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Identification of excited states in 117Cs: Systematics of then„h11Õ2…
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Excited states have been identified in the very neutron-deficient55
117Cs62 nucleus. High-spin spectroscopy has

been performed using the Gammasphere array, and the assignment of gamma-ray transitions to117Cs has 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 yrastp(h11/2)@550#1/22 band of117Cs. Two additional
bands have been observed and are tentatively assigned to be based on protons in the@404#9/21 and@422#3/21

orbitals. Alignments of pairs ofh11/2 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 of then(h11/2)

2 alignment in thep@550#1/22 band and
of the p(h11/2)

2 alignment in the@422#3/21 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 number~s!: 21.10.Re, 23.20.Lv, 27.60.1j, 29.30.Kv
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I. INTRODUCTION

Experimental data show that the very neutron-defici
A.120, Z555 cesium isotopes are well deformed and d
play a wealth of interesting collective structures@1–5#. In
these nuclei, the cranked shell model~CSM! predicts the
rotational alignment of pairs of both neutrons and protons
the h11/2 subshell. The precise details of the observed ali
ments, specifically, the rotational frequency, the gain
aligned angular momentum and the interaction strength,
give information about the structure of the nucleus, parti
larly when Pauli blocking arguments can be applied. Us
such blocking arguments, systematic comparisons w
neighboring nuclei, can provide insight into the underlyi
physics as a function ofN and Z. For the neutron-deficien
cesium isotopes, CSM calculations predict the interact
strength of theh11/2 neutron alignment to oscillate as a fun
tion of neutron number. Though experimental data
1212129Cs would appear to validate this theory, the data
119Cs contradict the theory because the interaction stren
increases atN564, suggesting that the interaction streng
violates the predicted oscillation by increasing atN564. In
the work by Lidén et al. @1#, this observation has been pr
sented as evidence for increased neutron-proton interac
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betweenh11/2 protons and theh11/2 neutrons in the crossing
band. In order to test this interpretation, it is necessary
investigate rotational bands and quasiparticle alignment
the cesium isotopes with neutron numbers~N! below 64.

The cesium isotopes withA,119 (N,64) are difficult
to study with in-beam spectroscopic techniques, beca
they can only be produced with very small cross sectio
from the most neutron-deficient compound nuclei. Until r
cently the most neutron-deficient cesium isotope in wh
excited states had been definitively identified was119Cs @1#.
Five transitions, however, had been tentatively assigned
117Cs by Sun et al. in Ref. @6#. In that work, the
92Mo(28Si,2pn)117Cs reaction was used; on the basis
statistical-code calculations, excitation-function measu
ments, and excitation-energy systematics, a band was
signed to117Cs. The observed band was associated with
yrastph11/2 configuration, and reached a spin of 31/2\. The
N558 isotope 113Cs has been studied recently by reco
decay tagging@7#, taking advantage of its decay by proto
emission. That work identified a sequence of five gam
rays despite a very small production cross section
;25 mb.

In the present work, the isotope117Cs has been studied, i
order to investigate quasiparticle alignments and elucid
general high-spin properties in this very neutron-defici
region. This paper reports the first definite experimen
identification of excited states in117Cs, and the first
high-spin spectroscopy of this nucleus. The reactio
58Ni( 64Zn,ap)117Cs and 64Zn(58Ni,ap)117Cs have been
used, for which the cross sections are only a few mb. Hi
spin spectroscopy was performed using the Gammasp
@8# array, and the assignment of excited states to117Cs was
made in a separate experiment using the Argonne Fragm
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J. F. SMITHet al. PHYSICAL REVIEW C 63 024319
FIG. 1. Representative spectra from the Gammasphere data. The spectra are projected from theggg coincidence cube by specifying tw
gating transitions. Panels~a! and ~b! show transitions in Band 1 while panels~c!, ~d!, and~e! show transitions in Band 2. The spectra a
gated on the following transitions, where all of the given transition energies are in keV:~a! 306 and 839;~b! 306 and~1129 or 1225!; ~c! 195
and 436;~d! 195 and 566; and~e! ~195, 436, 557, 566, or 550! and 712. The peaks are labeled with gamma-ray energies in keV and
the labeled peaks have been assigned to117Cs, apart from those labeled with a ‘‘c,’’ which are contaminants from neighboring nuclei.
transitions with energies in square brackets on panel~e! could not be definitively shown to be in coincidence with Band 2.
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Mass Analyzer ~FMA! @9#, in which gamma-recoil and
gamma-x-ray coincidence events were recorded.

II. EXPERIMENTAL DETAILS AND ANALYSIS

A. The Gammasphere experiment

Details of the experiments have already been given
Refs. @10,11#. In the first experiment, high-spin states we
populated using the58Ni( 64Zn,ap)117Cs reaction and de
excitation gamma rays were detected using the Gamm
phere array. The 265-MeV64Zn beam was accelerated by th
88-inch cyclotron at the Lawrence Berkeley National Lab
ratory. The beam was incident upon two stack
500-mg/cm2, self-supporting, 99%-pure58Ni foils. At the
time of the experiment, Gammasphere had 56, 75%-effic
escape-suppressed germanium detectors in place. The d
tors were arranged in 14 rings with constant polar angleu; 2
detectors atu517.3°, 5 at 31.7°, 5 at 37.4°, 5 at 50.1°, 1
58.3°, 1 at 80.7°, 6 at 90.0°, 1 at 99.3°, 1 at 100.8°, 5
121.7°, 10 at 129.9°, 5 at 142.6°, 4 at 148.3°, and 5
162.7°. With the requirement that at least three german
detectors fired in prompt coincidence before data were
corded, a total of 93108 gamma-ray coincidence even
were written to magnetic tape. In the offline analysis ea
n-fold event (n>3) was decomposed intonC3 threefold
gamma-ray coincidences, yielding a total of 63109 unfolded
triples which were subsequently used to increment a th
dimensional histogram~cube!. TheRADWARE software pack-
age@12# was used to analyze the data. By gating on kno
transitions, approximately 15 nuclei were observed. T
02431
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most intensely populated nuclei were119Cs (3p evapora-
tion!, 118Xe (4p), and 116Xe (a2p) which were produced
with approximately 33%, 30%, and 19% of the evaporatio
residue cross section, respectively. The band assigne
117Cs in Ref.@6# was observed in the data and two addition
bands were tentatively assigned to117Cs on the basis of sys
tematics, and on the lack of coincidence relationships w
level schemes of known nuclei. In total, these bands w
populated with about 2–3% of the evaporation-residue yie
corresponding to a cross section of about 5 mb. Figure
and 2 show representative spectra projected from the cub
applying gates to two of the three axes of the cube.

B. The ATLASÕFMA experiment

In order to confirm that the bands observed with Gamm
sphere belonged to117Cs, a second experiment was pe
formed in which gamma rays were detected in coincide
with recoiling evaporation residues and with x rays. In th
experiment, the64Zn(58Ni,ap)117Cs reaction was used. Th
58Ni beam, at energies of 230 and 240 MeV, was provid
by the Argonne Tandem Linac Accelerator System~AT-
LAS!. The target was a self-supporting64Zn foil of thickness
500 mg/cm2. Gamma rays and x rays were detected at
reaction site in an array of 10 Compton-suppressed, 25
efficient, germanium detectors; the electronic thresholds
two of the detectors were reduced in order to det
;35-keV K x rays from nuclei withZ.55. The recoiling
reaction products were dispersed according to their mass
charge state ratio and detected in a parallel-grid avalan
9-2
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IDENTIFICATION OF EXCITED STATES IN 117Cs: . . . PHYSICAL REVIEW C 63 024319
FIG. 2. Representative spectra from the Gammasphere data. Both panels show transitions in Band 3. The spectra are projecte
ggg coincidence cube by specifying two gating transitions. Spectrum~a! is gated on any two of the 231-keV, 258-keV, and 283-k
transitions, that is, the spectrum is a sum of three double gates. The intensities of the gating transitions are clearly reduced. Spec~b! is
gated on~231, 258, or 283 keV! and 306 keV. The peaks are labeled with the gamma-ray energies in keV and all of the labeled
correspond to transitions in117Cs. The peaks labeled with transition energies in parentheses appear to be in coincidence with Ban
could not be placed in the level scheme.
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counter ~PGAC! at the focal plane of the FMA. With the
trigger condition of two or more Ge detector signals in c
incidence with each other or one or more Ge signals in
incidence with a PGAC signal, approximately 93107 events
were recorded.

C. Assignment of excited states to117Cs

The M /q spectrum recorded by the PGAC at the FM
focal plane is presented in Fig. 3. Mass (M ) 117 recoils with
three different charge states (q) were detected by the PGAC
these consisted of117Xe and 117Cs residues, in approxi
mately equal proportion. The data were sorted into gam
gamma correlation matrices gated on recoils with mas
115 to 120, and an ungated~no recoil condition! matrix. The
method used to assign excited states to117Cs was essentially
the same as that described for118Ba and 118Cs in Refs.
@10,11#. Figure 4~a! shows the total projection of theM
5117 gated matrix; some of the transitions belonging
117Cs are labeled with their transition energies on that figu
Figure 4~b! shows gamma rays in coincidence with anM
5117 recoil and either a 231- or 258-keV gamma ray. T
spectrum shows the coincident gamma rays which would
expected from one of the bands identified in the Gamm
phere data, and therefore confirms that this band belongs
nucleus withA5117.

Figure 4~c! shows the spectrum projected from the u
gated~no recoil requirement! matrix by gating on the 231- o
258-keV transitions; on this figure, the peaks which are
beled belong to the band identified in the Gammasphere d
and these peaks clearly dominate the spectrum. The
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energy (,50 keV) part of this spectrum is shown in Fig
4~d!, showing the K x rays in coincidence with the uniden
tified band. For comparison, also shown on panel~d! are the
low-energy regions of uncontaminated spectra gated on t
sitions in 118Xe ~472 keV! @13#, 119Cs ~269 keV! @1,14#, and
119Ba ~113 keV! @15#. The x rays in coincidence with the
unidentified band have the same energies as those in co
dence with gamma rays in119Cs, thus confirming that the
band belongs to an isotope of cesium. Hence, these re
prove that one of the unidentified bands from the Gamm

FIG. 3. The spectrum of evaporation residues recorded in
PGAC at the focal plane of the FMA. The peaks are labeled w
their values ofM /q, the mass to charge-state ratio.
9-3
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FIG. 4. Spectra from the ATLAS/FMA experiment. Panel~a! shows the total projection of the gamma-gamma matrix gated onM
5117 recoils. Some of the117Cs peaks are labeled with their transition energies. Panel~b! shows the spectrum of gamma rays in coinciden
with anM5117 recoil and a 231- or 258-keV gamma ray. Panel~c! shows the total spectrum of gamma rays in coincidence with either
231- or 258-keV transitions~the spectrum is not gated on recoils!. Again, several of the transitions in117Cs are marked with their transition
energies in keV. The transitions marked by the letter ‘‘c’’ after the transition energies are contaminants. The lower spectrum of p~d!
shows the K x-ray region of the spectrum of panel~c!. The upper three spectra of panel~d! show the K x-ray regions of spectra gated o
known transitions in118Xe (Z554), 119Cs (Z555), and119Ba (Z556).
e
.

n
e
ot
e

nd
gi
s
um

e
ts
e

l o

t
tio
m
it
on
pa

,

in-

and
lues
ied
-

e

ys.
of

ces
o
w-
ery
of
phere data~later labeled Band 3 on Fig. 5! belongs to117Cs.
From this data, it was not possible to confirm the assignm
of Band 1 or Band 2 of117Cs; this will be discussed in Sec
III B and IV A.

III. RESULTS

A. The level scheme of117Cs

Coincidence relationships, together with energy- a
intensity-balance arguments, have been used to deduc
level structures presented in Fig. 5. Three independent r
tional bands, labeled Band 1, Band 2, and Band 3, have b
observed. No transitions have been seen linking the ba
and as a result their relative spins and excitation ener
have not been established. Excitation-energy systematic
the odd-A cesium isotopes, and aligned-angular moment
arguments~which are presented in Sec. IV B! suggest that
Band 1 is based on thep(h11/2)@550#1/22 orbital, Band 2 on
thep(g7/2d5/2)@422#3/21 orbital, and Band 3 on a hole in th
p(g9/2)@404#9/21 orbital. The spin and parity assignmen
of the bandheads are taken from systematics and are, th
fore, tentative. The energies and relative intensities of al
the transitions assigned to117Cs are given in Table I.

In order to help assign relative spin and parity values
the excited states, a type of gamma-ray angular-distribu
measurement was used. Two gamma-gamma correlation
trices were constructed, which were incremented w
gamma-ray energies from any germanium detector on
axis, and with gamma-ray energies from detectors at a
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ticular value ofu on the other axis.@In order to increase the
number of counts, detectors atu and (180-u)° were
summed.# By gating on the ‘‘any’’ germanium detector axis
the intensities of gamma rays detected atu could be mea-
sured in the resulting spectrum. Using this method, the
tensities of the gamma rays in the detectors withu
.90° I 90, ~6 detectors!, and u.(50 or 130)° I 50/130, ~34
detectors! were measured, and the ratioI 50/130/I 90 of these
intensities was taken (Rang, in Table I!. After normalization,
the ratio was found to be near 0.7 for a stretched-dipole
near 1.3 for a stretched-quadrupole transition. These va
were calibrated using known transitions in the well-stud
119Cs @1# and 118Xe @13# nuclei. Using this method, the rela
tive spin assignments up to 47/2\ in Band 1, 27/2\ in Band
2, and;27/2 \ in Band 3 were made. The values of th
measured angular intensity ratios (Rang) are given in Table I,
together with the probable multipolarities of the gamma ra

Assuming that the bands form rotational sequences
stretched E2 transitions, Band 1 extends to 63/2\ ~tenta-
tively 71/2\) and Band 2 extends to 51/2\ ~tentatively 55/2
\). Both Band 1 and Band 2 consist of decoupled sequen
of DI 52 E2 transitions. Two transitions which feed int
the 31/22 state of Band 1 may be part of a sideband; ho
ever, since their intensity in the present experiment was v
low they shall not be considered further. Band 3 consists
two DI 52 signature-partner sequences connected byDI
51 transitions below about 39/2\. Thea511/2 sequence
of Band 3 (9/21, 13/21 . . . ) is observed up to 37/2\ ~ten-
tatively 45/2 \) and the a521/2 sequence (11/21,
9-4
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IDENTIFICATION OF EXCITED STATES IN 117Cs: . . . PHYSICAL REVIEW C 63 024319
FIG. 5. The level scheme of117Cs deduced in the present wor
The widths of the arrows are approximately proportional to
relative intensities. The level energies and spins given are rela
to the respective bandheads. The spins of the bandheads are
from systematics; all spins given are therefore tentative, but
spins which are not in parentheses are known, relative to the
sumed spin of the bandhead. The relative excitation energies o
bands are not known.
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TABLE I. Properties of the transitions in117Cs from the Gam-
masphere data. Tentative spins are given in parentheses.

Eg
a I g

b Rang I i
p i→I f

p f Band sl

195.2 53~2! 1.16~12! 7
2

1→ 3
2

1 2 E2

230.8 75~5! 0.87~9! 11
2

1→ 9
2

1 3 M1/E2

257.8 66~5! 0.93~9! 13
2

1→ 11
2

1 3 M1/E2

283.1 53~4! 0.92~9! 15
2

1→ 13
2

1 3 M1/E2

305.8 40~15! 0.95~10! 17
2

1→ 15
2

1 3 M1/E2

306.1 130~16! 1.25~11! 15
2

2→ 11
2

2 1 E2

326.1 32~2! 0.77~8! 19
2

1→ 17
2

1 3 M1/E2

343.2 27~2! 0.90~9! 21
2

1→ 19
2

1 3 M1/E2

357.5 28~2! 0.85~9! 23
2

1→ 21
2

1 3 M1/E2

368.7 19~1! 0.98~11! 25
2

1→ 23
2

1 3 M1/E2

378.5 15~1! 0.69~8! 27
2

1→ 25
2

1 3 M1/E2

385.9 14~1! 0.85~10! ( 29
2

1)→ 27
2

1 3 M1/E2

396.5 11~1! ( 31
2

1)→( 29
2

1) 3 M1/E2

408.8 8~2! ( 33
2

1)→( 31
2

1) 3 M1/E2

421.7 4~3! 0.74~9! ( 35
2

1)→( 33
2

1) 3 M1/E2

433.2 2~1! 0.78~9! ( 39
2

1)→( 37
2

1) 3 M1/E2

435.6 31~1! 1.29~13! 11
2

1→ 7
2

1 2 E2

440.2 6~2! ( 37
2

1)→( 35
2

1) 3 M1/E2

489.7 17~1! 13
2

1→ 9
2

1 3 E2

494.8 125~20! 1.23~11! 19
2

2→ 15
2

2 1 E2

541.2 13~1! 1.53~17! 15
2

1→ 11
2

1 3 E2

549.6 18~1! 1.15~12! 23
2

1→ 19
2

1 2 E2

556.5 28~1! 1.04~10! 15
2

1→ 11
2

1 2 E2

566.1 26~1! 1.20~12! 19
2

1→ 15
2

1 2 E2

588.2 25~2! 1.63~18! 17
2

1→ 13
2

1 3 E2

616.3 14~1! 1.44~18! 27
2

1→ 23
2

1 2 E2

626.9 122~7! 1.34~12! 23
2

2→ 19
2

2 1 E2

632.3 32~2! 1.49~20! 19
2

1→ 15
2

1 3 E2

669.2 26~2! 1.52~17! 21
2

1→ 17
2

1 3 E2

699.7 26~2! 1.32~15! 23
2

1→ 19
2

1 3 E2

712.2 11~1! 31
2

1→ 27
2

1 2 E2

722.8 115~6! 1.57~15! 27
2

2→ 23
2

2 1 E2

727.2 31~2! 25
2

1→ 21
2

1 3 E2

747.4 29~2! 27
2

1→ 23
2

1 3 E2

765.1 22~2! 1.52~17! ( 29
2

1)→ 25
2

1 3 E2

783.5 25~2! ( 31
2

1)→ 27
2

1 3 E2

795.7 77~4! 1.47~14! 31
2

2→ 27
2

2 1 E2

804.8 10~1! 35
2

1→ 31
2

1 2 E2

804.8 23~2! ( 33
2

1)→( 29
2

1) 3 E2

829.9 22~6! ( 35
2

1)→( 31
2

1) 3 E2

839.2 71~4! 1.21~11! 35
2

2→ 31
2

2 1 E2

860.5 17~2! ( 37
2

1)→( 33
2

1) 3 E2

869.1 50~3! 1.44~14! 39
2

2→ 35
2

2 1 E2

870.9 20~2! ( 39
2

1)→( 35
2

1) 3 E2

881.8 8~1! ( 39
2

1)→( 35
2

1) 2 E2

902.2 13~1! ( 41
2

1)→( 37
2

1) 3 E2

920.8 15~1! ( 43
2

1)→( 39
2

1) 3 E2
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J. F. SMITHet al. PHYSICAL REVIEW C 63 024319
15/21 . . . ) is observed up to 39/2\ ~tentatively 47/2\).
The signature splitting is approximately zero over the wh
observed rotational frequency range, as would be expe
for a band built on a hole in the high-K p(g9/2)@404#9/21

orbital.

B. Transmission of residues through the FMA

In order to perform isobaric identification using th
method described in Sec. II C, it is essential that a reason
large fraction of the evaporation residues reach the fo
plane of the FMA. In the gamma-gamma (gg) coincidence
data from the ATLAS/FMA experiment, the three ban
shown in Fig. 5 could clearly be seen, with approximat
the same relative intensities as in the Gammasphere data
with Band 1 having the largest relative intensity. In t
gamma-gamma data in coincidence with a recoil at the fo
plane (gg-recoil data! however, it was not possible to ob
serve either Band 1 or Band 2. For this reason, in the pre
work, only Band 3 can be firmly assigned to117Cs. The
nonobservation of Band 1 and Band 2 in thegg-recoil data
has been investigated by measuring the intensities of var
reaction products in both thegg andgg-recoil data, and can
be better understood with reference to the data given
Table II. The intensities of bands in116,118Xe and 117,119Cs
have been measured in both an ungated matrix~I gg) and in a
matrix gated by any recoil~I ggrecoil).

TABLE I. ~Continued!.

Eg
a I g

b Rang I i
p i→I f

p f Band sl

927.8 5~1! ( 43
2

1)→( 39
2

1) 2 E2

945.9 37~2! 1.24~13! 43
2

2→ 39
2

2 1 E2
974.8 8~1! ( 47

2
1)→( 43

2
1) 3 E2

993.4 4~1! ( 47
2

1)→( 43
2

1) 2 E2

994.2 10~3! ( 45
2

1)→( 41
2

1) 3 E2

1027.6 1~1! ( 51
2

1)→( 47
2

1) 2 E2

1038.4 24~2! 1.34~15! 47
2

2→ 43
2

2 1 E2
1109c

( 39
2

2) e→( 35
2

2) e 1 E2

1124.3 1~1! ( 55
2

1)→( 51
2

1) 2 E2

1129.2 20~2! ( 51
2

2)→ 47
2

2 1 E2

1175c
( 35

2
2) e→ 31

2
2 1 E2

1224.9 18~2! ( 55
2

2)→( 51
2

2) 1 E2

1290.1 11~1! ( 59
2

2)→( 55
2

2) 1 E2

1349 8~4! d
( 67

2
2)→( 63

2
2) 1 E2

1350 10~4! d
( 63

2
2)→( 59

2
2) 1 E2

1413.9 4~1! ( 71
2

2)→( 67
2

2) 1 E2

aEnergies typically accurate to 0.2 or 0.3 keV.
bUncertainties on the intensities include a 5% contribution from
efficiency calibration.
cEnergy estimated, not measured.
dIntensity estimated, not measured.
eMost likely spin assignment of side-feeding states.
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To understand the intensities of Band 1, it is helpful
look at the intensities of the analogousp(h11/2) band in
119Cs. In thegg data, this band has an intensity of 68%
the 118Xe (4p evaporation! band, but this is reduced to onl
32% in thegg-recoil data. A possible explanation is that th
bandhead of thep(h11/2) band in 119Cs ~and 117Cs) is iso-
meric, with a lifetime less than the flight time through th
FMA (;0.7 ms); if the isomer decays within the FMA, th
charge state of the recoil is likely to be changed and he
the FMA settings will no longer be appropriate to put t
recoils into the ‘‘M /q5117’’ peak at the focal plane. In the
case of 117Cs, the intensity would have to be reduced
<0.5% of the118Xe band~Table II!. This may, therefore, be
due to the bandhead being isomeric, with a lifetime of s
eral hundred ns. This does not, however, fully explain
nonobservation of117Cs Band 1. From the table it can b
seen that, in thegg data, the116Xe (a2p evaporation! yrast
band is observed with 37% of the intensity of the118Xe yrast
band. In thegg-recoil data, however, the116Xe yrast band
has only 8% of the intensity of the118Xe band. This loss of
relative intensity has been attributed to the large angu
spread of the recoiling evaporation residues, caused by
evaporation of ana particle. The evaporation of ana par-
ticle will also reduce the intensities of all three bands
117Cs ~which is produced in theap evaporation channel! in
the gg-recoil data, relative to the118Xe yrast band. This is
apparent in the data for Band 3 in117Cs, where the intensity
relative to 118Xe, is clearly reduced in thegg-recoil data
~from a comparison with119Cs, the band head is not ex
pected to be isomeric!. This explanation is corroborated b
data for two bands in119Cs (3p evaporation!, where the
relative intensities are approximately the same ingg and
gg-recoil data. The reduction of intensity, and hence non
servation, of117Cs Band 2 in thegg-recoil data can, there
fore, be attributed to the angular spread caused by the ev
rateda particle. It is also possible that the bandhead of Ba
2 is also isomeric.

TABLE II. Intensities of various evaporation residues in th
gamma-gamma~I gg) and gamma-gamma-recoil~I ggrecoil) coinci-
dence data. The intensities are given as percentages of the inte
of the yrast band of118Xe. The uncertainties on the intensities a
between 5 and 15 %.

Evap. chan. Residue/band Igg ~%! I ggrecoil ~%! I ggrecoil/I gg

4p 118Xe/yrast 100 100 1

a2p 116Xe/yrast 37 8 0.22

119Cs/p(h11/2) 68 32 0.47
3p 119Cs/p(g7/2) 10 9 0.90

119Cs/p(g9/2)
21 40 36 0.90

117Cs/p(h11/2) 2.7 2 2

ap 117Cs/p(g7/2) 1.1 2 2
117Cs/p(g9/2)

21 1.5 0.63 0.42

e
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FIG. 6. Systematics of aligned angular momenta inp(h11/2)@550#1/22 bands in odd-A 117<A<129 cesium isotopes. The data are tak
from Refs.@1–5,14# except117Cs which are from this work. For all data points, a reference configuration has been subtracted with the
parameters@20# J0517.0 MeV21\2 andJ1525.8 MeV23\4.
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IV. DISCUSSION

A. Assignment of Band 2 to 117Cs

It should be stated explicitly that, although Band 3 h
been definitely assigned to117Cs by this work, and there wa
some evidence that Band 1 belongs to117Cs in Ref.@6#, there
is no direct experimental proof that Band 2 belongs to117Cs.
That being said, there are several facts which strongly s
gest that Band 2 does belong to117Cs. In both the Gamma
sphere and the ATLAS/FMA data sets, Band 2 is not
coincidence with gamma rays from any known nucleus.
addition, although Band 2 is not observed in t
M5117-gated matrix, it is also not observed in any oth
mass gated matrix with 115<M<120. In 119Cs, three bands
analogous to those presented here~in 117Cs) are populated
with the same relative intensities as the bands in117Cs; the
p(h11/2)@550#1/22 band ~Band 1! is the most intense, an
thep(g7/2d5/2)@422#3/21 band~Band 3! is the weakest. Fur-
ther, it is established that nuclei in this region are well d
formed, and that the excitation energies, relative to the ba
head, of the lowest-lying excited states vary smoothly a
function of neutron number@6,15#. The states in Band 2 fi
the systematics of the excitation energies of thep@422#3/21

bands very well ~as is also apparent from the aligne
angular-momentum systematics, discussed below and in
IV B !. Finally, a plot of the aligned angular momentum
thep@422#3/21 band is very distinctive and has a charact
istic shape caused by ap(h11/2)

2 alignment immediately fol-
lowed by a n(h11/2)

2 alignment. If the alignment patter
identifies the bandhead as thep@422#3/21 orbital, then the
only nuclei to which the band can belong are the od
Z 117Cs, 57

119La (p2n evaporation!, 57
121La (p),

53
115I (a3p), and 53

113I (2ap). The level schemes of113,115I
are well known @16,17#, essentially ruling them out. Th
yrast p(h11/2) band of 121La is known @18#, and is not ob-
served in the data. Also, it is unlikely that thep2n channel
(119La) is populated in a reaction where neutron evapora
is unfavored. Hence, the most likely candidate is117Cs.

B. Quasiparticle alignments

The configurations underlying rotational bands can be
vestigated by studying their aligned angular momenta.
high-spin bands such as those presented in Fig. 5, the ali
angular momenta can easily be extracted according to
standard prescription described in Ref.@19#. The aligned an-
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gular momenta (i x) for the bands in117Cs are presented as
function of rotational frequency in Figs. 6, 7, and 8;
reference angular momentum has been subtracted with
Harris parameters @20# J0517.0 MeV21\2 and J1
525.8 MeV23\4 @21#. By comparing the experimenta
alignments with those predicted theoretically, and by app
ing Pauli blocking arguments, information about the und
lying configurations can be obtained. In this work, the sta
dard procedure has been adopted, whereby total Rout
surface~TRS! @22,23# calculations are used to estimate t
deformations of the proposed configurations, and these
formations are subsequently used as input into Woods-Sa
cranked shell model calculations@24,25# in order to extract
theoretical quasiparticle alignment frequencies. These ca
lated alignment frequencies can then be compared to th
observed experimentally.

In order to facilitate the discussion of the bands, the
bitals are labeled as indicated in Table III. The TRS calc
lations predict axially-symmetric shapes for both the low
positive-parity ~a and b! and the lowest negative-parity~e
and f! configurations in117Cs. At a representative rotationa
frequency ofv50.190 MeV/\, the lowest positive-parity,
negative-signature configuration~b configuration! is pre-

FIG. 7. Systematics of aligned angular momenta in
p(g7/2d5/2)@422#3/21 bands of117,119,121Cs and123La. The data are
taken from Refs.@1,14,26# except117Cs which are from this work.
For all data points, a reference configuration has been subtra
with the Harris parameters@20# J0517.0 MeV21\2 and J1

525.8 MeV23\4.
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J. F. SMITHet al. PHYSICAL REVIEW C 63 024319
dicted to have a deformation ofb250.251,b450.044, and
g53.9°; at the same rotational frequency, the low
negative-parity, negative-signature configuration~e configu-
ration! has a deformation ofb250.239, b450.036, andg
520.7°. It should be pointed out, however, that the TR
calculations for the positive-parity configurations are of lim
ited reliability due to configuration mixing, and the existen
of positive-parity orbitals from below theZ550 shell gap.
The positive-parity TRS surfaces in this region consist o
mixture of the@404#9/21, @422#3/21, and@420#1/21 orbit-
als. Performing cranked Woods-Saxon calculations ove
reasonable range of deformations, however, reveals tha
calculated alignment frequencies do not vary significan
with deformation, as is illustrated in Fig. 9. For this reaso
the alignment frequencies of the same pair of nucleons in
three 117Cs bands should be very nearly the same. At
representative deformation ofb250.25, b450.04, andg
50°, the cranking calculations predict the alignments
h11/2 neutrons and protons at the frequencies given in Ta
IV.

1. Band 1

Only one signature of the Band 1 is observed, which
dicates large signature splitting, characteristic of a lowK
orbital. The aligned angular momentum of Band 1 is sho
in the left-most panel of Fig. 6 as a function of rotation
frequency. The band has a large initial alignment ofi x
54.5 \, suggesting that the band is based on anh11/2 or-
bital. The most likely candidate is then the@550#1/22 Nils-
son orbital. This would agree with the systematics of
neighboring odd-A cesium isotopes which suggest that t

TABLE III. Labeling scheme for orbitals near the Fermi su
face.

Label Parity Signature

neutrons protons (p) (a)

A, C a, c 1 11/2
B, D b, d 1 21/2
E, G e, g 2 21/2
F, H f, h 2 11/2

FIG. 8. Aligned angular momenta in thep(g9/2)
21@404#9/21

bands of117,119Cs. The data for119Cs are taken from Refs.@1,14#
and those for117Cs are from this work. For all data points, a refe
ence configuration has been subtracted with the Harris param
@20# J0517.0 MeV21\2 andJ1525.8 MeV23\4.
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lowest state in the band has spin and parity of 11/22. The
first upbend in the alignment plot is observed
0.40 MeV/\. This is close to the theoretically predicte
value for the first (h11/2)

2 neutron alignment~EF!, and infers
that the first (h11/2)

2 proton alignment~ef! is blocked. These
observations suggest that the band is based on anh11/2 proton
orbital. The upbend at 0.40 MeV/\ is therefore attributed to
the alignment of the first pair ofh11/2 neutrons~EF!. The
increase ini x for the highest data point in117Cs ~Fig. 6! may
be due to the onset of the alignment of the first nonblock
h11/2 proton pair~fg!, although more data are clearly need
to help elucidate this assignment.

2. Band 2

A plot of the aligned angular momentum in Band 2
given in the left-most panel of Fig. 7. Again, only one si
nature partner of the band is observed, which indicates th
is based on a low-K orbital with large signature splitting. The
two candidate Nilsson orbitals near the Fermi surface wo
then be theg7/2/d5/2 @422#3/21 and@420#1/21 orbitals. Cal-
culated Routhians predict that the@422#3/21 band lies
slightly lower in energy than the@420#1/21 band and thus it
is likely that the bandhead of Band 2 is the 3/21 state of the
@422#3/21 band. The assignment as a@420#1/21 band, how-
ever, cannot be ruled out, since there is no way to distingu
between bands based on these two orbitals from the pre
data.

TABLE IV. Alignment frequencies of pairs ofh11/2 neutrons
and protons in117Cs, as predicted by cranked Woods-Saxon cal
lations. The alignments of positive-parity quasiparticles are p
dicted at frequencies above 0.7 MeV/\, and are therefore not con
sidered here.

neutrons vc ~MeV/\) protons vc ~MeV/\)

EF 0.35 ef 0.38
FG 0.50 fg 0.60
EH 0.55 eh 0.58

ers
FIG. 9. Calculated alignment frequencies of the lowest th

pairs ofh11/2 neutrons~upper panels! and protons~lower panels!, as
a function of the deformation parametersb2 , b4, andg. Values of
the deformation parameters which were not varied are given ab
the panels.
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If the @422#3/21 ~or @420#1/21) assignment is correct
then neither the firsth11/2 proton nor the firsth11/2 neutron
alignment will be blocked and both alignments should
observed in the band. Inspection of Fig. 7 reveals that th
is a sharp gain ini x ~backbend! at v50.28 MeV/\, fol-
lowed by a more gradual gain ini x ~upbend! centered at
about 0.38 MeV/\. The gradient and frequency of the u
bend at 0.38 MeV/\ is very similar to the upbend in Band 1
where the firstp(h11/2)

2 ~ef! alignment is blocked; this up
bend is therefore attributed to the alignment of the first p
of h11/2 neutrons~EF!. The alignment at 0.28 MeV/\ is con-
sequently due to the first pair ofh11/2 protons~ef!. The total
alignment gain measured over the frequency range see
the experiment is consistent with this interpretation.

3. Band 3

Band 3 is strongly coupled and is therefore based on
orbital with a high-K value. The only nearby possibility i
the p(g9/2)@404#9/21 Nilsson orbital which would give the
bandhead a spin and parity of 9/21; this assignment is in
agreement with systematics. The aligned angular momen
of the band is presented in Fig. 8, in comparison to the an
gous band in119Cs. The bands in both nuclei display ve
similar alignment patterns, centered arou
0.38–0.40 MeV/\ and with a total alignment gain of abou
9 \. This alignment gain is attributed to the nea
superposition of the (h11/2)

2 proton alignment ~ef! at
0.36 MeV/\ and the (h11/2)

2 neutron alignment~EF! at
0.40 MeV/\. Moreover, the total alignment gain is approx
mately equal to that in Band 2~Fig. 7!, where the same two
alignments occur, but at slightly different frequencies.

C. The p„h11Õ2…
2 alignment in Bands 2 and 3

The first h11/2 proton alignment~ef! is observed in both
Bands 2 and 3. In Band 2, the observed alignment freque
0.28 MeV/\, is considerably lower than both the calculat
frequency of 0.38 MeV/\ ~Table IV! and the alignment ob

FIG. 10. Comparison of the aligned angular momentum of Ba
2 of 117Cs with that of the yrast band of116Xe @13#. The numbers in
bold text give the alignment frequencies of the first (h11/2)

2 proton
alignment in the bands. For all data points, a reference configura
has been subtracted with the Harris parameters@20# J0

517.0 MeV21\2 andJ1525.8 MeV23\4.
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served in the even-even core116Xe, as shown in Fig. 10.
This effect in Bands 2 and 3 was also observed in the an
gous band in123La @26#, where it was attributed to a pairin
effect due to the blocking of an extra orbital in the oddZ
nuclei, resulting in a reduction of the proton pair gap. T
same effect has been documented previously in the hea
rare-earth nuclei@27#.

In calculations performed in Ref.@26# ~details therein!,
the proton pair gap was found to be 25% lower in123La as
compared to the even-even122Ba core. In that work, this was
given as the reason why the frequency of thep(h11/2)

2 align-
ment in 123La was reduced. The results presented here
117Cs are analogous to the observations in123La; however,
the discussion presented in Sec. IV E suggests that a neu
proton interaction influences the alignment frequencies.

D. The n„h11Õ2…
2 alignment in Band 1

The aligned angular momenta in thep(h11/2)@550#1/22

bands of the odd-A cesium isotopes with 117<A<129 are
shown in Fig. 6, as a function of rotational frequency. A
pointed out in Ref.@1#, the deformation for this configuration
is predicted to be stable as a function ofN, and deformation
effects on the aligned angular momentum are small. T
strength of the interaction at the (h11/2)

2 neutron alignment is
predicted to be an oscillating function of the neutron num
with a large value for123Cs (N568) and small values for
119Cs (N564) and125Cs (N570). The calculated interac
tion strengths, taken from Ref.@1#, are shown in Fig. 11; the
calculations are made at a representative deformation, g
on the figure. Experimentally, the strength of an interact
can be inferred from a plot of aligned angular momentu
against rotational frequency, where a sharp backbend imp
a weak interaction and a gradual upbend implies a str
interaction. Inspection of Fig. 6 gives an immediate co
parative estimate of the interaction strengths at the (h11/2)

2

neutron alignments in1172129Cs. As predicted by the calcu
lations, the interaction strength in125Cs appears to be smal
Contrary to the calculations, however, the interacti
strength appears to continually increase with decreasing
tron number down to119Cs. In Ref.@1#, this was ascribed to

d

on

FIG. 11. Calculated interaction strengths for the (h11/2)
2 neutron

alignments in the cesium isotopes with 60<N<70. The values are
taken from Ref.@1# where calculations were made at the deform
tion given on the figure.
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J. F. SMITHet al. PHYSICAL REVIEW C 63 024319
a residual neutron-proton interaction between the vale
protons and the aligning neutrons. For117Cs, the interaction
strength is lower than in119Cs, as can be inferred from Fig
6. It would appear that the interaction strength does oscill
but with a maximum atN564266 rather than atN568
which was predicted by standard cranking calculations.

E. Implications of a neutron-proton interaction

It is apparent from the discussion given in the previo
subsections that the alignment frequencies have a de
dence on the configurations of the rotational bands in wh
they occur, and also that there are several discrepancie
tween the observed frequencies and those predicted usin
standard CSM. This failure of the CSM to match all of t
features of an alignment is not a new observation. It is w
established that systematic discrepancies are encoun
when trying to reproduce alignment patterns of high-s
states, particularly in bands based on intruder orbitals@28#.
For the neutron-deficient cesium isotopes the aligningh11/2
neutrons and protons are in nearly the sameh11/2 orbitals as
the protons upon which bands are based. This suggests t
neutron-proton~np! interaction may need to be considere
An np interaction is not included in the standard CSM;
order to investigate its role, Satula, Wyss, and Do¨nau @29#
have performed calculations using an approach similar to
standard cranking method, but which is supplemented w
additional mixing effects arising from a residual np intera
tion. In their work, the np interaction is assumed to be
quadrupole-quadrupole~qq! force. Despite this admitted sim
plification, the results of the calculations qualitatively e
plain some of the discrepancies between CSM theory
experimental observations. Although, specifically, the cal
lations were performed for113Sb, several of the general con
clusions can be applied to117Cs, an isotone of113Sb.

The calculations reveal the manner in which the np int
action can shift alignment frequencies. When particles a
within an intruder subshell, the alignment frequency
shifted up if the aligning particles already occupy intrud
orbitals, and down if the aligning particles occupy norm
parity orbitals. The reason for this effect is that intruder
bitals have large intrinsic quadrupole moments; their oc
pation can modify the quadrupole moment of the system a
hence, change the qq force. In the preceding subsection
was stated that, in117Cs, the first (h11/2)

2 neutron alignments
~EF! occur at frequencies of 0.40, 0.38, and 0.40 MeV/\ in
Bands 1, 2, and 3, respectively. Theoretically, this alignm
is predicted by the standard CSM to occur at 0.35 MeV\
~see Table IV and Fig. 6!. In 117Cs, the neutron Fermi leve
lies approximately at the@532#5/22 orbital. Therefore, be-
fore the n(h11/2)

2 alignment occurs, the aligning neutron
already occupyh11/2 orbitals, and the alignment reduces t
quadrupole moment~see Fig. 8 of Ref.@29#!. As a conse-
quence, the qq interaction is also reduced, the
quasineutron band lies at higher energy, and the alignme
shifted to higher frequency. In Band 2, thep(h11/2)

2 ~ef!
alignment occurs at 0.28 MeV/\, compared with a CSM-
predicted value of 0.38 MeV/\. The low frequency of this
alignment can also be explained in a similarly qualitat
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manner. In 117Cs, the proton Fermi level lies at th
@550#1/22 orbital, and in Band 2 the valence proton occup
either the@422#3/21 or @420#1/21 normal-parity orbital. Fol-
lowing the p(h11/2)

2 alignment, two protons occupyh11/2

orbitals. The quadrupole moment and also therefore the
interaction is increased, the energy of the two quasipro
band is reduced, and the alignment is shifted to a lower
quency. In Ref.@29#, it is stated that the effect of the n
interaction is largest when the Fermi level is low in the i
truder subshell. Hence, the frequency of thep(h11/2)

2 align-
ment in Band 2 is reduced markedly.~Alignment frequencies
in Band 3 are difficult to pinpoint and are, therefore, n
discussed here.!

It is also expected that an np interaction will perturb t
interaction strengths. From the present data, the behavio
the interaction strengths is puzzling. As stated in Sec. IV
it appears that the local maximum of the interaction stren
occurs atN.64, rather than the value ofN.68 which was
predicted by the CSM. However, in Ref.@29#, the inclusion
of the np interaction shifts the theoretical maximum to high
N. Clearly, further theoretical investigation is necessary
fore the role of the np interaction on quasiparticle alignme
in odd-A nuclei is fully understood.

V. SUMMARY

High-spin states have been populated in the very neut
deficient 117Cs isotope, and studied using the Gammasph
array. For the first time, excited states have been identifie
the p(g9/2)

21 band using a method of gamma-recoil a
gamma-x ray coincidences. Thep(h11/2) band has been ob
served and extended to high spin. A third band, presuma
based on ap(g7/2d5/2) orbital has been tentatively assigne
to 117Cs, primarily on the basis of excitation-energy a
alignment systematics. There is some indirect, tentative
dence that thep(h11/2) bandhead is isomeric with a halflif
of several hundred ns. Alignments of bothh11/2 neutrons and
protons are observed in all of the bands. Like in the nei
boring heavier cesium isotopes, thep(h11/2)

2 alignment in
the p(g7/2d5/2) band occurs at a frequency lower than t
prediction of the standard CSM. The interaction strength
the (h11/2)

2 neutron alignment in thep(h11/2) band appears
to be smaller than that in119Cs. Though the behavior of th
quasiparticle alignment frequencies is hard to explain w
the standard CSM, it appears that the behavior can be b
qualitatively described if a neutron-proton interaction
taken into consideration.
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