from the level scheme. The la
error bars on some of the data points are a consequenc
the reaction that was chosen to populate high-spin states
large number of nuclei produced (.10) meant that there
were many degenerate transitions in the matrix, and ofte

FIG. 4. The measuredB(M1;DI 51)/B(E2;DI 52) ratios,
compared to those predicted using the semiclassical formalism
Dönau and Frauendorf. The lines represent the calculated value
signature-dependent term was included in the calculations, w
introduces the staggering in the calculations for then(h11/2)
^ p(h11/2) configuration.

TABLE II. Summary of parameters used to calculate the Do¨nau
and Frauendorf estimates ofB(M1)/B(E2) ratios.

Nilsson orbital K i gK

p(h11/2) @550#1/22 1/2 5.0 1.214
p(g7/2) @422#3/21 3/2 3.0 0.739
p(g7/2) @420#1/21 1/2 3.5 0.739
p(g9/2)

21 @404#9/21 9/2 0.5 1.261
n(h11/2) @523#7/22 7/2 4.5 20.209
n(g7/2) @413#5/21 5/2 3.0 0.255
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was not possible to produce uncontaminated spectra f
gates directly above the state of interest. The values m
sured for Band 1 are reasonably consistent with the calc
tions for then(h11/2) ^ p(h11/2) configuration. Furthermore
the ratios for the states that~presumably! have odd spin are
larger than those with even spin, in agreement with the
culations and with the values measured in Ref.@8#. For Band
2, the ratios are in moderate agreement with the calculat
for then(h11/2) ^ p(g7/2) configuration. Ifudu.0 for Band 2,
this would bring the experimental data points closer to th
calculated. The lack of signature splitting in this band su
gests that an alternative possible configuration for this b
would ben(h11/2) ^ p(g9/2)

21. Bands with this configuration
have been observed in118,120Cs @1,16#. However, the values
calculated for this configuration are clearly not in agreem
with the experimental data points for Band 2.

Another possible configuration for Band 2 isn(g7/2)
^ p(h11/2). This may be expecteda priori because this is the
configuration of the second most strongly populated ban
both 120Cs @1# and 118Cs @16#. The aligned-angular momen
tum and blocking arguments cannot definitively distingu
between the two configurations, because the firsth11/2 neu-
tron andh11/2 proton alignments, given in Table I, occur
very nearly the same rotational frequency. The extrac
B(M1)/B(E2) ratios, however, support the propos
n(h11/2) ^ p(g7/2) assignment, since the calculations for t
n(h11/2) ^ p(g7/2) configuration are in better agreement wi
the experimental data than those for then(g7/2) ^ p(h11/2)
configuration. Furthermore, cranked shell model calculati
suggest that then(g7/2) ^ p(h11/2) band will possess a degre
of signature splitting@8#, whereas Band 2 has no signatu
splitting. Despite these arguments it must be stated that
configuration of Band 2 is not as well defined by this work
that of Band 1.

C. Signature inversion in band 1

Inspection of Fig. 2 reveals that below about spin;19 \
the levels with unfavored signature lie lower in energy th
those with favored signature. This is illustrated in Fig. 5~a!
where the quantity@E(I )2E(I 21)#/I is plotted againstI for
band 1, whereE(I ) is the energy of the level with spinI. The
signature inversion in this band occurs between spins 19
20 \. Figure 5~b! shows the approximate inversion spins
the n(h11/2) ^ p(h11/2) bands in iodine (Z553), cesium (Z
555) and lanthanum (Z557) isotopes. The inversion spi
in 122Cs is clearly in systematic agreement with the band
the neighboring nuclei.

At present, the physics underlying signature inversion
not understood. A variety of calculations have been made
the signature inversions in then( i 13/2) ^ p(h11/2) bands in
A.160 nuclei. The first calculations suggested that a tria
nuclear shape was solely responsible for the inversions@4#,
but later the inversions were reproduced using apn interac-
tion in particle-rotor model calculations assuming an axia
symmetric shape@5#. Recent results forn( i 13/2) ^ p(h9/2)
bands in someA.1602170 nuclei have shown that triax
ality and Coriolis effects@19# alone are not sufficient to ex
plain the data and a residualpn interaction must be included
in calculations@20#. In a completely different approach, pro
jected shell model calculations suggest that the invers
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may be due to a band crossing@21,22#. At present the only
calculations for theA5120 region have used the particle
rotor model but have found it necessary to invoke large
axial deformations ofg.25° @23#. The TRS calculations
~Table I! would suggest that such large triaxiality does n
apply to 122Cs or to the lighter118,120Cs isotopes@1,6#. The
reassignment of the configuration of Band 1 in this wo
reinforces the point that signature inversion in theA.120
region is only observed inn(h11/2) ^ p(h11/2) bands. The rea-
son why signature inversion is only observed in these ba
and not in bands based on other configurations is also
understood. Calculations that can reproduce the system
trends across isotopic and isotonic chains are needed in o
to establish the relative importance of Coriolis effects, tria
ality, and a residualpn interaction.

V. SUMMARY

In summary, high-spin states have been studied in122Cs
using the Stony Brook array. Two rotational bands have b
observed up to spins of 28\ and 21 \, respectively. The

FIG. 5. ~a! shows the quantity@E(I )2E(I 21)#/I plotted
against spin, for thep(h11/2) ^ n(h11/2) band ~Band 1!. ~b! shows
the inversion spin plotted as a function of neutron number for
odd-odd iodine (Z553), cesium (Z555), and lanthanum (Z
557) isotopes with 63<N<71. The data are taken from the fo
lowing references:116I @17#, 118I @18#, 118Cs @6#, 120Cs @1#, and
124,126Cs,124,126,128La @7#.
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3242 PRC 58J. F. SMITHet al.
most intensely populated band has been reassigned to
the n(h11/2) ^ p(h11/2) configuration, primarily on the basi
of the observed quasiparticle alignments. This band un
goes a signature inversion at 19\, in systematic agreemen
with the neighboring odd-odd nuclei. An important concl
sion from the present work is the confirmation that a lo
spin signature inversion in theA.120 region has only bee
observed to occur in bands based on then(h11/2) ^ p(h11/2)
configuration. TRS calculations suggest that then(h11/2)
^ p(h11/2) band in 122Cs has only modest triaxial deforma
tion, suggesting that triaxiality is not the underlying cause
a

cl

.

-

.

a

z

ve

r-

-

f

the inversion. This work highlights the absence of any sa
factory calculations for theA.120 nuclei and reiterates th
need for calculations to be performed to explain the low-s
signature inversions in nuclei of this mass region.
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