PHYSICAL REVIEW C, VOLUME 63, 024319

Identification of excited states in 11'Cs: Systematics of ther(h,,)? alignment
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Excited states have been identified in the very neutron-defié@é@sez nucleus. High-spin spectroscopy has
been performed using the Gammasphere array, and the assignment of gamma-ray transiti@sshias been
made in a separate experiment in which gamma rays were detected in coincidence with x rays and with
recoiling evaporation residues. A previously observed sequence of five gamma rays has been extended by 11
transitions, to high spin, and has been identified as the yirétst;,)[ 550]1/2 band of'"Cs. Two additional
bands have been observed and are tentatively assigned to be based on protof¢0#iar&" and[422]3/2"
orbitals. Alignments of pairs dfi;;,, neutrons and protons are observed in all of the bands. The alignments are
compared to cranked Woods-Saxon calculations, and are discussed with respect to the effects of a neutron-
proton interaction. Of particular interest are the features obflg,,)? alignment in therr[ 550]1/2~ band and
of the 7(hy1,)? alignment in thd 422]3/2% band. The frequencies of these alignments can be qualitatively
explained only if a neutron-proton interaction is taken into account.

DOI: 10.1103/PhysRevC.63.024319 PACS nunier21.10.Re, 23.20.Lv, 27.68j, 29.30.Kv

I. INTRODUCTION betweenh,,,, protons and thdx,,,, neutrons in the crossing
band. In order to test this interpretation, it is necessary to

Experimental data show that the very neutron-deficieninvestigate rotational bands and quasiparticle alignments in
A=120, Z=55 cesium isotopes are well deformed and dis-the cesium isotopes with neutron numbéxs below 64.
play a wealth of interesting collective structufes-5]. In The cesium isotopes with<119 (N<64) are difficult
these nuclei, the cranked shell mod€SM) predicts the to study with in-beam spectroscopic techniques, because
rotational alignment of pairs of both neutrons and protons irthey can only be produced with very small cross sections
the hyy/, subshell. The precise details of the observed alignfrom the most neutron-deficient compound nuclei. Until re-
ments, specifically, the rotational frequency, the gain incently the most neutron-deficient cesium isotope in which
aligned angular momentum and the interaction strength, cag, cjted states had been definitively identified Wa¥s[1].

give information about the structure of the nucleus, particu-FiVe transitions, however, had been tentatively assigned to
larly when Pauli blocking arguments can be applied. UsingmCS by Sun,et al in ' Ref. [6]. In that work, the

such blocking arguments, systematic comparisons withy,, , o8 117 . ) .
neighboring nuclei, can provide insight into the underlying M_o(. Si,20n)Cs rea_c'uon was u;ed, on .the basis of
statistical-code calculations, excitation-function measure-

physics as a function dil and Z. For the neutron-deficient " d itati t i band
cesium isotopes, CSM calculations predict the interactiod€NtS: and excitation-energy systematics, a band was as-

strength of théh,;,, neutron alignment to oscillate as a func- Si9ned to*Cs. The observed band was associated with the
tion of neutron number. Though experimental data foryrastmhay, configuration, and reached a spin of 3&/2The
121-129c5 would appear to validate this theory, the data forN="58 isotope *“Cs has been studied recently by recoil-
119Cs contradict the theory because the interaction strengtdecay taggind 7], taking advantage of its decay by proton
increases aN=64, suggesting that the interaction strengthemission. That work identified a sequence of five gamma
violates the predicted oscillation by increasing\at 64. In  rays despite a very small production cross section of
the work by Lide et al.[1], this observation has been pre- ~25 ub.
sented as evidence for increased neutron-proton interactions In the present work, the isotopé’Cs has been studied, in
order to investigate quasiparticle alignments and elucidate
general high-spin properties in this very neutron-deficient
*Corresponding author. Schuster Laboratory, The University ofegion. This paper reports the first definite experimental
Manchester, Manchester M13 9PL, UK. Tét4) 161 275 4155, identification of excited states in''’Cs, and the first

Fax: (44) 161 275 5509. Electronic address: high-spin spectroscopy of this nucleus. The reactions
jfs@mags.ph.man.ac.uk 8Ni(54Zn,ap)1t’Cs and %Zn(®Ni, ap)!’Cs have been
"Present address: Nuclear Science Division, Lawrence Berkeleysed, for which the cross sections are only a few mb. High-
National Laboratory, Berkeley, CA 94720. spin spectroscopy was performed using the Gammasphere
*present address: Oliver Lodge Laboratory, University of Liver-[8] array, and the assignment of excited state${€s was
pool, Liverpool L69 7ZE, UK. made in a separate experiment using the Argonne Fragment
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FIG. 1. Representative spectra from the Gammasphere data. The spectra are projectedfromdbiacidence cube by specifying two
gating transitions. Pane(gs) and (b) show transitions in Band 1 while pandls, (d), and(e) show transitions in Band 2. The spectra are
gated on the following transitions, where all of the given transition energies are in&e306 and 839(b) 306 and(1129 or 122} (c) 195
and 436;(d) 195 and 566; ande) (195, 436, 557, 566, or 55@nd 712. The peaks are labeled with gamma-ray energies in keV and all of
the labeled peaks have been assignet!{6s, apart from those labeled with a “c,” which are contaminants from neighboring nuclei. The
transitions with energies in square brackets on pégetould not be definitively shown to be in coincidence with Band 2.

Mass Analyzer(FMA) [9], in which gamma-recoil and most intensely populated nuclei weré®Cs (3p evapora-
gamma-x-ray coincidence events were recorded. tion), 8e (4p), and '®e («2p) which were produced
with approximately 33%, 30%, and 19% of the evaporation-
residue cross section, respectively. The band assigned to
117cs in Ref[6] was observed in the data and two additional
bands were tentatively assignedfdCs on the basis of sys-
Details of the experiments have already been given irtematics, and on the lack of coincidence relationships with
Refs.[10,11]. In the first experiment, high-spin states were|evel schemes of known nuclei. In total, these bands were
populated using the’®Ni(*Zn,ap)**'Cs reaction and de- populated with about 2—3% of the evaporation-residue yield,
excitation gamma rays were detected using the Gammasgorresponding to a cross section of about 5 mb. Figures 1
phere array. The 265-Me¥Zn beam was accelerated by the and 2 show representative spectra projected from the cube by

88-inch cyclotron at the Lawrence Berkeley National Labo-applying gates to two of the three axes of the cube.
ratory. The beam was incident upon two stacked

500-ug/cn?, self-supporting, 99%-puré®Ni foils. At the
time of the experiment, Gammasphere had 56, 75%-efficient
escape-suppressed germanium detectors in place. The detecn order to confirm that the bands observed with Gamma-
tors were arranged in 14 rings with constant polar agi2 ~ sphere belonged td''Cs, a second experiment was per-
detectors ah=17.3°, 5 at 31.7°, 5 at 37.4°, 5 at 50.1°, 1 atformed in which gamma rays were detected in coincidence
58.3°, 1 at 80.7°, 6 at 90.0°, 1 at 99.3°, 1 at 100.8°, 5 awith recoiling evaporation residues and with x rays. In this
121.7°, 10 at 129.9°, 5 at 142.6°, 4 at 148.3°, and 5 akxperiment, thé®*Zn(*®Ni, «p)'*'Cs reaction was used. The
162.7°. With the requirement that at least three germaniun®®Ni beam, at energies of 230 and 240 MeV, was provided
detectors fired in prompt coincidence before data were reby the Argonne Tandem Linac Accelerator SystéAT-
corded, a total of %10® gamma-ray coincidence events LAS). The target was a self-supportifitgn foil of thickness
were written to magnetic tape. In the offline analysis eact600 ug/cn?. Gamma rays and x rays were detected at the
n-fold event i=3) was decomposed intdC; threefold reaction site in an array of 10 Compton-suppressed, 25%-
gamma-ray coincidences, yielding a total of 0° unfolded  efficient, germanium detectors; the electronic thresholds on
triples which were subsequently used to increment a threewo of the detectors were reduced in order to detect
dimensional histogrartcube. TheRADWARE software pack- ~35-keV K x rays from nuclei withZ=55. The recoiling
age[12] was used to analyze the data. By gating on knowrreaction products were dispersed according to their mass-to-
transitions, approximately 15 nuclei were observed. Theharge state ratio and detected in a parallel-grid avalanche

II. EXPERIMENTAL DETAILS AND ANALYSIS

A. The Gammasphere experiment

B. The ATLAS/FMA experiment
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FIG. 2. Representative spectra from the Gammasphere data. Both panels show transitions in Band 3. The spectra are projected from the
vyvy coincidence cube by specifying two gating transitions. Spectfanis gated on any two of the 231-keV, 258-keV, and 283-keV
transitions, that is, the spectrum is a sum of three double gates. The intensities of the gating transitions are clearly reducedbectrum
gated on(231, 258, or 283 keYand 306 keV. The peaks are labeled with the gamma-ray energies in keV and all of the labeled peaks
correspond to transitions it’'Cs. The peaks labeled with transition energies in parentheses appear to be in coincidence with Band 3, but
could not be placed in the level scheme.

counter(PGAQC) at the focal plane of the FMA. With the energy <50 keV) part of this spectrum is shown in Fig.
trigger condition of two or more Ge detector signals in co-4(d), showing tle K x rays in coincidence with the uniden-
incidence with each other or one or more Ge signals in cotified band. For comparison, also shown on pdudglare the
incidence with a PGAC signal, approximatelxQ0’ events  |ow-energy regions of uncontaminated spectra gated on tran-

were recorded. sitions in 118e (472 keV) [13], *'%Cs (269 keV) [1,14], and
119Ba (113 ke\) [15]. The x rays in coincidence with the
C. Assignment of excited states td'’Cs unidentified band have the same energies as those in coinci-

The M/q spectrum recorded by the PGAC at the FMA dence with gamma rays in'Cs, thus confirming that the
focal plane is presented in Fig. 3. Madd ) 117 recoils with band belongs to an |sot9pe C.)f. cesium. Hence, these results
three different charge stateg)(were detected by the PGAC: prove that one of the unidentified bands from the Gammas-
these consisted of!’Xe and ''Cs residues, in approxi-
mately equal proportion. The data were sorted into gamma-
gamma correlation matrices gated on recoils with masses
115 to 120, and an ungatédo recoil condition matrix. The
method used to assign excited stated%i€s was essentially
the same as that described f6tBa and '%Cs in Refs.
[10,11]. Figure 4a) shows the total projection of th#l
=117 gated matrix; some of the transitions belonging to
117cs are labeled with their transition energies on that figure.
Figure 4b) shows gamma rays in coincidence with &h
=117 recoil and either a 231- or 258-keV gamma ray. The
spectrum shows the coincident gamma rays which would be
expected from one of the bands identified in the Gammas-
phere data, and therefore confirms that this band belongs to a 0.0
nucleus withA=117. 150 200 250 300 350

Figure 4c) shows the spectrum projected from the un- Position in PGAC (proportional to M/q)
gated(no recoil requirementmatrix by gating on the 231- or
258-keV transitions; on this figure, the peaks which are la- F|G. 3. The spectrum of evaporation residues recorded in the
beled belong to the band identified in the Gammasphere datRGAC at the focal plane of the FMA. The peaks are labeled with
and these peaks clearly dominate the spectrum. The lovtheir values oM/q, the mass to charge-state ratio.
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FIG. 4. Spectra from the ATLAS/FMA experiment. Parial shows the total projection of the gamma-gamma matrix gatedlon
=117 recoils. Some of th&!’Cs peaks are labeled with their transition energies. Réahshows the spectrum of gamma rays in coincidence
with anM =117 recoil and a 231- or 258-keV gamma ray. Pdngkhows the total spectrum of gamma rays in coincidence with either the
231- or 258-keV transitionéhe spectrum is not gated on recdil8gain, several of the transitions H’Cs are marked with their transition
energies in keV. The transitions marked by the letter “c” after the transition energies are contaminants. The lower spectrum(df panel
shows the K x-ray region of the spectrum of paf®@l The upper three spectra of parid) show the K x-ray regions of spectra gated on
known transitions in*8e (Z=54), '°Cs (Z=55), and''*Ba (Z=56).

phere datdlater labeled Band 3 on Fig) Belongs to''’Cs. ticular value of¢ on the other axis.In order to increase the
From this data, it was not possible to confirm the assignmentumber of counts, detectors a and (1806)° were
of Band 1 or Band 2 of*’Cs; this will be discussed in Sec. summed] By gating on the “any” germanium detector axis,

Il B and IV A. the intensities of gamma rays detectedfatould be mea-
sured in the resulting spectrum. Using this method, the in-

. RESULTS tensities of the gamma rays in the detectors wiih

=90° 1°°, (6 detectors and 6= (50 or 130)° 159130 (34

A. The level scheme of'*'Cs detectors were measured, and the ratie?391% of these

Coincidence relationships, together with energy- andntensities was takenRy,g, in Table ). After normalization,
intensity-balance arguments, have been used to deduce tHe ratio was found to be near 0.7 for a stretched-dipole and
level structures presented in Fig. 5. Three independent rot&ear 1.3 for a stretched-quadrupole transition. These values
tional bands, labeled Band 1, Band 2, and Band 3, have beetere calibrated using known transitions in the well-studied
observed. No transitions have been seen linking the band$;*Cs[1] and **%e [13] nuclei. Using this method, the rela-
and as a result their relative spins and excitation energieéive spin assignments up to 4742in Band 1, 27/ in Band
have not been established. Excitation-energy systematics @ and~27/2 # in Band 3 were made. The values of the
the oddA cesium isotopes, and aligned-angular momentummeasured angular intensity ratidR.(,y are given in Table I,
arguments(which are presented in Sec. I\) Buggest that together with the probable multipolarities of the gamma rays.
Band 1 is based on the(h;,,)[550]1/2" orbital, Band 2 on Assuming that the bands form rotational sequences of
the m(g-,,ds,)[422]3/2" orbital, and Band 3 on a hole in the stretched E2 transitions, Band 1 extends to &3/2tenta-
m(0g2)[404]9/2" orbital. The spin and parity assignments tively 71/24) and Band 2 extends to 51#2(tentatively 55/2
of the bandheads are taken from systematics and are, there}. Both Band 1 and Band 2 consist of decoupled sequences
fore, tentative. The energies and relative intensities of all obf Al=2 E2 transitions. Two transitions which feed into
the transitions assigned t3'Cs are given in Table I. the 31/2" state of Band 1 may be part of a sideband; how-

In order to help assign relative spin and parity values tcever, since their intensity in the present experiment was very
the excited states, a type of gamma-ray angular-distributiotow they shall not be considered further. Band 3 consists of
measurement was used. Two gamma-gamma correlation mtwo Al=2 signature-partner sequences connectedAlby
trices were constructed, which were incremented with=1 transitions below about 39/2. The «= + 1/2 sequence
gamma-ray energies from any germanium detector on onef Band 3 (9/2, 13/2" ...) isobserved up to 37/2 (ten-
axis, and with gamma-ray energies from detectors at a patatively 45/2 #) and the a=—1/2 sequence (1172
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e VD) TABLE |. Properties of the transitions itt’Cs from the Gam-
masphere data. Tentative spins are given in parentheses.
(1414) E, a I, b Rang |i7’i*> | ;’f Band o\
4.(67/27) 1952  532) 1.1612) I+ 3+ 2 E2
230.8 7%5  0.879) U+ 2+ 3 M1/E2
o) 257.8 685  0.939) D+ i+ 3 M1/E2
283.1 534  0.929 1+ 13+ 3 MI1/E2
@y 305.8 4015 09510 3¢ 3 MI1/E2
306.1 13016) 1.2511) -, 1 E2
iy 326.1 322 0.779) D+ i+ 3 MI1/E2
343.2 2720  0.909) A+, L+ 3 M1/E2
23 21
I o 3575 282 0859  Fr.F+ 3 MI1/E2
368.7 191)  0.9911) D+ 23+ 3 M1/E2
3785  1%1)  0.6998) &+ B+ 3 M1/E2
290
T _(55/2% 385.9 141) 0.8510) (§+)_,§+ 3 M1/E2
8995 § (55/2) 396.5 111) (37“)%(%5 3 M1/E2
(nz4) 117 4088 82 34 () 3 MIE2
15 ey ( S 4217 43) 0749 (3B _(8By 3 MILE2
7768 § (51727 s 433.2 21) 0.789) 3791?H 7§+) 3 M1/E2
4356  311) 1.2913) U+ I+ 2 E2
X 7239y (47/2% I C 440.2 62) 74y, (38H 3 MIL/E2
(45724 | 489.7 17 B+ 2+ 3 E2
e i T i @ 4948 128200 1.2311) Q- 15- 1 E2
. . 7 4)?
6246y (43/2%) (@4 (4329 154 11+
X 5 541.2  131) 1.5317) e 3 E2
o @b @ 549.6 181 1.1512 B+ 19+ 2 E2
%600 % 43/2 556.5 281)  1.0410 L+ U+ 2 E2
| i S I o el 566.1  261) 12012 L+ 18+ 2 E2
946 433
o (37/24) ﬂ‘Wi o 588.2 2%2) 1.63198) P+ 2 3 E2
S 0 616.3  141) 14418 U+ 2+ 2 E2
438y (35/2%) a0 \17& (35/2%) : : 2 T2
I 626.9  1227) 1.3412 Z-_, - 1 E2
'l = D ¥ 632.3  322) 14920 @ L+ 15+ 3 E2
ey vt ags L. ESg (3129 669.2  262) 15217) Fr i+ 3 E2
2 a1 B g 699.7  262) 13215 2+ 19+ 3 E2
e 3 27/2 ms W22y 27/ 7122 111) P+ L+ 2 E2
o6 asyor N 2uns P 722.8  11%) 1.5715 &-_, 23 1 E2
. /2 2473 ' a7 2 2
2303 § 23/2 ] | % sos l a3 727.2 312) ;*—> g* 3 E2
530 747.4 292 St 22t 3 E2
17583 19/2% 21/2+ 1747 3'58 700 9 ) 229 - 225
. . 765.1 222) 1.5217) (-2~ 3 E2
566 ooy W. M0+ ¥ 19/2 - - 3 -
187 15,2+ _—— _"ﬁ....avze X 783.5 25%2) -2
57 | =R 7957 714 14714 3 & 1 E2
T e Yase B 804.8  1Q1) 35+ 31+ 2 E2
v § 7/ 4o Rzt o 804.8 232 34y (24 3 E2
o185 30+ g+ o 231 2 2
829.9 226 35+ 31+ 3 E2
Band1 Band2  Band 3 o 2 )—(29)
839.2 714) 1.21(11) S5 1 E2
FIG. 5. The level scheme df'Cs deduced in the present work. 860-5 1712) -3 3 E2
The widths of the arrows are approximately proportional to the869.1  5@3)  1.4414) P-_,35- 1 E2
relative intensities. The level energies and spins given are relativg70.9 202) 379”)% %+) 3 E2
to the respective bandheads. The spins of the bandheads are ta 81) 394 354 > E2
from systematics; all spins given are therefore tentative, but the 2 )= (2)
spins which are not in parentheses are known, relative to the af02.2  131) A3y 3 E2
sumed spin of the bandhead. The relative excitation energies of thgp0.8 1%1) 412;,+)_7 %+) 3 E2

bands are not known.
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TABLE I. (Continued. TABLE II. Intensities of various evaporation residues in the
gamma-gammdl ??) and gamma-gamma-recail 7?"¢*°") coinci-
E,? I, b Rang |i”i_>| :f Band o\ dence data. The intensities are given as percentages of the intensity

of the yrast band of'®e. The uncertainties on the intensities are

927.8 §1) (BH (2 2 E2  petween 5 and 15 %.
945.9 372)  1.2413 $8-_,39- 1 E2 . '
974.8 g1) (%+)_)(412_3+) 3 E2 Evap. chan.  Residue/band ”1(%) |77cl (9p) | vvrecoiy vy
993.4 41) (A (2 2 E2  4p U8y e/yrast 100 100 1
994.2 1@3) (%+)_)(412_1+) 3 E2
11
1038.4  242)  1.3415 g-4- 1 E2
1100° 2 A1 o : 2. 1 Eo 19Cs/m(hyy,) 68 32 0.47
(Z7)—=(37) 3p H8Cs/lm(g7,) 10 9 0.90
11243 11) 29— (3 2 E2 UCsim(ge) - 40 36 0.90
1129.2 202 ()4~ 1 E2
1175° (38-ye_, 8- 1 E2 YWesim(hy) 27 - -
117, _ —
12249 182) (S) 2y 1 E2 P . o8m(g) 11
2 2 Cslm(gey) 15 0.63 0.42
1290.1 111) (%*)_)(52_5*) 1 E2
d
1349 84) (EH)—=(8) 1 E2
1350 104 ¢ (81— 1 E2 To understand the intensities of Band 1, it is helpful to
1413.9 41) (L) (5) 1 E2 look at the intensities of the analogoughqi,) band in
11%Cs. In theyy data, this band has an intensity of 68% of
®Energies typically accurate to 0.2 or 0.3 keV. the 118e (4p evaporationband, but this is reduced to only
PUncertainties on the intensities include a 5% contribution from thezos, in theyy-recoil data. A possible explanation is that the
efficiency calibration. bandhead of ther(h,;,;) band in1*Cs (and 'Cs) is iso-

°Energy estimated, not measured.
dintensity estimated, not measured.
®Most likely spin assignment of side-feeding states.

meric, with a lifetime less than the flight time through the
FMA (~0.7 ws); if the isomer decays within the FMA, the
charge state of the recaoil is likely to be changed and hence
the FMA settings will no longer be appropriate to put the
recoils into the ‘M/q=117" peak at the focal plane. In the
15/2" .. .) is observed up to 39/2 (tentatively 47/24).  case of 1!’Cs, the intensity would have to be reduced to
The signature splitting is approximately zero over the whole<(.5% of the!8Xe band(Table Il). This may, therefore, be
observed rotational frequency range, as would be expectegLe to the bandhead being isomeric, with a lifetime of sev-
for a band built on a hole in the higk- 7(go,)[404]9/2"  eral hundred ns. This does not, however, fully explain the
orbital. nonobservation oft’Cs Band 1. From the table it can be
seen that, in they data, the''%e («a2p evaporationyrast
B. Transmission of residues through the FMA band is observed with 37% of the intensity of thHéXe yrast
In order to perform isobaric identification using the band. In theyy-recoil data, however, thé'’Xe yrast band
method described in Sec. Il C, it is essential that a reasonablyas only 8% of the intensity of th&'®e band. This loss of
large fraction of the evaporation residues reach the focdlelative intensity has been attributed to the large angular
plane of the FMA. In the gamma-gamma) coincidence spread of the recoiling evaporation residues, caused by the
data from the ATLAS/FMA experiment, the three bandsevaporation of arw particle. The evaporation of am par-
shown in Fig. 5 could clearly be seen, with approximatelyticle will also reduce the intensities of all three bands in
the same relative intensities as in the Gammasphere data, ahtiCs (which is produced in thexp evaporation channein
with Band 1 having the largest relative intensity. In thethe yy-recoil data, relative to thé'®Xe yrast band. This is
gamma-gamma data in coincidence with a recoil at the focahpparent in the data for Band 3 #A’Cs, where the intensity,
plane (yy-recoil data however, it was not possible to ob- relative to 1*®e, is clearly reduced in they-recoil data
serve either Band 1 or Band 2. For this reason, in the presefiirom a comparison with*'°Cs, the band head is not ex-
work, only Band 3 can be firmly assigned {d’Cs. The pected to be isomeric This explanation is corroborated by
nonobservation of Band 1 and Band 2 in the-recoil data  data for two bands in*'°Cs (3p evaporatiol, where the
has been investigated by measuring the intensities of variouglative intensities are approximately the sameyip and
reaction products in both they and y+y-recoil data, and can +yy-recoil data. The reduction of intensity, and hence nonob-
be better understood with reference to the data given iservation, of''’Cs Band 2 in theyy-recoil data can, there-
Table Il. The intensities of bands itt®!'%e and 1'1!Cs  fore, be attributed to the angular spread caused by the evapo-
have been measured in both an ungated méttiX andina rateda particle. It is also possible that the bandhead of Band
matrix gated by any recoill 77", 2 is also isomeric.
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N=62 N=64 N=66 N=68 N=70 N=72 N=74

:WCJJ 11QCS 121CS 123CS 12505 127CS 12QCS

02 04 06 02 04 06 02 04 06 02 04 06 02 04 06 02 04 06 02 04 06
Rotational frequency (MeV/h)

i (R)

o A~ ©® N

Z=55

FIG. 6. Systematics of aligned angular momentar(in,,,,)[ 550]1/2" bands in oddA 117<A<129 cesium isotopes. The data are taken
from Refs.[1-5,14 except!'’Cs which are from this work. For all data points, a reference configuration has been subtracted with the Harris
parameter$20] J,=17.0 MeV %2 and.7;=25.8 MeV %%,

IV. DISCUSSION gular momentai() for the bands in**’Cs are presented as a

A. Assignment of Band 2 to1Cs function of rotational frequency in Figs. 6, 7, and 8; a
reference angular momentum has been subtracted with the
Harris parameters[20] J,=17.0 MeV 22 and 7,
=25.8 MeV 3#* [21]. By comparing the experimental
alignments with those predicted theoretically, and by apply-
qing Pauli blocking arguments, information about the under-
ying configurations can be obtained. In this work, the stan-
gest that Band 2 does belong t5Cs. In both the Gz_imma-_ dard procedure has been adopted, whereby total Routhian
sp.herle and th.e ATLAS/FMA data sets, Band 2 is not Insurface(TRS) [22,23 calculations are used to estimate the
coincidence with gamma rays from any known nucleus. Ir‘deformations of the proposed configurations, and these de-

addition, aIthough_ Bgn_d 2 is not obseryed n theformations are subsequently used as input into Woods-Saxon
M =117-gated matrix, it is also not observed in any other

g i with 125M < 120. In %Cs. three band cranked shell model calculatiofi4,25 in order to extract
mass gated matrix with 1¥M=<120. In " "Cs, three bands 4 etical quasiparticle alignment frequencies. These calcu-
analogous to those presented hére **'Cs) are populated

lated alignment frequencies can then be compared to those
with the same relative intensities as the bandd'ifCs; the g . P

- . ' observed experimentally.
7(N11)[550]1/2" band(Band 1 is the most intense, and | grder to facilitate the discussion of the bands, the or-

the 7(g7,d5/,)[ 422]3/2" band(Band 3 is the weakest. FUr-  pjitais are Jabeled as indicated in Table Ill. The TRS calcu-
ther, it is established that nuclei in this region are well de+4iions predict axially-symmetric shapes for both the lowest
formed, and that the excitation energies, relative to the bandﬁositive-parity(a and b and the lowest negative-parite
head, of the lowest-lying excited states vary smoothly as &4 4 configurations in'*’Cs. At a representative rotational
function of neutron numbe€li6,15]. The states in Band 2 fit frequency ofw=0.190 MeV/, the lowest positive-parity,

the systematics of the_excitation energies 0fﬂ17k|ié22]3/_2+ negative-signature configuratiotb configuration is pre-
bands very well(as is also apparent from the aligned

angular-momentum systematics, discussed below and in Sec.
IV B). Finally, a plot of the aligned angular momentum in N=66
the w[422]3/2* band is very distinctive and has a character- 123
istic shape caused by7a(h;;,,)? alignment immediately fol- 1 La
lowed by awv(h;y,)? alignment. If the alignment pattern £ 84
identifies the bandhead as th§422]3/2" orbital, then the -
only nuclei to which the band can belong are the odd- N=62 N=64
z Y'cs, BYa (p2n  evaporatioh  :2la (p),
9 (a3p), and £33 (2ap). The level schemes of*>11 1241 "Cs "°cs %cs
are well known[16,17, essentially ruling them out. The = g
yrastw(hy1) band of *?!La is known[18], and is not ob- =
served in the data. Also, it is unlikely that tp@n channel ™~ 4 -
(**%La) is populated in a reaction where neutron evaporation
is unfavored. Hence, the most likely candidate'i&Cs. 0 0204 060 0204 060 02 0.4 06
Rotational frequency (MeV/h)

It should be stated explicitly that, although Band 3 has
been definitely assigned t3'Cs by this work, and there was
some evidence that Band 1 belongstéCs in Ref[6], there
is no direct experimental proof that Band 2 belongs$*(€s.
That being said, there are several facts which strongly su

Z=57

Z=55

B. Quasiparticle alignments ) . )
. . ) . . FIG. 7. Systematics of aligned angular momenta in the
The configurations underlying rotational bands can be N7 (gy,,052)[422]3/2" bands of'1711°12Es and!?3a. The data are
vestigated by studying their aligned angular momenta. IRaken from Refs[1,14,2§ except'’Cs which are from this work.
high-spin bands such as those presented in Fig. 5, the alignedr all data points, a reference configuration has been subtracted
angular momenta can easily be extracted according to thgith the Harris parameter§20] J7,=17.0 MeV 42 and J;
standard prescription described in Rgf9]. The aligned an- =25.8 MeV 3%%.
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N=62 N=64 07 B,=0.04, y=0° B,=0.25, y=0° p,=0.25, p,=0.04
12 | 117CS 11908 % 06 . Neutrons Neutrons Neutrons
< 8 2 e T e R
o 4 * 0=+ [1]' g 0.4 EF
_ =]
o Ol=— g 03
0 — T T T y T =Y S N (N S—
02 04 06 02 04 06 ] w -~ ] T
Rotational frequency (MeV/ h) ;‘% 05 Protons Protons Protons
(=] ef
FIG. 8. Aligned angular momenta in the(g,) ~[404]9/2* = 04 D
bands of'*"11Cs. The data for'°Cs are taken from Ref$1,14] 03 =55 025 027 003 004 005 050 5 10
and those fort'’Cs are from this work. For all data points, a refer- B, Bs ¥ (degrees)
ence configuration has been subtracted with the Harris parameters . .
[20] Jo=17.0 MeV 12 and 7,=25.8 MeV 3%, FIG. 9. Calculated alignment frequencies of the lowest three

pairs ofh,4,, neutrongupper panelsand protonglower panely as

a function of the deformation parametg8s, B,, andy. Values of
dicted to have a deformation ¢f,=0.251, 8,=0.044, and  the deformation parameters which were not varied are given above
vy=3.9°; at the same rotational frequency, the lowesthe panels.

negative-parity, negative-signature configuratierconfigu-

rfltlon) r:as a deformatlon_oﬁz=0.239, B4=0.036, andy |4est state in the band has spin and parity of 11/Zhe
=—0.7°. It should be pointed out, however, that the TRSfigt shend in the alignment plot is observed at
calculations for the positive-parity configurations are of I|m—0_40 MeV/. This is close to the theoretically predicted

ited reliability due to configuration mixing, and the existencevmue for the first fiyy)? ; ;
" ) ; “ 1172 < nheutron alignmentEF), and infers
of positive-parity orbitals from below th&=50 shell gap. that the first b,5,,)2 proton alignmentef) is blocked. These

The positive-parity TRS surfaces in this region consist of 3 pservations su :
. " " " ; ggest that the band is based dn gproton
mixture of the[404]9/27, [422]3/2", and[420]1/2" orbit- orbital. The upbend at 0.40 Me¥/is therefore attributed to

als. Performing cranked Woods-Saxon calculations over the alignment of the first pair ofi;y, neutrons(EF). The
reasonable range of deformatiqns, however, revgals_ .that tqﬁcrease in, for the highest data ploli/rzn int’Cs (Fig. 65 may
calculated alignment frequencies do not vary S|gn|f|cantlybe due to tﬁe onset of the alignment of the first nonblocked

with dgformann, as |s'|llustrated in Fig. 9 For this rea'son,hll/2 proton pair(fg), although more data are clearly needed
the alignment frequencies of the same pair of nucleons in thF0 help elucidate this assignment

three 11'Cs bands should be very nearly the same. At the
representative deformation ¢@#,=0.25, 8,=0.04, andvy
=0°, the cranking calculations predict the alignments of 2. Band 2
hi11» neutrons and protons at the frequencies given in Table A plot of the aligned angular momentum in Band 2 is
V. given in the left-most panel of Fig. 7. Again, only one sig-
nature partner of the band is observed, which indicates that it
1.Band 1 is based on a lowi& orbital with large signature splitting. The
Only one signature of the Band 1 is observed, which in-tWo candidate Nilsson orbitals near the Fermi surface would
dicates large signature splitting, characteristic of a kow- then be thay/ds, [4223/2" and[420]1/2" orbitals. Cal-
orbital. The aligned angular momentum of Band 1 is showrfulated Routhians predict that thet22]3/2" band lies
in the left-most panel of Fig. 6 as a function of rotational Slightly lower in energy than thg420]1/2" band and thus it
frequency. The band has a |arge initial a“gnment |Qf is I|ke|y that the bandhead of Band 2 is the JS/Qate of the
—4.5 #, suggesting that the band is based onhap, or-  [422]3/2" band. The assignment a§420]1/2" band, how-
bital. The most likely candidate is then th850]1/2~ Nils-  €ver, cannot be ruled out, since there is no way to distinguish
son orbital. This would agree with the systematics of thePetween bands based on these two orbitals from the present
neighboring oddA cesium isotopes which suggest that thedata.

TABLE IIl. Labeling scheme for orbitals near the Fermi sur-  TABLE IV. Alignment frequencies of pairs oh;, neutrons

face. and protons int'’Cs, as predicted by cranked Woods-Saxon calcu-

lations. The alignments of positive-parity quasiparticles are pre-
Label Parity Signature dicted at frequencies above 0.7 MéV/and are therefore not con-

sidered here.

neutrons protons 7€) (a)

A C a N 1/ neutrons w; (MeV/h) protons w. (MeV/h)

B, D b, d + -1/2 EF 0.35 ef 0.38

E, G e g - -1/2 FG 0.50 fg 0.60

F,H f, h - +1/2 EH 0.55 eh 0.58
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FIG. 10. Comparison of the aligned angular momentum of Band_. FIG. 11. _Calculateq intt_araction str_engths for they6) neutron
2 of 1'Cs with that of the yrast band #6Xe [13]. The numbers in alignments in the cesium isotopes with<6B<70. The values are

bold text give the alignment frequencies of the finst(,)? proton taken from Ref[1] where calculations were made at the deforma-

alignment in the bands. For all data points, a reference configuratioHon given on the figure.

has been subtracted with the Harris parameté®] 7,
=17.0 MeV %2 and 7;=25.8 MeV 3% served in the even-even cofé® e, as shown in Fig. 10.
This effect in Bands 2 and 3 was also observed in the analo-

If the [422]3/2" (or [420]1/27) assignment is correct, gous band in***.a [26], where it was attributed to a pairing
then neither the firsh,;,, proton nor the firsh;;,, neutron  €ffect due to the blocking of an extra orbital in the add-
alignment will be blocked and both alignments should behuclei, resulting in a reduction of the proton pair gap. The
observed in the band. Inspection of Fig. 7 reveals that theréame effect has been documented previously in the heavier
is a sharp gain i, (backbendl at w=0.28 MeV#i, fol-  rare-earth nuclef27].
lowed by a more gradua] gain |r}( (upbend centered at In calculations performed in Re[26] (details thereih
about 0.38 MeV#k. The gradient and frequency of the up- the proton pair gap was found to be 25% lower'fiLa as
bend at 0.38 MeM is very similar to the upbend in Band 1, compared to the even-evéf’Ba core. In that work, this was
where the firstr(hyy,)? (ef) alignment is blocked; this up- given as the reason why the frequency of tHé ;) * align-
bend is therefore attributed to the alignment of the first paimment in **a was reduced. The results presented here for
of hyy, neutronsEF). The alignment at 0.28 MeW/is con-  --'Cs are analogous to the observations'ifLa; however,
sequently due to the first pair f ;,, protons(ef). The total  the discussion presented in Sec. IV E suggests that a neutron-
alignment gain measured over the frequency range seen Rfoton interaction influences the alignment frequencies.
the experiment is consistent with this interpretation.

D. The »(hyy,)? alignment in Band 1

3. Band 3 The aligned angular momenta in the(h;;/,)[550]1/2

Band 3 is strongly coupled and is therefore based on ahands of the odd: cesium isotopes with 1¥A<129 are
orbital with a highK value. The only nearby possibility is shown in Fig. 6, as a function of rotational frequency. As
the 7(gq»)[404]9/2% Nilsson orbital which would give the pointed out in Ref[1], the deformation for this configuration
bandhead a spin and parity of 9/2this assignment is in is predicted to be stable as a functionhyfand deformation
agreement with systematics. The aligned angular momentu@ffects on the aligned angular momentum are small. The
of the band is presented in Fig. 8, in comparison to the analcstrength of the interaction at tha4;,») neutron alignment is
gous band in'**Cs. The bands in both nuclei display very predicted to be an oscillating function of the neutron number
similar ~ alignment  patterns, centered  aroundwith a large value for'?Cs (N=68) and small values for
0.38-0.40 MeV# and with a total alignment gain of about *°Cs (N=64) and'*Cs (N=70). The calculated interac-
9 4. This alignment gain is attributed to the near- tion strengths, taken from RfL], are shown in Fig. 11, the
superposition of the H;y)? proton alignment(efy at calculations are made at a representative deformation, given
0.36 MeVf and the bjy)? neutron alignmentEF) at  on the figure. Experimentally, the strength of an interaction
0.40 MeV/:. Moreover, the total alignment gain is approxi- can be inferred from a plot of aligned angular momentum
mately equal to that in Band (Fig. 7), where the same two against rotational frequency, where a sharp backbend implies
alignments occur, but at slightly different frequencies. a weak interaction and a gradual upbend implies a strong
interaction. Inspection of Fig. 6 gives an immediate com-
parative estimate of the interaction strengths at thg 4?2
neutron alignments ift'"12°Cs. As predicted by the calcu-

The firsthy,,, proton alignmentef) is observed in both lations, the interaction strength ##°Cs appears to be small.
Bands 2 and 3. In Band 2, the observed alignment frequencyzontrary to the calculations, however, the interaction
0.28 MeVH, is considerably lower than both the calculatedstrength appears to continually increase with decreasing neu-
frequency of 0.38 MeMi (Table IV) and the alignment ob- tron number down td*°Cs. In Ref[1], this was ascribed to

C. The m(hyy,)? alignment in Bands 2 and 3
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a residual neutron-proton interaction between the valencganner. In ''Cs, the proton Fermi level lies at the
protons and the aligning neutrons. FAfCs, the interaction [550]1/2" orbital, and in Band 2 the valence proton occupies
strength is lower than it*Cs, as can be inferred from Fig. either the 422]3/2" or[420]1/2" normal-parity orbital. Fol-
6. It would appear that the interaction strength does OSCi”atQOng the »71-(h11/2)2 alignment, two protons occupli;y,
but with a maximum atN=64—-66 rather than aN=68  orbitals. The quadrupole moment and also therefore the qq
which was predicted by standard cranking calculations. interaction is increased, the energy of the two quasiproton
band is reduced, and the alignment is shifted to a lower fre-
E. Implications of a neutron-proton interaction qguency. In Ref[29], it is stated that the effect of the np
nteraction is largest when the Fermi level is low in the in-

It is apparent from the discussion given in the previousi >
subsections that the alignment frequencies have a depeffuder subshell. Hence, the frequency of thgh,,/)~ align-

dence on the configurations of the rotational bands in whicfn€nt in Band 2 is reduced marked{plignment frequencies
they occur, and also that there are several discrepancies bg- Band 3 are difficult to pinpoint and are, therefore, not
tween the observed frequencies and those predicted using tHSCUssed herg. _ _ ,
standard CSM. This failure of the CSM to match all of the 't iS @IS0 expected that an np interaction will perturb the
features of an alignment is not a new observation. It is welfntéraction strengths. From the present data, the behavior of
established that systematic discrepancies are encounterdtf interaction strengths is puzzling. As stated in Sec. IV D,
when trying to reproduce alignment patterns of high-spinit 2Ppears that the local maximum of the interaction strength
states, particularly in bands based on intruder orbjta8.  occurs atN=64, rather than the value &f=68 which was
For the neutron-deficient cesium isotopes the aligrtipg,  predicted by the CSM. However, in RgR9], the inclusion
neutrons and protons are in nearly the sdmg, orbitals as  of the np interaction shifts the theoretical maximum to higher
the protons upon which bands are based. This suggests that\a Clearly, further theoretical investigation is necessary be-
neutron-proton(np) interaction may need to be considered. fore the role of the np interaction on quasiparticle alignments
An np interaction is not included in the standard CSM; inin oddA nuclei is fully understood.
order to investigate its role, Satula, Wyss, andnBo[29]
have performed calculations using an approach similar to the V. SUMMARY
standard cranking method, but which is supplemented with
additional mixing effects arising from a residual np interac-  High-spin states have been populated in the very neutron-
tion. In their work, the np interaction is assumed to be adeficient'’Cs isotope, and studied using the Gammasphere
quadrupole-quadrupolgq) force. Despite this admitted sim- array. For the first time, excited states have been identified in
plification, the results of the calculations qualitatively ex-the m(ge,) ~* band using a method of gamma-recoil and
plain some of the discrepancies between CSM theory andamma-x ray coincidences. The(h;;,) band has been ob-
experimental observations. Although, specifically, the calcuserved and extended to high spin. A third band, presumably
lations were performed fot'*Sh, several of the general con- pased on ar(g;,,.ds;,) orbital has been tentatively assigned
clusions can be applied t#'Cs, an isotone ofSb. o 117Cs, primarily on the basis of excitation-energy and
The calculations reveal the manner in which the np intergjignment systematics. There is some indirect, tentative evi-
action can shift alignment frequencies. When particles aligijence that ther(h,y/,) bandhead is isomeric with a halflife
within an intruder subshell, the alignment frequency iSqf several hundred ns. Alignments of bdtjy, neutrons and
shifted up if the aligning particles already occupy intruder oions are observed in all of the bands. Like in the neigh-
orb!tals, qnd down if the allgnlng partlcle_s occupy norma"boring heavier cesium isotopes, thgh,;,,)? alignment in
pgnty orbitals. Thg reason for this effect is that mtru_der Ol the 7(g.0s,) band occurs at a frequency lower than the
bitals have large intrinsic quadrupole moments; their 0cCuyegiction of the standard CSM. The interaction strength at
pation can modify the quadrupole moment of the system and,o (h117)2 neutron alignment in ther(h,,,,) band appears

hence, change t_h%qq force. In the greceding subsections, f he smaller than that iR*%Cs. Though the behavior of the
was stated that, if*'Cs, the first by, neutron alignments quasiparticle alignment frequencies is hard to explain with

(EF) occur at frequencies of 0.40, 0.38, and 0.40 MeW b standard CSM, it appears that the behavior can be better
Bands 1, 2, and 3, respectively. Theoretically, this alignmeng, ajitatively described if a neutron-proton interaction is
is predicted by the standard CSM to occur at 0.35 MeV/ (5yen into consideration.

(see Table IV and Fig.)6In !'Cs, the neutron Fermi level
lies approximately at th€532]5/2" orbital. Therefore, be-
fore the v(hyy)? alignment occurs, the aligning neutrons
already occupyh, 4, orbitals, and the alignment reduces the
guadrupole momengsee Fig. 8 of Ref[29]). As a conse- Targets were prepared by A. Lipskstony Brook. The
quence, the qg interaction is also reduced, the twauthors would like to acknowledge useful suggestions from
quasineutron band lies at higher energy, and the alignment . Wyss. The CSM and TRS codes were provided by R.
shifted to higher frequency. In Band 2, the(hy;)? (eff  Wyss and W. Nazarewicz. This work is supported in part by
alignment occurs at 0.28 Me¥/ compared with a CSM- the NSF, the EPSRQUK), and by the Department of En-
predicted value of 0.38 MeVy/. The low frequency of this ergy, Nuclear Physics Division, under Contracts No. W-31-
alignment can also be explained in a similarly qualitativel09-ENG-38(ANL) and DE-AC03-76SF00098 BNL ).
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