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Intruder rotational bands have been investigated to high frequency in51
109Sb. Five decoupled (DI52! bands

extending to rotational frequencies above 1.4 MeV/\ have been observed. At the highest frequencies, the
J(2) dynamic moments of inertia for four of these bands are seen to decrease steadily to unexpectedly l
values,J(2) ; 10 \2 MeV21. These four bands, which are interpreted as being based on deformed 2p-2
proton excitations across theZ550 closed-shell gap, achieve the so-called ‘‘smooth band termination’’ fol-
lowing alignment of the valence nucleons outside of100Sn. In addition, two strongly coupled (DI51! bands
have been observed, which are related to 1p-1h proton excitations across the gap.@S0556-2813~96!06010-4#

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

Nuclei near theZ550 closed proton shell exhibit collec
tive structure that coexists with the expected single-parti
structure. Intruder rotational bands have recently been
served inZ550 to 53 nuclei up to unusually high frequen
cies. These collective structures involve particle-hole pro
excitations~1p-1h, 2p-2h, etc.! across theZ550 shell gap
via thepg7/22pg9/2 level crossing at prolate deformations
which appears to stabilize deformed core configurations.
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higher frequencies as additional particle alignment tak
place, most of these intruder bands display the unique ch
acteristic of gradually decreasing dynamic moments of ine
tia with increasing spin to unusually low values, less than
third of the rigid-body value. This structure feature has bee
interpreted using configuration-dependent cranking calcu
tions@1,2#, which showed that as the available valence nucl
ons outside of theZ5N550 double shell closure align, the
nuclear shape gradually traces a path through the triaxiag
plane from a collective prolate shape (g50°) to the noncol-
lective oblate shape (g5160°) over many transitions; this
feature is called ‘‘smooth band termination.’’ After the avail
able valence particles for a specific yrast configuration ha
aligned, the band sequence terminates at a spin that exha
the sum of the aligned single-particle spins.

Collectivity in theZ550 region was initially observed in
theZ551 odd-A Sb isotopes@3#, which involved 1p-1h ex-
citations across the shell gap, namely deformed 2p1h co
figurations, with theb-upsloping pg9/2 orbital intruding
from below theZ550 proton shell. These high-K 9/21 states
p(g7/2d5/2)

2(g9/2)
21 of modest prolate deformation give rise

to strongly coupled (DI51) rotational bands, the bandhead
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of which achieve a minimum excitation energy near t
middle of theN550–82 neutron shell. Subsequently, relat
deformed 2p2h 02

1 states,@p(g7/2d5/2)
2(g9/2)

22#, were dis-
covered@4# via rotational bands in the even-A Sn isotopes,
which achieved the lowest energy in116Sn atN566, the
neutron midshell. An investigation in117Sb @5# revealed col-
lective structure at modest spins, involving the coupling
these 2p2h Sn-core deformed states to theZ551 low-K va-
lence proton orbitals. In addition to the 2p1h collectivit
three decoupledDI52 rotational bands associated with th
g7/2, d5/2, andh11/2 valence proton orbitals coupled to th
deformed 2p2h116Sn core band were found in117Sb rising
out of the complicated spherical~single-particle! structure.
These results suggest that theZ551 nuclei have a full
complement of deformed collective structure involving th
2p2h deformed core along with the spherical structure. T
pg7/22pg9/2 level crossing at a quadrupole deformatio
b2'0.2 strongly influences the proton particle-hole d
formed core configurations at low frequencies. The obser
tion in 113Sb @6# of the yrast band based on theph11/2 orbital
to high spin, 75/2\, and high rotational frequency,\v' 1.0
MeV, with an enhanced quadrupole deformation,b2. 0.3,
revealed multiparticle alignment and strong n-p interactio
in these collective structures nearZ550. The experiment,
which discovered the unique intruder-band properties in
Z550 region, was performed with the 8p spectrometer at
Chalk River; both 109Sb @7# and 108Sn @8# revealed three
intruder bands to high frequency with gradually decreas
moments of inertia. The theoretical interpretation of the
properties in terms of the ‘‘smooth band termination’’ wa
initiated for 109Sb @1,7# and later developed@2# for other
nuclei in this region.

In order to investigate these intruder bands and this t
mination feature more thoroughly, the improved resolvi
power of the third-generation GAMMASPHERE array ha
been employed. The improved sensitivity has been esse
to experimentally examine the predicted terminating tran
tions at the top of the intruder bands. TheZ551 109Sb
nucleus, the best example of this structure feature found
date, was studied with the early implementation~EI! of
GAMMASPHERE via the54Fe(58Ni,3p! reaction at a beam
energy of 243 MeV. The current paper presents the result
this experiment, which we suggest, extend the three kno
bands to termination, and revealed two intruder bands. Th
retical calculations for ‘‘smooth band termination,’’ based o
the cranked Nilsson-Strutinsky method, are also presen
and compared with the experimental results. A prelimina
report of these results has been made@9#. The 4p and 2pa
reaction channels in this GAMMASPHERE experiment al
provided information on terminating intruder bands
108Sn @10# and 106Sn @11#, respectively. Other related exper
mental investigations of intruder bands in this region ha
been carried out in111Sb @12#, 112,114Te @13,14#, 113I @15,16#,
115I @17#, and 117I @18#.

II. EXPERIMENTAL DETAILS

The high-spin properties of109Sb have been investigate
with the early implementation~EI! of GAMMASPHERE
@19# using the 54Fe(58Ni,3p! reaction, with a 243-MeV
58Ni beam provided by the 88 in. cyclotron at the Lawren
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Berkeley National Laboratory. Both thin- and backed-targ
experiments were performed. The thin target consisted
two self-supporting 500mg/cm2 foils of 97% isotopically
pure 54Fe. At the time of the experiment, the GAMMA-
SPHERE~EI! array consisted of 24 BGO-suppressed Ge d
tectors, each with an efficiency of approximately 75% re
tive to a standard 333 in.2 NaI~Tl! crystal at 1.3 MeV. A
forward-backward geometry withu<37° or>143° from the
beam axis for the 24 Ge detectors minimized the effects
Doppler broadening; despite the large recoil veloci
(v/c54.7%), the full width at half maximum~FWHM! of
photopeaks at 1 MeV was measured to be; 6 keV after
correcting for Doppler shifts. This geometry also favors d
tection of the stretchedE2 transitions of the decoupled in
truder bands because of their forward-backward peaked
gular distributions resulting from the reaction-aligne
residual nuclei. The backed target consisted of a 5
mg/cm2 54Fe foil backed with 15 mg/cm2 of Au.

Only events which satisfied a three-or-higher-fo
suppressed-Ge coincidence trigger condition were accep
and written onto magnetic tape. Approximately 2403106

~thin target! and 803106 ~backed target! events were col-
lected. Approximately 80% of the events were threefold a
20% were four-or-higher fold.

III. DATA ANALYSIS

The event data were analyzed with several different me
ods. First, they were unpacked into twofold coincidences a
sorted into two-dimensionalEg-Eg matrices containing
8803106 ~thin target! and 2903106 ~backed target!
doubles. Secondly, they were unpacked into threefold co
cidences to form Eg-Eg-Eg cubes, which contained
3903106 ~thin target! and 1003106 ~backed target! triples.
The analysis method of using double-gated spectra extrac
from the cubes proved to be essential for the determinat
of the complex level scheme of109Sb.

Thirdly, the data were unpacked into fourfold coinc
dences and sorted into several double-gated matrices w
different gating conditions. In order to isolate weak coinc
dence cascades from contaminant contributions in a mat
two gates were set on known low-lyingg energies in109Sb
while sorting the two remaining coincidentg rays of a four-
fold event. The combination of these double-gated matric
from the fourfold data and the double-gated spectra from
cube provided the sensitivity required for the study of hig
spin intruder bands; this high sensitivity is also important
determining the weak terminating transitions and in inves
gating the elusive transitions linking the high-spin bands
the low-lying states of the nucleus.

Detailed analyses of the data in the cube and in the d
ferent matrices were performed with the analysis packa
LEVIT8R ~cube! and ESCL8R ~matrix! @20#. With these pro-
grams, theg transitions were arranged in the level scheme
the basis of coincidence relations, relative intensities, a
g-ray energy sums. The multipolarities of theg transitions
and the resulting spin-parity assignments of the energy lev
are based on coincidence relationships, relative intensit
and known systematic structures in the neighboring nuc
The directional correlation~DCO! results from the earlier
109Sb experiment@7# provided important information in this
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FIG. 1. Three coincidenceg-ray spectra for
transitions in bands marked 1, 2, and 3 of109Sb.
The spectra were created by summing doub
gated spectra from the GAMMASPHEREEg-
Eg-Eg cube data. The spectra in the high-energ
insets were obtained from a sum of single-gate
g-ray spectra from the doubles matrix to improv
statistics, but this also introduced some addition
contaminant bumps~note the small bump just be-
low the 2416-keV peak in the inset for band 2
which does not appear in the double gated spe
trum!. Only peaks labeled satisfied the requisi
double-gating conditions involving other transi
tions within the band; other peaks not labeled in
clude coincidentg-ray transitions from the lower
part of the level scheme~note the low-lying
1101-, 1106-, and 1111-keV transitions! or
known strong contaminants from different reac
tion channels.
o
ee

he
m

-
i-
i-

,

,
ce
re
ty
e
g
y
or
to
respect. Additional spin-parity information for109Sb below
the intruder bands has recently become available@22#. For
nonlinked intruder bands, minimum spins for the bands c
be estimated from the spins of the levels into which th
feed, plus allowances for the angular momentum of the lin
ing transitions. Because the available valence configurati
are simple for109Sb, being near a double shell closure, fu
ther spin information can be inferred from band terminati
spins and from the energy characteristics vs spin of the ba
if the band configurations can be identified. Tentative sp
for several nonlinked bands are based on such argum
~see Sec. V!, but are consistent with the minimum spins im
plied from the experiment.

IV. EXPERIMENTAL RESULTS

The previous investigation of the109Sb nucleus by Janzen
et al. @7# identified threeDI 5 2 intruder bands. These band
were observed up to high rotational frequencies (\v' 1.4
MeV! and showed gradually decreasing dynamic mome
of inertia with increasing rotational frequency. The prese
study with GAMMASPHERE~EI! results in a substantia
improvement in theg-ray spectra for the bands at high en
ergies and extends the spectroscopic information of
nucleus including two additional intruder bands.

Figure 1 shows double-gatedg-ray spectra obtained from
the thin-target cube for the three previously reported intrud
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bands in109Sb, marked 1–3. The spectra are sums of up t
64 clean gate combinations in each of the bands. The thr
spectra clearly show a gradual increase in theg-ray energy
spacings as the bandg-ray energies increase, implying a cor-
responding decrease in the dynamic moments of inertia. T
spectra in the high-energy insets were obtained from a su
of single-gatedg-ray spectra from the doubles matrix; this
had the desired effect of improving statistics in the high
energy peaks, but also introduced some additional contam
nant bumps. Only peaks labeled in Fig. 1 satisfied the requ
site double-gating conditions involving other transitions
within the band. Other peaks not labeled includeg-ray tran-
sitions from the lower part of the level scheme following
various feed-out paths for each band. With this information
all three bands were extended to higher spin withg-ray tran-
sitions up to; 2.8 MeV. Remarkable for all the bands is the
sharp drop ing-ray intensity at the highest spin values with
no further coincident transitions observed.

In addition, two new rotational bands, marked 4 and 5
were extracted from the data. The corresponding coinciden
spectra are displayed in Fig. 2. Both of these bands we
weakly populated in the reaction, each having an intensi
less than 10% of the most intense transition in band 1. Th
peaks labeled in Fig. 2 satisfied the requisite double-gatin
conditions for bands 4 and 5. The inset for the high-energ
transitions of band 4 was obtained as described above f
bands 1–3. Transitions in band 4 were observed up
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FIG. 2. Two coincidenceg-ray spectra for
transitions in bands marked 4 and 5 of109Sb. The
spectra were created by summing double gat
spectra from the GAMMASPHEREEg-Eg-Eg

cube data. The spectrum in the high-energy ins
was obtained from a sum of single-gatedg-ray
spectra from the doubles matrix to improve sta
tistics, but this also introduced some addition
contaminant bumps. Only peaks labeled satisfi
the requisite double-gating conditions involvin
other transitions within the band; other peaks n
labeled include coincidentg-ray transitions from
the lower part of the level scheme~note the low-
lying 1101-, 1106-, and 1111-keV transitions
which introduce a large unresolved coinciden
peak in both spectra! or known strong contami-
nants from different reaction channels. The pea
marked by an asterisk include coincidentg-ray
transitions in band 1.
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g-ray energies of; 2.8 MeV, similar to bands 1–3, wherea
in band 5 none were observed beyond 2.1 MeV. As can
seen in Fig. 2, theg-ray energy spacings increase with in
creasing energy for band 4 following a pattern similar
bands 1–3; however, band 5 shows a decrease in theg-ray
spacings with increasing energy. Theg-ray transitions in
bands 4 and 5 were found to be in coincidence with low
members of band 1, as indicated by asterisks in Fig. 2.

A partial level scheme of the high-spin region in109Sb,
including all fiveDI 5 2 bands, is shown in Fig. 3. Despit
the high quality of the data and good statistics for all of t
bands, the feeding patterns into the known low-lying sta
of the nucleus were not completely identified. Thus only te
tative spins and parities could be assigned to these band
els. The assigned spins for bands 1–5 represent estim
based first on lower spin limits for the decay-out membe
obtained from states of known spin which were populated
the decay of each band and assuming unobserved link
g-ray transitions. Secondly, the number of stretchedE2 tran-
sitions observed in each band yields the range of spins
tween the highest band member and the feed-out mem
and thus places a lower limit on the spin of the highest o
served band member. In band 1, for example, a spin rang
24\ is observed from the twelve in-band transitions. Thirdl
the configurations calculated as yrast or close to yrast in
spin range are simple because of the proximity to the dou
closed shell and terminate at well-defined spin values co
patible with the Pauli principle; the observed sharp drop
intensity for the highest transitions is consistent with ba
termination. With these three pieces of experimental inf
mation, that imply upper and lower spin limits together wi
the range of spins for these decoupled bands, there is c
siderable restriction on the possible spins of these109Sb in-
truder bands even when not directly linked to the lower p
of the level scheme.

Theoretical calculations@1,2# in this closed shell region
define band-energy characteristics and termination for av
able specific configurations over the observed spin range;
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calculations have been successfully applied to a number
linked bands in this region where the spins are know
(108Sn, 110,111,113Sb, 114Te! @2,10,21#, and to the nonlinked
bands 1–3 of109Sb @1# from this experiment. Therefore, the
above experimental information has been applied with th
guidance of these calculations to make the tentative spin a
signments shown in Fig. 3. These assignments are used
discussing the experimental band properties in this sectio
but the detailed arguments for the specific configurations a
given in Sec. V.

For band 1, which is the most intense, a number of tran
sitions involved in the decay were identified prior to the
unobserved linking transitions. To extract these results, fou
fold events were used by sorting different combinations o
double-gated matrices. Several parallel decay branches
observed in the decay pattern, which reduces the intensity
each individual branch and limits further identification of the
g rays involved in the coincidence spectra. The majority o
the decay-out of band 1 occurs at the (35/22) level, where at
least five competing decay branches are involved as show
in Fig. 3. The sequence including the 806–738 keVg-ray
transitions was found to have the strongest intensity. A sig
nificant part of the intensity is further taken away by the 59
keV g-ray transition, in addition to the 622–762 keV decay
sequence out of the (39/22) level, which is placed parallel to
the 791 keVg-ray transition.

Although bands 4 and 5 both feed into the lower levels o
band 1, it was not possible to identify the linkingg-ray tran-
sitions involved. Minimum spins for these two bands can b
estimated from the tentative spins of the levels in band 1 in
which they feed, plus allowances for the angular momentu
of the linking transitions. Band 4 is found to feed into the
(55/22) level of band 1, whereas band 5 feeds into the lowe
(47/22) level, which indicates a lower excitation energy of
band 5 compared to band 4. Coincidences with band-1 tra
sitions are marked by asterisks in Fig. 2; the large peak ne
1100 keV includes several coincidentg rays ~1101, 1106,
and 1111 keV! from the lower part of the level scheme.
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FIG. 3. A partial level scheme which includes
all five decoupled bands 1–5 observed in109Sb.
Gamma ray energies are given in keV.
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In addition to the large number of irregular single-partic
levels at low excitation energies, two strongly coupled ban
~bands 6 and 7! were observed in this nucleus as shown
Fig. 4. A typical double-gated coincidence spectrum fro
the cube, shown in Fig. 5, reveals the transitions in band
the 417/462 keV double gate discriminates against the s
band that feeds into band 6~see Fig. 4!. The strongly coupled
bands appear as sequences of very intenseDI51 transitions
and weakDI52 crossover transitions. These bands furth
extend the systematics of similar structures observed in
heavier Sb nuclei. Band 6 favors decay into positive-par
states, and thus is believed to have positive parity, consis
with extensive systematics; the majority of the decay is o
served to populate the 15/21 and 17/21 spherical levels.
Band 7, at a higher excitation energy, is tentatively assign
negative parity because it decays predominantly into
yrast 19/22 state with two parallel decayg-ray sequences of
similar energy, 241–758 keV and 243–756 keV. Angul
distribution and linear polarization results@22# implied
stretchedM1 transitions for these sequences.

The level scheme presented in Fig. 4 also shows the st
which are populated by the decay of the high-spin intrud
DI52 bands. These results were obtained by comparing
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intensities in different threefold and fourfold spectra, wher
gates were chosen to be within an intruder band and anot
gate placed on ag-ray peak in the low-spin part of the level
scheme, to isolate the levels of interest. Band 1 was found
populate almost every negative-parity level above spin 15
and thus is assumed to be of negative parity. The most
tense feeding is into the negative-parity bandlike sequen
shown between bands 6 and 7 in Fig. 4; the 844-843~dou-
blet!, 1050, 554, and 180 keVg rays coincident with band 1
indicated this feeding into the 23/22 up to the 31/22 or
35/22 levels of this sequence. Bands 2 and 3 are less inten
and only an indication of feeding into a 35/22 state could be
identified, as shown.

V. DISCUSSION

The nuclear structure of theZ551 109Sb nucleus can be
classified in terms of the number of proton particle-hole~p-h!
excitations across theZ550 closed shell involved in the spe-
cific configurations. The 0p-0h states are simply those sta
formed by the valence proton occupying the low lying
pd5/2, pg7/2, orph11/2 orbitals~thepd5/2 andpg7/2 orbitals
are nearly degenerate! coupled to theZ550 108Sn near-
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FIG. 4. Low energy part of the109Sb level scheme which shows the observed complex spherical states as well as two strongly c
bands. Indications of the feeding patterns for the intruder bands are also shown.g-ray energies are given in keV.
ical

re
est
spherical core, e.g., the 01-21-41 ground-state sequence@8#
with energy spacings 1206 and 905 keV. The correspond
109Sb 5/21-9/21-13/21 sequence with 1101 and 991 keV
spacings, and 11/22-15/22-19/22 sequence with 1080 and
907 keV spacings as shown in Fig. 4 are readily identifia
with the pd5/2 and ph11/2 orbitals, respectively. The 7/21

01
^ pg7/2 state can be seen at 832 keV above the grou

state. These features are consistent with the earlier109Sb
experiments@7,22#. Spherical negative-parity core state
ing

ble

nd

s

(72, 92) involving thenh11/2 orbital in
108Sn can couple to

the same valence proton orbitals; although such spher
states have been observed in111Sb @12#, they are not easily
identified in 109Sb.

The 1p-1h proton excitations across theZ550 gap are
involved, for example, in the low-lying 2p1h
p(g7/2d5/2)

2(g9/2)
21 configuration in 109Sb; this deformed

proton configuration is manifest in bands 6 and 7 that a
shown in Fig. 4. The 2p-2h proton excitations appear low
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in 109Sb as a coupling of thep@(g7/2d5/2)
2(g9/2)

22# de-
formed core configuration of108Sn to the deformation driv-
ing valenceph11/2 proton orbital, namely a 3p2h configura
tion. Bands 1–3, shown in Fig. 3, involve this deforme
proton configuration. The observed rotational bands int
preted in terms of these types of deformed states, along w
additional aligned particles outside of theZ5N550 doubly
closed core, will be discussed in separate sections bel
The focus of this work is the experimental investigation
these intruder bands, particularly those related to the 2p

FIG. 5. A typical double-gatedg-ray spectrum from the cube
for the 417/462 keV transitions in the strongly coupled band 6
109Sb. The gates were chosen to discriminate against the sideb
that feeds into band 6. The lines labeled ‘‘D ’’ are the predomi-
nantlyM1-dipoleDI51 transitions while those labeled ‘‘Q’’ are
theE2-quadrupole crossover transitions.
-
d
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proton excitations across theZ550 shell gap, and their in-
terpretation in terms of the smooth band termination@1#.

Our calculations @1#, which utilized a configuration-
dependent shell-correction approach with cranking, we
performed to investigate and identify the configurations
109Sb involved in the intruder bands as well as to understa
the band termination properties. A recent application of the
calculations to theA5110 region investigates the details o
the predicted nuclear structure features@2#. A Nilsson-
Strutinsky cranking method@23#, involving a modified oscil-
lator model along with specific techniques@1,2# for identify-
ing the N54 g9/2 proton holes and the particles in othe
N54 subshells (g7/2,d5/2, . . .!, has been employed. The cal-
culations minimize the energy with respect to the deform
tion parameters (e2 ,e4 ,g). Since pairing correlations have
been neglected, the theory does not address the alignm
features at low frequencies,\v< 0.7 MeV. An important
property for 109Sb is that an intruder band related to a spe
cific configuration without admixtures can be followed ove
a large spin range to the maximum spin allowed by the co
figuration at band termination. CalculatedE2ELD for bands
based on 0p-0h, 1p-1h, 2p-2h, and 3p-3h proton excitatio
across theZ550 gap are displayed in Fig. 6 for the four
combinations of parityp and signaturea, where the rota-
tional liquid drop energyELD5(\2/2Jrig)I (I11). The con-
figuration notation used follows that of Ref.@2#, where
@p1p2 ,n# are the numbers of proton holes in theg9/2 orbital,
of protons in theh11/2 orbital, and of neutrons in theh11/2
orbital, respectively. The observed bands in109Sb will be
compared to these calculations for specific band configu
tions in Fig. 7 and discussed in the following sections. Th
smooth band termination feature and related nuclear sha
changes will be discussed in the last section.

of
and
FIG. 6. E-ELD calculations for
the four combinations of parity
and signature,@p,a#, for band
configurations in the yrast region
of 109Sb, where ELD5
(\2/2Jrig)I (I11) with \2/2Jrig
50.013 MeV. The configuration
notation used is@p1p2 ,n#, where
p1 is the number of proton holes
in the g9/2 orbital, p2 is the num-
ber of h11/2 protons, andn is the
number of h11/2 neutrons. The
subscripts used with this notation
are for the cases where the same
@p1p2 ,n# are obtained as a conse-
quence of different distributions
of particles~holes! with signature
a521/2 anda511/2. The large
open circles indicate band termi-
nation states for the specific con-
figurations. Full lines are used for
configurations assigned to the ob-
served bands 1–7~see Fig. 7!,
while other~unobserved! configu-
rations are shown by dashed lines.
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A. Intruder bands involving 2p-2h proton excitations

1. Intruder bands 1–3

The intruder bands 1–3 shown in Fig. 3 were those fir
discovered by Janzenet al. @7#. The improved sensitivity of
the GAMMASPHERE~EI! array allowed the extraction of
transitions at the top of these bands withg-ray energies near
2.8 MeV, representing very high rotational frequencies.
addition, the observed significant drop in intensity for th
last transition in each of these bands, as documented in F
1, is consistent with band termination. Although substantia
more information was obtained regarding the feeding p
terns of these bands to the known lower energy portion of t
level scheme, definite links were not established. As d
cussed in Sec. IV, the spin assignments for the bands sho
are thus tentative; however, using lower spin limits from th
band feed-out transitions, spin ranges of the bands, and
mination spins for the available configurations, the ban
spins have considerable definition. Further guidance w
achieved from theoretical calculations@1,2# for the configu-
rations in 109Sb, which are yrast or close to yrast in the sp
rangeI;30–45\. The spins and parities listed for the ban
members are consistent with those selected for the ba
termination interpretation~see Figs. 6 and 7!. The energy
characteristics of the bands as a function of spin, as sho
by theseE-ELD curves, provide additional information abou
the available configurations and thus the spin, independen
the termination spin. In particular, each of the curves reve
a minimum as a function of spin, which results from th
transition within the band from high collectivity to a non

FIG. 7. Comparison as a function of spin between calculat
and observedE-ELD for the identified intruder band configurations
in 109Sb. The circles indicate band termination states. The expe
mental energy scales are relative for the nonlinked intruder ban
st
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collective terminating state. The agreement of the spins
which the calculated minima and the experimental minim
occur represents a confirmation of the configuration. Th
agreement is observed for the linked yrast@20,2# band in
108Sn, which is directly related to the@21,2# configuration
identified with band 1 in109Sb.

Applying the spin arguments discussed above, band 1 d
caying out at~35/22) and terminating at~83/22), just fits its
24\ spin range between the lower and upper spin limits o
the observed decay-out and the termination spin of the@21,2#
configuration. Bands 2 and 3 terminating at~87/21,
89/21), respectively, consistent with the@21,3# signature
partners, then decay out at higher spins as shown; this leav
an angular momentum gap between the bottom of the ban
2 and 3 and the observed lower limit~4\ for band 2, the
21/2 signature component!, which is not unreasonable in
view of the change in parity required for this configuration
Detailed arguments for these two configurations are give
below. The dynamic moments of inertiaJ(2) for bands 1–3
are plotted in Fig. 8; they show the characteristic smoot
decrease with increasing spin or frequency to unusually lo
values, near 1/3 the rigid-body value, at frequencies near 1
MeV/\.

The structure of band 1, which appears to be yrast over
large spin region, is expected to involve the low-V h11/2
proton coupled to the 2p-2h proton excitations of the108Sn
core. The deformed@p(g7/2d5/2)

2(g9/2)
22# configuration is

the basis of low lying positive-parity rotational bands ob
served in the even Sn nuclei from108Sn to 118Sn @4,8#. This
feature, where the valenceh11/2 proton is coupled to both
spherical and deformed core states, has been observed pr
ously in several odd-A Sb isotopes@5,6,12#. The bands, cor-
responding to the deformed 2p2h core, systematically beg
to decay out near the 23/22 member into states where the
valenceh11/2 proton is coupled to the spherical 4

1 core state,
as was the case for111,113Sb. In 109Sb, band 1 decays out
somewhat higher in spin, near 35/22, consistent with the
higher excitation energy for the 2p2h deformed band in th
108Sn core. It is thus expected that band 1 in109Sb initiates
from the deformedph11/2@(g7/2d5/2)

2(g9/2)
22# proton con-

figuration. The theoretical calculations~see Fig. 6! show that
this proton configuration is responsible for the lowest lying
structure in this spin range. At the highest spins, the com
plete configuration @21,2# with respect to theZ5N5
50 doubly closed shell isph11/2@(g7/2d5/2)

2(g9/2)
22#

^ n(g7/2d5/2)
6(h11/2)

2. As shown in Fig. 6, this band termi-
nates at 83/22. The experimental band energies presented
the same manner, namely relative to the rotating liquid dro
values, are shown in the lower part of Fig. 7 for the assigne
spins; the corresponding calculated@21,2# result is displayed
in the upper part of the same figure for comparison purpose
The comparison of the experimental and calculated curv
for band 1 shows a remarkable agreement in shape with bo
the experimental- and the theoretical-curve minima occu
ring at 67/2 \, which adds confirmation to these assign
ments.

The most favorable interpretation for bands 2 and 3 in
volves the promotion from the band-1 configuration of a neu
tron from the (g7/2d5/2) orbital to theh11/2 orbital giving
positive parity; the two curves labeled@21,3# in Fig. 6 rep-
resent this interpretation. The two bands would be the tw

ed
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ds.
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1606 54H. SCHNAREet al.
signature partners of this configuration, where the highV
positive-parity neutron orbital implies a small signature spl
ting. This favored@21,3# configuration, which for bands
2 and 3 would include the same proton configurati
as for band 1 but with threenh11/2 neutrons is
ph11/2@(g7/2d5/2)

2(g9/2)
22# ^ n(g7/2d5/2)

5(h11/2)
3. The two

bands representing the@21,3# signature partners, shown in
Fig. 6, terminate at spins 87/21 and 89/21. Again the com-
parisons in Fig. 7 between the@21,3# calculations and the
experimental results for bands 2 and 3 are excellent in reg
to the shapes of the curves, with the minima occurring
75/2 and 77/2\, respectively, for the two signatures. Band
associated with this@21,3# configuration in 110Sb and in
111Sb show similar agreement with the calculations~see
Refs.@2,21#!; the spins are known for the110Sb band as it is
linked.

2. Band 4

As indicated in Fig. 3, seven transitions were extracted
band 4 with the top transition having an energy of 2810 ke
The band is observed to feed into band 1 at the~55/22) level
with significant intensity, although the connecting links a
not established. This feeding suggests high spins and hig
excitation energies for band 4. Following an examination
the cranking calculations shown in Fig. 6, the band config
ration that best satisfies the experimental characteristics
band 4 is the@22,2# configuration, which involves the pro
motion of one proton from the 2p2h deformed core to t
next availableh11/2 orbital; excited bands based on the co
responding@21,2# configuration in108Sn have been observe
@8#. Only one signature for the@22,2# configuration is shown
in Fig. 6 because of the large signature splitting caused
the proton in the low-V positive-parity orbital; this is
consistent with experiment, where only one signatu
~band 4! was observed. The complete configuration
p(g7/2d5/2)(h11/2)

2(g9/2)
22

^ n(g7/2d5/2)
6(h11/2)

2 having a
termination spin of 87/21. The comparison of the experi
mental and calculated energies in Fig. 7 shows that band
in good agreement with the detailed characteristics of
curve representing the@22,2# configuration with the mini-
mum occurring near 75/2\. The dynamic moments of inertia
J(2) for band 4 shown in Fig. 8 reveal the characteris
smooth decrease with increasing frequency to low valu
consistent with the intruder bands 1–3.

B. Deformed structure involving 1p-1h proton excitations

1. Band 6–positive parityDI51 band

The 2p1h bands based on thep(g7/2d5/2)
2(g9/2)

21 con-
figuration have been observed@3,12# in odd-A Sb nuclei for
neutron numbersN560–72 with the minimum in excitation
energy occurring nearN568. The crossing of thepg7/2 and
pg9/2 orbitals at a prolate deformation results in more mo
est deformations for these 1p-1h excitations than for
2p-2h proton excitations discussed in the previous sect
The high-V pg9/2 hole orbital implies there is no signatur
splitting for the resulting 9/21 DI51 bands in agreemen
with experiment. For 111Sb at N560, this proton 2p1h
strongly coupled band is the first case observed not to de
down to the 9/21 bandhead, but instead decays out at t
-
it-

on

ard
at
s

for
V.

re
her
of
u-
of

-
he
r-
d

by

re
is

-
4 is
the

tic
es

d-
the
ion.
e
t

cay
he

Ip521/21 member@12#. This change in the decay proces
has been attributed to a decrease in deformation of t
p(g7/2d5/2)

2(g9/2)
21 bandhead asN decreases below

N568. The correspondingDI51 band observed in109Sb is
shown on the right~band 6! of Fig. 4. TheDI51 in-band
transitions of the band are observed up toIp5~37/21) along
with weakerE2 crossovers, the intensity ratios of which ar
consistent with the highK value. This band decays out at the
Ip5~19/21) and ~17/21) members; these branches are no
completely determined because of the low individual-branc
intensities and the complex coincidence spectra, making t
spins tentative. A sideband of three levels was observed
feed into band 6 as shown in Fig. 4.

The present calculations shown in Fig. 7 include this 2p1
band, labeled@10,2#, which has the complete configuration
relative to Z5N550 of p(g7/2d5/2)

2(g9/2)
21

^ n(g7/2d5/2)
6(h11/2)

2. The @10,2# band configuration has
nonyrast terminating states with spins of 63/21 and 65/21,
respectively, for the two signatures. Note that since pairing
not included, the calculations are not expected to reprodu
the experimental curves below 20\. In addition, the experi-
ment does not follow this positive parity band 6 to near th
predicted termination spins. Nonetheless, the calculations
these configurations are included in Fig. 7 for completene
The tentative Ip5~37/21) band member reached in the
present experiment involves two band transitions beyond th
reported in Ref.@22#. None of these odd-A Sb 2p1h bands
have been seen to high spins; in111Sb, this related band was
followed only up to 41/21 @12#.

The fact that these bands with 1p-1h proton excitation
have only modest deformations might be the reason that th
are not followed experimentally up to spins near terminatio
One should note that these collective structures of low defo
mation reveal similarities with the so-called ‘‘shears bands
which characteristically showg-ray intensities that fall off at
spins limited by the allowed tilted-axis alignment. Indeed
these structures in109Sb are based on the high-V proton hole
(pg9/2) and the low-V neutrons (nh11/2). This is analogous
to structures in the Pb nuclei where the ‘‘shears bands’’ a
cording to the tilted-axis cranking interpretation@24# are
formed by low-V proton particle states (h9/2 and i 13/2) and
high-V neutron hole states (i 13/2).

2. Band 7–negative parityDI51 band

Band 7, shown in Fig. 4, is a secondDI51 band with
properties very similar to those of band 6, namely stron
DI51 transitions with weakE2 crossover transitions, and
no signature splitting. Negative-parityDI51 bands have
been previously reported@12# in other odd-A Sb isotopes.
They have been interpreted as based on t
p(g7/2d5/2)

2(g9/2)
21

^J2 configuration, whereJ2 refers to a
two-neutron state (72, 52) of the Sn core nucleus involving
onenh11/2 orbital and one positive-parity orbital. This inter-
pretation is consistent with several measured electromagne
properties including a sensitive time-differential magnetic
moment measurement in117Sb @25#. Band 7, which decays
out at a 23/22 state and is observed up to the 37/22 member,
is believed to be related to this configuration. The prese
calculations for the configuration@10,1# involving oneh11/2
neutron do not follow the experimental curve for band 7. Th
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calculations show this band to become nonyrast at the hig
spins as shown in Fig. 7, and predict that the two signat
branches would not terminate until 57/22and 59/22, respec-
tively. The@10,3# configuration with threenh11/2 orbitals has
a higher excitation energy at these low spins, as shown
Fig. 6.

3. Band 5

Only five transitions were extracted for band 5, which w
relatively weakly populated. It was observed to feed into t
~47/22) member of band 1, which implies a lower spin lim
for the top member of~69/22), assuming an unobserve
stretched dipole linking transition. The calculations shown
Fig. 6 for this spin range suggest the configuration@11,2#,
namely p(g7/2d5/2)(h11/2)(g9/2)

21
^ n(g7/2d5/2)

6(h11/2)
2, in-

volving 1p-1h proton excitation, for which the two signature
terminate at 69/22 and 71/22. If the unobserved linking
transition were a stretched quadrupole, band 5 would be c
sistent with the other signature and a termination spin
71/22. The fact that band 5 with a 1p-1h core excitation
followed to termination, where bands 6 and 7 are not, co
be explained by the extra deformation-driving property
the h11/2 proton. The experimental and calculated ener
comparison as a function of spin in Fig. 7 shows that ban
agrees well with either signature of this@11,2# configuration,
although the fact that only one signature was observ
causes some doubt about this assignment. TheJ(2) for band
5 plotted in Fig. 8 shows a significant change from the oth
intruder bands; rather than decreasing with increasing
quency, theJ(2) increases sharply. This feature is not unde
stood, but the rise ofJ(2) is only seen at two frequency
points and could thus be caused by small disturbances of
transition energies, e.g., from some band mixing. In th
sense, the energy comparison in Fig. 7 appears to be a b
test of the configuration than theJ(2) comparison.

C. Smooth-band termination

Theoretical calculations@1# were undertaken to interpre
the intruder bands observed in109Sb which showed the char
acteristic features of decreasing dynamic moments of ine

FIG. 8. Observed dynamic moments of inertia,J(2), as a func-
tion of frequency for the five intruder bands 1–5.
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up to very high frequencies, and termination spins consiste
with the aligned spins for the valence particles and hol
relative to theZ5N550 doubly closed core. Because of the
fact that specific configurations could be followed over
large spin range, theoretical and experimental compariso
as shown in Fig. 7, were highly successful for the ban
member energies as a function of spin without the difficultie
of significant admixtures with other bands. The calculate
dynamic moments of inertiaJ(2) for the assigned band con-
figurations~bands 1–6! are displayed as a function of fre-
quency in Fig. 9. A smoothing technique has been applied
theseJ(2) curves to avoid fluctuations from a second deriva
tive of energy versus spin, as discussed in Ref.@1#; the large
solid circles in Fig. 9 show the unsmoothed calculation fo
band 1. These calculations agree well with the experimen
J(2) values for the intruder bands 1–4 shown in Fig. 8 an
thus explain the strongly increasing band spacings with i
creasing spin. The theory does not reproduce the observ
rise inJ(2) for band 5, which, being well above yrast, may
be subject to mixing.

The change in the intrinsic nuclear shape of the intrud
bands as a function of spin can be seen by the calcula
trajectories@1,2# for five of these bands in the (e2 ,g) plane
for various spins, as shown in Fig. 10. The configurations
the bands involve p-h excitations across theZ550 shell gap,
which result in prolate (g50°) shapes at moderate spins
because of thepg7/22pg9/2 level crossing ate2' 0.2. The
bands thus initially involve collective rotation about an axi
perpendicular to the symmetry axis. As the rotational fre
quency increases, the Coriolis interaction initiates the alig
ment of the valence-particle spins which causes the nucle
shape to gradually trace a path through the triaxial (g) plane,
as shown, toward the noncollective single-particle shape
g5160°. After the aligned valence-particle spin is ex
hausted, consistent with the Pauli principle, the band term
nates. The calculated termination spins for the specific co
figurations, which are consistent with the experiment
results, are shown in Fig. 7. This gradual change from co
lective prolate (g50°) to noncollective oblate (g5160°)

FIG. 9. Calculated dynamic moments of inertiaJ(2) as a func-
tion of frequency for the intruder bands. Small symbols represe
smoothed calculations; large circles represent unsmoothed ban
calculations. See text regarding calculation details.
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is accompanied by a smooth increase in theg-ray energy
spacings and a corresponding decrease in the dynamic
ment of inertia leading to the so-called smooth-band term
nation. The intruder bands observed in the heavier odd-A Sb
isotopes appear not to have reached termination spins, w
are generally predicted to have higher values because of
additional valence particles available.

FIG. 10. Plot of the intrinsic nuclear shape calculated as a fu
tion of spin for five of the intruder bands in109Sb. The band iden-
tification symbols are the same as in the previous figure.
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VI. CONCLUSIONS

Intruder rotational bands in109Sb have been investigated
with GAMMASPHERE ~EI! to high frequency. A total of
seven collective structures involving proton particle-hole e
citations across theZ550 closed shell gap were observed t
coexist with the normal single-particle structure. Four of th
DI52 intruder bands, which are interpreted as being bas
on 2p-2h proton excitations, reached tentative terminatio
spins associated with the spin alignment of all the valen
nucleons outside of100Sn. The band energies and decreasin
dynamic moments of inertia as a function of spin are in goo
agreement with smooth band termination calculations. Tw
observedDI51 bands involving 1p-1h proton excitations
have properties consistent with apg9/2 hole in theZ550
closed shell.
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