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Evolution of collectivity with spin in 81Y
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Lifetimes of 34 high-spin levels in81Y were measured using the Doppler-shift attenuation method. The
high-spin states were populated using the58Ni( 32S,2ap) reaction at 135 MeV, and the recoils were stopped in
a thick Ta backing. Prompt multi-g coincidences were detected usingGAMMASPHERE, and evaporated charged
particles were detected with theMICROBALL. Transition quadrupole moments inferred from the lifetimes in the
lowest positive- and negative-parity bands show a relatively gradual decrease with spin, in agreement with
Hartree-Fock-Bogolyubov cranking calculations. The calculations also predict a shape change in each band
from predominantly prolate at low spin to triaxial above the first quasiparticle alignment. Thus the observed
decrease in collectivity with spin is interpreted as the result of competing shapes which tend to lower the
amount of deformation. Other negative-parity bands show evidence for structures with large deformation.
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I. INTRODUCTION

Previous studies of yttrium (Z539) isotopes have helpe
to illuminate several structural trends across thef 2p2g
shell. One of the most important underlying causes of th
trends concerns the quasiparticle occupation of the avail
single-particle energy levels near the proton and neu
Fermi surfaces. For example, near theN550 shell closure,
angular momentum and energy are built primarily throu
successive single-particle alignments rather than through
lective excitations, as observed in85Y @1# and 87290Y @2–5#.
Closer to midshell (N539), the degree of collectivity is en
hanced strongly relative to the single-particle estimate, d
onstrated by studies of82Y @6,7# and 83Y @8#. Large defor-
mations are thus anticipated for particle numbers near
mid-shell value.

Another interesting aspect of shell occupation is its eff
on structure with increasing spin. In particular, the prol
deformed shell gap at particle number 38 (b250.4) plays an
important role in deciding the high-spin structure of nuc
with N and/orZ numbers near this gap. Studies of the light
isotopes have provided valuable information about the in
ence of single-particle level occupation just above this g
While 82Y shows relatively constantB(E2) values at high
spin @6,7#, a high-spin study of83Y @8# indicated that theQt
moments in the positive-parity yrast band generally
creased with spin, yet this sequence did not seem to be lo
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collectivity into a single-particle band termination@9# as the
maximum spin in thef 2p2g shell was reached. Below th
gap, the proton-rich krypton (Z536), rubidium (Z537),
and strontium (Z538) isotopes, which already have rel
tively large equilibrium deformations, have shown eviden
of rigid rotation at high spin based on nearly constant tr
sition quadrupole momentsQt in the range of about 2
24eb in the yrast bands@10–16#. Furthermore, drops in the
Qt moments in79Sr were associated@17# with the onset of
quasiparticle alignment. More investigations appear nec
sary to determine how these traits develop for nuclei clo
to theN'Z line.

A previous investigation@18# measured the lifetimes o
five states in the yrast positive-parity band of theN5Z13
nucleus81Y using the Doppler-shift attenuation method a
the recoil-distance method. The results were based on a l
scheme constructed from their work and prior investigatio
@19–21#. Since then, a more comprehensive level sche
was developed with multiple positive- and negative-par
band structures extending to considerably high-spin value
I' 55

2 @22#. Figure 1 shows a partial level scheme of81Y
based on these results. By extending the yrast positive-
negative-parity bands to high spin, evidence of possible b
termination was discovered. In addition, one of the negati
parity bands was thought to be a possible candidate for
perdeformation based on its fragmentary decay near the b
head and the high and constant moments of inertia, cha
teristic of other superdeformed bands in this mass reg
(83Sr @23#, for example!. So far, however, the collectivity o
81Y has not been determined for any negative-parity ba
and the collectivity of the yrast positive-parity band has n
been established at high spin above the first quasipar
alignment@22#.

The present work investigated the evolution of collect

t

s,
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R. A. KAYE et al. PHYSICAL REVIEW C 66, 054305 ~2002!
FIG. 1. Partial level scheme o
81Y @22# showing the bands in
which lifetimes were measured in
the present work. The vertical en
ergy scale is reduced by a facto
of four above an excitation energ
of 4000 keV. The letters below the
decay sequences are intended on
to facilitate the discussion and fol
low the same convention as i
Ref. @22#.
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ity with spin in 81Y for as many positive- and negative-pari
band structures as possible, in order to provide a more c
plete picture of the degree of collectivity for this nucleus a
for nuclei near theN,Z538 gap. The Doppler-shift attenua
tion method was used to measure lifetimes less than abo
ps, from which transition strengths were calculated and u
to infer transition quadrupole moments using the rotatio
model. The measurement utilized theGAMMASPHERE

g-detector array@24# and the MICROBALL 4p charged-
particle array@25# to help accentuate theg-decay events
from this weak reaction channel.

As a result of this work, the collectivity of anN'Z
nucleus has been at least partially established at relati
high spin for both positive- and negative-parity structur
providing information on the mechanisms responsible for
measured variations with rotational frequency. In additi
the observed evolution of collectivity with spin has demo
strated the importance of the interplay of single-particle a
collective degrees of freedom.
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II. EXPERIMENTAL PROCEDURE

High-spin states in81Y were produced following the
58Ni( 32S,2ap) fusion-evaporation reaction at 135 MeV u
ing the 88-in. Cyclotron facility at the Lawrence Berkele
National Laboratory. In order to optimize the experiment f
the detection of Doppler-shiftedg-ray line shapes and henc
the measurement of lifetimes using the Doppler-shift atte
ation method, the 415mg/cm2 thick 58Ni target was evapo-
rated on to a 10.3 mg/cm2 Ta backing which served to sto
completely all recoiling nuclei. The average initial recoil v
locity of 81Y nuclei wasb50.034. The reaction was de
signed to synthesize mass 86 nuclei, so81Y was only weakly
produced at about 3% of the total fusion cross section. Ho
ever, the methods of particle and gamma detection allow
for a detailed lifetime measurement of this nucleus nonet
less.

Prompt g rays were detected using theGAMMASPHERE

array @24# with 95 Compton-suppressed Ge detecto
5-2
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EVOLUTION OF COLLECTIVITY WITH SPIN IN 81Y PHYSICAL REVIEW C 66, 054305 ~2002!
Evaporated charged particles were detected and ident
with the MICROBALL array @25#, consisting of 95 CsI~Tl!
scintillators covering 97% of the full sphere surrounding t
target. During the experiment, a four-fold or higherg multi-
plicity trigger condition was used.

The collected data were sorted in a variety of ways i
300033000 channel squareg2g coincidence matrices with
a dispersion of 1.333 keV/channel. In order to enhance
81Y reaction channel, all matrices were gated on the requ
ment of a 2a1p evaporation event as measured by theMI-

CROBALL. Most of the matrices had any remaining contam
nations ~such as the relatively strong83Y channel! further
reduced by gating them on the requirement of an additio
coincidentg ray. Positive-parity transitions were enhanc
by selecting the 119, 150, 156, 268, 414, 533, 569, 642, 7
813, or 860 keV line as the possible coincidentg ray.
Negative-parity transitions were enhanced by selecting
114, 175, 248, 288~doublet!, 341, 362, 422~doublet!, 499,
556, 629, 675, 703, or 784 keV line as the gating transiti

Gamma-ray intensities were measured in order to quan
the amount of direct and side feeding. Branching rati
needed for the determination of transition strengths
quadrupole moments, were deduced from these intens
The results are generally in good agreement with those m
sured previously@18# whenever comparisons were possib
Lineshape spectra were obtained by projecting on square
trices built from coincidences between sets of detectors w
approximately the sameu angle and all other detectors. B
combining detector rings at 31.72° with 37.38°, 50.07° w
58.28°, 121.72° with 129.93°, and 142.62° with 148.28
weighted average detector angles of 34.95°~7 active detec-
tors!, 52.81° ~15 active detectors!, 127.19°~15 active detec-
tors!, and 145.45°~10 active detectors! were obtained and
used for lineshape analysis. This process improved the
tistics of each line shape and has been shown@26# to yield
nearly identical results as the process of summing the s
rate spectra of detectors at each similar ring angle.

III. ANALYSIS METHOD

Mean lifetimes of excited states in the bands shown
Fig. 1 were measured by applying the Doppler-shift atte
ation method~DSAM! to the experimental line shapes
34.95°, 52.81°, 127.19°, and 145.45°. The DSAM involv
a comparison of the decay time of the recoiling nuclei w
their slowing-down time in the target and target backing fo
This comparison was carried out using the simulation c
FITS @27# which integrates over the thickness of the targ
and determines a Gaussian distribution of recoil veloci
~with a width that is 10% of the kinematic mean! at the time
of decay, thus accounting for the evaporation of charged
ticles in the reaction. It corrects for direct feeding from up
four known higher-lying states and side feeding from o
unknown state, as well as for finite detector solid angle a
resolution and the energy dependence of the reaction c
sections as the beam slows through the target. The nuc
and electronic stopping powers were obtained from prog
SRIM2000, a recent compilation of the work of Refs.@28,29#.

By varying the lifetime of the state of interest, a set
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theoretical line shapes were produced and compared with
measured Doppler-shifted spectrum at each average det
angle to find the best fit. The lifetime which generated
curve that had the lowest reducedx2 when compared to the
experimental spectrum was taken as the lifetime of that st
The uncertainty of individual lifetimes at each average d
tector angle was determined by finding the lifetime val
above and below the best fit value which increased the m
mum reducedx2 value by one unit. The accepted lifetim
values were determined from an average of the individ
lifetimes. The uncertainties in the accepted lifetimes w
deduced from either the standard deviation of the set of
dividual lifetimes or the uncertainties in the individual life
time fits, whichever was larger.

Effective lifetimes, which do not include feeding corre
tions, were first determined for each line shape with adequ
statistics. All line shapes were then refit with feeding corre
tions, with the exception of those from the highest fitt
transition in each band, where only an upper-limit effecti
lifetime could be obtained. The feeding corrections used
effective lifetime of the state~or possibly multiple states!
immediately above and, where necessary, one side-fee
state to feed the state of interest. A comparison of fits t
1030 keV~band B transition! line shape with~corrected! and
without ~effective! feeding corrections is shown in Fig. 2.

Whenever possible, mean lifetimes were determined fr
spectra gated from above~GFA! the transitions of interest
eliminating the effects of side feeding. In these cases,
transitions were also gated from below~GFB! for the deter-
mination of side-feeding times and as a test of consisten
The total side-feeding intensities were obtained from the
tensity balance of each state, and the side-feeding lifet
was allowed to vary until the mean lifetime agreed with t
GFA result. Figure 3 displays a GFA and GFB fit to the 12
keV transition in band A.

Limited statistics often forced the use of only a GFB fit
an experimental line shape. In these situations, the s
feeding times used in the feeding corrections were based
the results obtained from fitting side-feeding times in bo
the yrast positive- and negative-parity bands. Averaging
results showed that the side-feeding times were about 94%
the effective lifetime of the state above, and this average

FIG. 2. Fits to the 127.19° line shape of the 1030 keV transit
in band B with~corrected, solid line! and without~effective, dashed
line! feeding corrections.
5-3
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R. A. KAYE et al. PHYSICAL REVIEW C 66, 054305 ~2002!
adopted for all GFB fits. A similar result was obtained f
83Y @30#, where the measured side-feeding times in the y
positive-parity band averaged about 83% of the effect
lifetime of the state above. Regardless of this agreement
resulting mean lifetimes in the present work were rather
sensitive to the side-feeding time as long as the side-fee
intensity was small.

The line shape analysis was complicated by the fact
81Y has several closely spaced doublets in the decay sch
many of which are in coincidence with each other~see Fig.
1!. In most cases, it was possible to fit each transition w
out interference from other peaks by using a careful cho
of gates. Sometimes this required the use of matrices
gated on an additional coincidentg ray in order to increase
the statistics when only one or two gates were used to ob
the line shape. When high lying, strongly shifted peaks w
used as gates, the gate was set wide enough to includ
possible shifted energies, although this procedure wor
best for matrices already gated by an additional coincideng
ray in order to reduce the inclusion of contaminant pe
from other nuclei.

When it was not possible to resolve individual lin
shapes, a modified version ofFITS was used to fit two over-
lapping line shapes simultaneously with theoretical l
shapes properly scaled by the intensity of eachg ray. Figure
4 shows an example of a simultaneous fit to the 1030 k
transition in band G and the 1035 keV transition in band E
similar procedure was used to fit the 1356 and 1359 k
lines in band A. The results were fairly consistent for all fo
average detector angles, as shown in Table I.

FIG. 3. Fits to the 127.19° line shape of the 1226 keV transit
in band A gated from above~GFA! and gated from below~GFB!. A
side-feeding time of 0.27 ps was measured for the25

2
1 state from

this fit.
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IV. RESULTS

Lifetimes of 34 states were measured using the DSA
and are given in Table I. The effective lifetimes represent
average of the results obtained from each of the aver
detector angles for which they could be measured. M
lifetimes, which include feeding corrections, are given f
each average detector angle along with the accepted life
which represents the average of these results. If a relia
line shape could not be obtained at a particular angle, a
time result is not included in the table. Results from a pre
ous lifetime analysis of81Y @18# are also included in Table
for comparison (tprev). Fits to the 1425-keV transition be
tween bands F and H at all four average detector angles
shown in Fig. 5 to demonstrate the variation of the line sha
with angle.

A. Positive-parity states

Lifetimes were measured in the yrast positive-par

bands~bands A and B in Fig. 1! up to the (49
2

1) state in band

A and the (27
2

1) state in band B by summing as many cle
GFB spectra as possible. Line shapes could not be extra
above these levels, so only effective lifetimes are quoted
these states.

The line shapes of the 1356, 1359, 1450, 1515, and 1
keV transitions in band A were all obtained from summi
GFB spectra projected from a triple-coincidence matrix.
simultaneous fit was performed to the 1356 and 1359 k
lines in order to decompose their line shapes and ext
lifetimes individually for the 5264 keV29

2
1 and 6622 keV

33
2

1 states, respectively. It was possible to extract relia
GFA spectra for the 813, 1033, and 1226 keVg rays in this
band, and hence the quoted mean lifetimes associated
the states they decay result from a GFA analysis. The res
are in excellent agreement with the lifetimes measured p
viously for these states@18# ~see Table I!.

An interesting feature of band A is the nearly consta

effective lifetimes of the37
2

1, ( 41
2

1), and (45
2

1) states. Such

n

FIG. 4. Simultaneous fit to the line shapes of the 1030 k
transition in band G and the 1035 keV transition in band E m
sured at 145.45°. The broken curves show the individual contr
tions of each line shape to the overall best fit~solid line! before
scaling by the relative intensity of eachg ray.
5-4
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TABLE I. Effective and mean lifetimes measured for81Y. The effective lifetimes (teff) and accepted
mean lifetimes (tacc) represent the average of results at all possible average detector angles. Exc
energies (Ex), g-ray energies (Eg), and spins were taken from Ref.@22#.

Ex I i
p I f

p Eg tprev
a teff t ~ps! tacc

~keV! (\) (\) ~keV! ~ps! ~ps! 34.95° 52.81° 127.19° 145.45° ~ps!

Band A
13081 ( 49

2
1) ( 45

2
1) 1854 0.18212

132

11227 ( 45
2

1) ( 41
2

1) 1640 0.32216
130 0.0827

120 0.14213
119 0.0221

19 0.0423
19 0.0726

114

9587 ( 41
2

1)
37
2

1 1515 0.30212
116 0.0221

18 0.0423
15 0.0322

18 0.0625
113 0.0423

18

8073 37
2

1 33
2

1 1450 0.3528
19 0.1627

17 0.1828
110 0.0423

14 0.0625
16 0.1126

17

6622 33
2

1 29
2

1 1359 0.4428
18 0.1123

13 0.1524
14 0.1022

12 0.1424
14 0.1223

13

5264 29
2

1 25
2

1 1356 ,0.29b 0.40210
110 0.0521

12 0.0622
12 0.1123

13 0.1323
14 0.0924

14

3908 25
2

1 21
2

1 1226 0.2229
19 0.5826

18 0.2025
17 c 0.1424

14 c 0.2526
17 c 0.2825

16 c 0.2226
16 c

2682 21
2

1 17
2

1 1033 0.49210
114 1.37225

125 0.3927
18 c 0.3226

17 c 0.3626
17 c 0.4127

18 c 0.3726
17 c

1650 17
2

1 13
2

1 813 0.95220
130 3.90287

1154 0.96232
171 c 1.00226

143 c 1.00226
144 c 0.96217

126 c 0.98225
146 c

838 13
2

1 9
2

1 569 4.326
16 4.326

16

Band B
5134 ( 27

2
1) ( 23

2
1) 1392 0.36212

114

3742 ( 23
2

1)
19
2

1 1232 0.57213
117 0.26214

117 0.27212
114 0.1728

19 0.2128
111 0.23210

113

2510 19
2

1 15
2

1 1030 1.10220
134 0.44215

126 0.3129
112 0.43210

113 0.43212
117 0.40212

117

1480 15
2

1 11
2

1 798 '4 .1 .1 .1 .1 .1

Band E
6468 ( 31

2
2) ( 27

2
2) 1380 0.50217

124

5089 ( 27
2

2) ( 23
2

2) 1196 0.58216
122 0.1029

115 0.22213
116 0.1029

110 0.18214
119 0.15211

115

3893 ( 23
2

2)
19
2

2 1035 1.62229
148 0.53215

126 0.64214
121 0.58211

114 0.79224
125 0.64216

121

2858 19
2

2 15
2

2 908 2.94282
1223 0.80231

172 0.49221
148 0.64226

160

Band F
11518 ( 45

2
2) ( 41

2
2) 1712 0.1628

114

9805 ( 41
2

2) ( 37
2

2) 1532 0.24211
120 0.0625

110 0.0221
110 0.0221

15 0.0322
17 0.0322

18

8274 ( 37
2

2)
33
2

2 1364 0.35213
123 0.0322

16 0.45219
123 0.0423

17 0.0423
113 0.14211

121

6909 33
2

2 29
2

2 1247 0.40215
123 0.30229

159 0.12211
112 0.19210

111 0.20216
120

5662 29
2

2 25
2

2 1225 0.55211
114 0.1827

19 0.1527
18 0.1426

18 0.2227
18 0.1727

18

4437 25
2

2 21
2

2 1097 0.82212
115 0.29216

128 c 0.2729
114 c 0.2328

111 c 0.19211
116 c 0.24211

117 c

3340 21
2

2 17
2

2 969 1.50223
134 0.40214

126 c 0.38212
115 c 0.3529

112 c 0.40210
116 c 0.38211

117 c

2371 17
2

2 13
2

2 842 4.142120
1338 0.94238

1103 c 0.76227
160 c 0.62219

130 c 0.76226
154 c 0.77228

162 c

Band G
6385 ( 31

2
2) ( 27

2
2) 1174 0.53220

132

( 27
2

2) 1297 0.53220
132

5211 ( 27
2

2) ( 23
2

2) 1030 1.27247
147 0.43213

117 0.2224
14 0.4429

113 0.63216
130 0.43217

117

4181 ( 23
2

2) ( 19
2

2) 822 2.762120
1120 1.10280

1900 0.92264
1900 1.00271

1900 0.82270
1900 0.96271

1900

Band H
8517 ( 37

2
2) ( 33

2
2) 1430 0.32210

110

7088 ( 33
2

2)
29
2

2 1425 0.39210
112 0.0827

114 0.0624
16 0.0524

15 0.1025
17 0.0725

18

5742 ( 29
2

2)
25
2

2 1305 0.46214
120 0.17216

117 0.1029
112 0.29212

114 0.48214
121 0.26215

117

Band I
4713 ( 25

2
2) ( 21

2
2) 1157 1.18232

195

3556 ( 21
2

2) ( 17
2

2) 965 1.51234
170 0.24217

130 0.36220
135 0.27215

127 0.29217
130

2592 ( 17
2

2) ( 13
2

2) 811 .1 0.76233
194 .1 .1 .1

aFrom Ref.@18#.
bEffective lifetime.
cDetermined from spectra gated from above~GFA! the transition.
054305-5



ec
n

es
rr
ly

th
he

d
rd
22
n

ith
V

ec
im
in
he
th
n

rit

e

e
a

os-
the
the
rity

tra
ed
lso
G.
-
n
16

in-

eV
tra

this
GFA
nk-

the

d
be
ve

nd
fit
s.

R. A. KAYE et al. PHYSICAL REVIEW C 66, 054305 ~2002!
behavior is not typical of rotational bands, where the eff
tive lifetimes usually decrease steadily with excitation e
ergy. The effect of the relatively constant effective lifetim
of these three states in band A caused a large feeding co
tion to the (41

2
1) state, and hence resulted in a relative

short mean lifetime for this state compared to the37
2

1 and
( 45

2
1) states. Figure 6 shows the 52.81° line shapes of

1450, 1515, and 1640 keV transitions in band A. The rat
large uncertainty in the lifetime of the (41

2
1) state reflects the

impact of the large feeding correction.
The line shapes of the 1030 and 1232 keV lines in ban

were generated from spectra GFB these transitions. In o
to avoid contamination by the much stronger 1033 and 1
keV transitions in band A, only gates on the 642, 798, a
860 keV lines were used to obtain the line shapes.~The 642
and 798 keV lines show only a very weak coincidence w
the 1033 keV line through the very low intensity 171 ke
linking transition between bands A and B.! These gates were
mostly clean of lines from other nuclei, so the gate proj
tions were made on the double-coincidence matrix to
prove the lineshape statistics. A GFA line shape was obta
for the 798 keV transition, but during the fitting process t
corrected lifetime did not converge above 1 ps. Since
DSAM technique tends not to be as reliable above 1 ps, o
a lower limit lifetime is given for the15

2
1 state.

B. Negative-parity states

Lifetimes were measured in the yrast negative-pa

states~bands E and F in Fig. 1! up to the (31
2

2) state in band

FIG. 5. Fits to the line shapes of the 1425 keV decay of ban
at all four average detector angles. The uncertainty limits of the
fit ~solid curve! are indicated by the dashed and dash-dotted cur
05430
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E and the (45
2

2) state in band F. In addition, lifetimes wer

measured up to the (31
2

2) state in band G, the (37
2

2) state in

band H, and the (25
2

2) state in band I. Effective lifetimes ar
given for the highest transition in each band for which
reliable line shape could be obtained from summing all p
sible clean gates generated by GFB. All gates used in
analysis of negative-parity states were projected from
triple-coincidence matrix which enhanced negative-pa
transitions.

All mean lifetimes in band E were obtained by spec
GFB the transitions of interest. Most gates which show
coincidences with the 1035 keV transition in this band a
showed coincidences with the 1030 keV transition in band
Thus a simultaneous fit to bothg-ray line shapes was per
formed~see Fig. 4!. The line shape of the 908 keV transitio
was corrupted at forward angles by an overlap with the 9
keV line in 84Zr @31# and the 915 keV line in86Zr @32#.
However, their effect at backward angles was greatly dim
ished, so reliable fits could be obtained at these angles.

The line shapes of the 1225, 1247, 1364, and 1532 k
transitions in band F were all obtained by summing spec
GFB these lines. For the 842, 969, and 1097 keV lines in
band, there were adequate statistics from adding spectra
these transitions to permit a GFA analysis. Band H has li
ing transitions of 1305 and 1425 keV to band F~see Fig. 1!,
and these relatively strong lines were used to measure

lifetimes of the 5742 keV (29
2

2) and 7088 keV (33
2

2) states,
respectively. Unfortunately, the 1347 keVg ray was too

H
st
s.

FIG. 6. Fits to the 52.81° line shapes of the 1450, 1515, a
1640 keV transitions in band A. The uncertainty limits of the best
~solid curve! are indicated by the dashed and dash-dotted curve
5-6
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EVOLUTION OF COLLECTIVITY WITH SPIN IN 81Y PHYSICAL REVIEW C 66, 054305 ~2002!
weak to perform an independent lifetime measurement of
7088 keV (33

2
2) state. Figure 7 illustrates the variation

line shapes, and hence the corresponding measured lifeti
in band F.

Bands G and I were much more weakly populated th
the yrast negative-parity bands E and F, but still allowed
a lifetime measurement of their most strongly popula
states. In both bands, only a GFB analysis was possible
to limited statistics. In band G, both the 1174 and 1297 k
decays were used to measure the effective lifetime of
( 31

2
2) state. Mean lifetimes of the states below were th

measured from the GFB line shapes of the 1030 and 822
transitions. As mentioned earlier, the 1030 keV line sha
could only be resolved from that of the 1035 keV transiti
in band E through a simultaneous fit of both line shapes

Statistics of the sum GFB spectra used for band I w
very limited, especially for the 965 keV transition, whe
only a small number of gates could be used in order to eli
nate the much stronger 969 keV line in band F. Still, only
34.95° line shape could not be used to determine a lifet
for the (21

2
2) parent state due to inadequate statistics.

analysis of the 811 keV transition in this band showed t
three of four angles gave lifetimes well above 1 ps, so on
lower limit of 1 ps is given for the lifetime of the 2592-keV

( 17
2

2) state.

C. Transition strengths

Electric quadrupole transition strengthsB(E2) were de-
termined from the accepted lifetimes given in Table I, a

FIG. 7. Fits to the 52.81° line shapes of the 842, 969, and 1
keV transitions in band F. The uncertainty limits of the best
~solid curve! are indicated by the dashed and dash-dotted curve
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were used to calculate transition quadrupole momentsuQtu
from the rotational model according to

Qt
25

16p

5
^IK20uI 22K&22B~E2,I→I 22!. ~1!

Both the B(E2) values and theQt moments are given in
Table II. The branching ratios and the values of theK spin
projection quantum number used for each band are
given in Table II.

Magnetic dipole transition strengthsB(M1) were calcu-
lated using a quadrupole-dipole mixing ratio ofd50 since
B(M1) values are rather insensitive tod as long as it is
small. Small values ofd have been observed systematica
for M1 transitions in several neighboring nuclei (79Rb @13#,
for example!, and are thus expected for similarM1 transi-
tions in 81Y. All measurable magnetic dipole transitio
strengths are included in Table II.

V. DISCUSSION

The most recent high-spin study of81Y @22# revealed sev-
eral sequences of states~many of which are shown in Fig. 1!
which were interpreted as rotational bands within the cont
of the cranked-shell model. The kinematic moments of in
tia J(1) for the lowest positive-parity bands~bands A and B in
Fig. 1! showed evidence for quasiparticle alignments n
frequencies of\v50.67 MeV ~band A! and 0.74 MeV
~bands A and B!, followed by a convergence to the rigid roto
value ('23 \2/MeV for b250.2) near a frequency of\v
51.2 MeV, as shown in Fig. 10 of Ref.@22#. The negative-
parity bands in general showed a more gradual quasipar
alignment followed by a trend toward the rigid rotor valu
although these bands were not observed to as high a
quency as the positive-parity bands. An interesting feature
negative-parity band G~see Fig. 1! is the rather high, nearly
constant moment of inertia ofJ(1)'26 \2/MeV @22#, which
is comparable to values typical for superdeformed band
the massA'80 region@33#.

The lifetime measurements of this work were used
check the predictions of the cranked-shell model analysis
well as the predictions of Hartree-Fock-Bogolyubov~HFB!
cranking calculations performed for the lowest positive- a
negative-parity bands@18,22#. The results are discusse
separately for the positive- and negative-parity bands be

A. Hartree-Fock-Bogolyubov cranking calculations

The evolution of shape and deformation with rotation
frequency has previously been calculated@18,22# for the
lowest positive- and negative-parity bands, and has b
summarized in Fig. 8. Similar calculations have been p
formed in this work for other bands in order to illuminate th
structural characteristics of the crossing bands and non-y
states.

For this purpose, HFB cranking calculations@34# were
performed which generate a total Routhian surface~TRS!
plot in the (b2 ,g) plane at discrete rotational frequencie
using a Woods-Saxon potential and a short-range mono
pairing force. At each grid point, the Routhian was min
mized with respect to the hexadecapole deformationb4. The
results of these calculations are discussed in Sec. V C 2

5
t
.
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TABLE II. Energies, spins, branching ratiosRB , electric quadrupole transition strengthsB(E2), magnetic dipole transition strength
B(M1), and transition quadrupole momentsuQtu in 81Y. Energies and spins were taken from Ref.@22#. Values of theK spin projection
quantum number used for each band are included.

Ex I i
p Eg RB B(E2) a B(M1) uQtu Ex I i

p Eg RB B(E2) a B(M1) uQtu
~keV! (\) ~keV! ~%! ~W.u.! mN

2 (eb! ~keV! (\) ~keV! ~%! ~W.u.! mN
2 (eb!
Band A K5
5
2

13081 ( 49
2

1) 1854 100 .10 .0.77

11227 ( 45
2

1) 1640 100 47232
1284 1.68271

1277

9587 ( 41
2

1) 1515 100 123282
1369 2.732115

1273

8073 37
2

1 1450 100 56222
167 1.85240

189

6622 33
2

1 1359 99 70214
123 2.09222

132

5264 29
2

1 1356 100 95229
176 2.46241

184

3908 25
2

1 1226 100 64214
124 2.06223

136

2682 21
2

1 1033 100 90214
117 2.52221

123

1650 17
2

1 813 98 110235
138 2.93251

146

171 2 0.2428
18

838 13
2

1 569 87 133216
122 b 3.59223

128 b

156 13 0.4626
17 b

Band B K5
5
2

5134 ( 27
2

1) 1392 100 .21 .1.16

3742 ( 23
2

1) 1232 88 53219
141 1.89238

163

1060 12 0.0221
12

2510 19
2

1 1030 76 64219
127 2.17235

142

860 24 0.0522
12

1480 15
2

1 798 59 ,71 ,2.46
642 41 ,0.09

Band E K5
3
2

6468 ( 31
2

2) 1380 100 .16 .0.98

5089 ( 27
2

2) 1196 100 107254
1294 2.57275

1241

3893 ( 23
2

2) 1035 100 52213
117 1.81224

128

2858 19
2

2 908 75 74236
151 2.22262

166

486 7 0.0523
14

Band F K5
3
2

in

m
t

de
he

e

05430
11518 ( 45
2

2) 1712 100 .17 .0.99

9805 ( 41
2

2) 1532 100 1552113
1310 3.032145

1222

8274 ( 37
2

2) 1364 100 59236
1218 1.88269

1218

6909 33
2

2 1247 70 45223
1182 1.66249

1205

1167 30 27214
1109 1.28238

1158

5662 29
2

2 1225 100 84227
159 2.27240

169

4437 25
2

2 1097 100 103243
187 2.54260

191

3340 21
2

2 969 89 107233
144 2.63244

149

482 11 0.1525
16

2371 17
2

2 842 85 102246
158 2.63267

167

421 11 0.1125
16

Band G K5
11
2

6385 ( 31
2

2) 1297 40 .8 .0.80

1174 60 .20 .1.26
5211 ( 27

2
2) 1030 100 79222

151 2.65241
176

4181 ( 23
2

2) 1323 40 423
111 0.66246

164

822 49 53248
1152 2.412166

1232

Band H
K5

3
2

8517 ( 37
2

2) 1430 100 .20 .1.11

7088 ( 33
2

2) 1425 83 79242
1198 2.19269

1190

1347 17 22211
154 1.14236

199

5742 ( 29
2

2) 1305 100 40216
154 1.56235

184

Band I
K5

1
2

4713 ( 25
2

2) 1157 100 .16 .0.99

3556 ( 21
2

2) 965 100 162282
1230 3.17295

1176

2592 ( 17
2

2) 811 100 ,112 ,2.66
a1 W.u.520.8e2fm4.
bDetermined from the lifetime measured in Ref.@18#.
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TheoreticalQt values were calculated for each band
which lifetimes were measured by using theb2 values ob-
tained from the TRS plots. In order to make a proper co
parison between experimental and theoretical values,
quadrupole deformation of the nuclear matter distribution
rived from the TRS calculations was first related to t
charge quadrupole deformation derived from theB(E2)
strengths@35,36#. In order to take triaxiality into account, th
high-spin limit for theg dependence ofQt @37,38# was used
to determine the accepted theoreticalQt values from those
calculated assuming axial symmetry@35#.

B. Positive-parity bands

The transition quadrupole momentsQt deduced from the
measured lifetimes of yrast positive-parity states~bands A
-
he
-

and B in Fig. 1! are shown graphically in the middle panel
Fig. 9. In a rotational model picture, the yrast band show
high degree of deformation~ranging from aboutb250.20 to
0.40!. Both signature partners also show a rather grad
decrease inQt with increasing rotational frequency~or spin!,
although the favored signature values cover a wider
quency range. A possible disruption to this trend occurs
the favored band at a frequency of\v50.75 MeV, corre-
sponding to the 1515 keV transition, but the rather la
uncertainty associated with this value allows for the possi
ity of following the same pattern developed by the oth
values.

Calculations of the moments of inertia for the yra
positive-parity band@22# indicate that these changes inQt
could be manifested by the onset of quasiparticle alignm
which first occurs for a pair ofg9/2 neutrons@18# in the
5-8
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favored ~unfavored! band at\v50.67 MeV ~0.74 MeV!,
followed by ag9/2 proton alignment@22# at \v50.74 MeV
~0.81 MeV!. However, the band crossings evident fro
changes in the moment of inertia are much more pronoun
than the smooth variations observed for theQt values in the
same frequency range. In general, the qualitative feature
the moments of inertia are not reproduced in theQt mo-
ments. The moments of inertia do decrease in a freque
range (\v'1.0 MeV! where theQt values are also decrea
ing, but here the moments of inertia appear to be converg
toward the rigid rotor value.

Further evidence of band crossings as the cause for
reduction in the yrast bandQt values comes from HFB
cranking calculations~see Sec. V A and Refs.@18,22#!. The-
oreticalQt values determined from these calculations are
cluded in the middle panel of Fig. 9 and show good agr
ment with the experimental values. In this model, a cha
of shape occurs after the first quasiparticle alignment~pre-
dicted to occur at\v'0.5 MeV) from nearly prolate (g
'0°) to triaxial (g'230°), and is accompanied by an im
mediate reduction in deformation~from b250.36 to b2
'0.2), which continues to decrease with increasing ro
tional frequency. This behavior is summarized graphically
the top panel of Fig. 8, which shows a polar plot of t
values of the deformation parametersb2 andg which corre-
spond to total Routhian minima over a range of spins fr

FIG. 8. Evolution of shape and deformation in the (b2 ,g) polar
coordinate plane for a spin range ofI 5

7
2 to 51

2 in the yrast positive-
~top! and negative-~bottom! parity bands of81Y. Filled ~open!
circles represent the collective minima in the favored~unfavored!
signature obtained from total Routhian surface calculations@18,22#.
Each point represents an increase in rotational frequency of
MeV. Some values of theg-deformation parameter are given su
rounding the figure border.
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about 7
2 to 51

2 . Using the rotational model, the rather sha
drop inb2 corresponds to a similar drop inQt , which occurs
more suddenly than those determined experimentally. I
possible that the dominant intrinsic quasiparticle configu

tion before the alignment~assigned to be the@422# 5
2

1 Nils-
son configuration@19,21#!, which has a relatively larger de
formation compared with that after the alignment, compe
with the higher-seniority configuration after the band cro
ing and thus has the effect of ‘‘averaging’’ theQt moments
of the two configurations, producing a more gradual chan
in Qt .

An alternative interpretation of the observed reduction
theQt values with spin is that the amount of total spin ava
able to the valenceg9/2 quasiparticles becomes exhauste
and the yrast band thus gradually loses collectivity with
creasing spin and eventually terminates. Evidence of this
fect has already been demonstrated in the yrast band by c
paring the excitation energies with a rigid rotor referen
energy@22#. Near spin53

2
1, the energy difference betwee

the two shows a characteristic parabola-like appearance,
dence for the high-energy cost of building the last spin sta
in this band. In such cases where termination occurs,

.1

FIG. 9. Transition quadrupole momentsQt as a function of ro-
tational frequency for the positive-parity yrast bands of79Rb @13#
and 83Y @8,30# ~top!, yrast positive-parity bands A and B in81Y
~middle!, and yrast negative-parity bands E and F in81Y ~bottom!.
Filled ~open! symbols represent values obtained from signaturea
51

1
2 (a52

1
2 ) transitions. The solid and broken curves are the

retical predictions for the lowest positive- and negative-parity c
figurations from Hartree-Fock-Bogolyubov cranking calculation
and are labeled by their (p,a) quantum numbers.
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R. A. KAYE et al. PHYSICAL REVIEW C 66, 054305 ~2002!
corresponding HFB calculations usually show a tendency
ward deformations approachingb2'0 with increasing spin.
In contrast, HFB calculations for the yrast band in81Y show
Routhian minima nearb2'0.5 at a frequency of 1.27 MeV
@22#.

A similar trend in the behavior of theQt moments with
spin has been observed for the yrast positive-parity ban
83Y @8#, as shown in the top panel of Fig. 9. The reduction
the Qt values becomes more pronounced when compare
the behavior of those in79Rb @13#, which are included in the
same figure. Due to the deformed shell gap at particle n
ber 38, one might expect stronger evidence of termina
~associated with fallingQt values with spin! in 79Rb, rather
than 83Y, but this is, in general, not the case. This sugge
that band mixing effects may be playing a larger role in
fall of Qt with spin in 83Y ~and hence81Y) than band ter-
mination. However, it is difficult to draw firm conclusion
because of the rather large uncertainties in the83Y Qt values
at high spin, and because the79Rb Qt values were not mea
sured to as high a spin as in83Y.

TheB(M1) strengths measured for theDI 51 transitions
between bands A and B show the typical behavior obser
in other odd-A nuclei in this mass region. Relatively larg
~small! M1 strength resides in transitions where the favo
~unfavored! signature states decay to the unfavored~favored!
signature states. An alternating pattern in theB(M1) values
is obtained, along with a pronounced difference between
energies of adjacent states~signature splitting!. These alter-
natingB(M1) values are related to signature splitting@39–
41# and can be understood in a picture where one quasi
ticle moves in a rotating, deformed mean field@42#. A DI
51 decay from a favored signature state involves only
realignment of the single-particle spin without altering t
core spin and hence generates strongM1 radiation. The cor-
responding decay originating from an unfavored signat
state requires a change in the core rotation which lead
reducedB(M1) strength.

C. Negative-parity states

The Qt values determined from the lifetimes of negativ
parity states reveal the degree of collectivity of negati
parity structures in81Y. In all, the collectivity of five bands
was at least partially established.

1. Bands F and E

The behavior of theQt values in the favored signature o
the yrast negative-parity band~F in Fig. 1! is quite similar to
the favored signature of the yrast positive-parity band~A in
Fig. 1!, as shown in the bottom panel of Fig. 9. The degree
collectivity is somewhat smaller near the band head~about
2.6 eb), which in a rotational model would correspond
b2'0.3, and the reduction ofQt with spin is somewhat
smaller over a similar spin range. Still, the qualitative fe
tures are nearly the same as band A, despite the diffe

quasiparticle configuration~suggested to be thep@301# 3
2

2

configuration@22#!. This difference, however, makes it ver
difficult to compare the yrast positive- and negative-par
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bands from a theoretical standpoint because off 2p orbital
mixing in the negative-parity structures. The behavior of t
Qt values in the unfavored signature of the yrast negati
parity band~E in Fig. 1! is somewhat inconsistent over th
spin range in which the measurement was made, so
difficult to conclude if a similar decrease inQt with spin also
exists in this sequence.

As in the case of the yrast positive-parity band, the like
cause of the gradual reduction in theQt values of band F
appears to be from a band crossing following quasipart
alignment. A cranked-shell model analysis of this ba
shows a smooth rise in the kinematic moments of inertiaJ(1)

at low frequencies, which has been interpreted@22# as a
gradual alignment of ag9/2 proton pair. This smooth rise in
J(1) might explain the rather smooth decline in theQt values
compared with that of band A, which in contrast had a mu
more pronounced change inJ(1) at the frequency of the firs
alignment. However, a sharp alignment occurs at a freque
of \v50.62 MeV ~interpreted as ag9/2 neutron alignment
@22#!, and there does not appear to be any correspond
change inQt at this frequency. The conventional wisdo
that higher moments of inertia correspond to larger collec
ity does not seem strictly applicable in this case, as was
case in the positive-parity bands A and B.

Other evidence for band crossing effects influencing
amount of collectivity of band F comes from HFB calcul
tions of this band@18#. The bottom panel of Fig. 8 summa
rizes the results of this calculation over the same spin ra
as similar calculations for band A~top panel of the figure!.
Although the reduction ofb2 ~and henceQt) is predicted to
occur quite suddenly near a frequency of\v50.5 MeV, the
predicted frequency of the first band crossing, the quant
tive values are quite similar to what was deduced experim
tally. This is most easily observed in the comparison of
theoreticalQt values~generated from the HFB calculations!
with the experimental ones, shown in the bottom panel
Fig. 9 for both the favored and unfavored signatures. Go
agreement is obtained between the theoretical and exp
mental values.

The B(M1) strengths of theDI 51 transitions between
bands E and F are quite weak, as seen in Table II. Unlike
B(M1) values between bands A and B, there is very little
any evidence of an alternating pattern, and the reason aw
theoretical understanding. However, it is probably not s
prising that there is very little signature splitting observ
between bands E and F~see Fig. 1!.

2. Bands H, G, and I

Band F is crossed by band H near spinI 5 29
2 . At this

point, an interesting forking takes place in which both ban

can be observed up to spin (53
2

2). While the Qt values in
band F are falling with increasing spin in this region, th
are still larger than the one intrabandQt value of about
1.1 eb measured for band H~associated with the 1347 keV
transition!. Based on this value and that obtained for t
1305 keV interband transition to band F (1.6eb), it appears
that band H loses collectivity at the bottom of the sequen

The (33
2

2)→ 29
2

2 1425 keV crossover transition to band
5-10
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EVOLUTION OF COLLECTIVITY WITH SPIN IN 81Y PHYSICAL REVIEW C 66, 054305 ~2002!
has a largerQt value than the33
2

2→ 29
2

2 1247 keV intraband
transition in band F, a good indicator that band F becom
more deformed and is more energetically favored than b
H below spin33

2
2.

Band G was thought@22# to be a candidate for a superd
formed structure based on its consistently large momen
inertia ofJ(1)'26 \2/MeV over its observed spin range an

its fragmentary decay near the band head at spin (19
2

2).
However, while the deducedQt moments for this band imply
strong deformations nearb250.3, these values are not co
sidered to be superdeformed for this mass regionb2
.0.4). By comparison, the largest deformations inferred
81Y are near the bottom of the yrast positive-parity ba
whereb2 approaches 0.4.

The structure of bands G and H were investigated w
HFB calculations using an intrinsic quasiparticle configu
tion of pg9/2^ ng9/2^ n( f p). The results of the calculation a
three different rotational frequencies are shown in Fig.
The behavior of the TRS minima with frequency is remin
cent of that displayed by the yrast positive- and negati
parity states. Near-prolate minima (g'0°) at low frequency
give way to triaxial shapes (g'230°) for frequencies
greater than about 0.5 MeV. The degree of deformation
pears to be both quantitatively and qualitatively similar to
yrast states as well.

The degree of collectivity in band I could only be rough
determined from the measurement of a singleQt value asso-
ciated with the 965 keV transition. The value of nea
3.2 eb implies a large deformation ofb250.35, but must be
viewed with caution in light of the rather large uncertain
associated with this value.

Non-yrast one-quasiparticle configurations having ne
tive parity were also investigated with HFB calculations
order to compare with the experimentalQt value determined
for band I, which has been proposed to be based on

p@301# 1
2

2 configuration @22#. These calculations reveale
highly deformed (b2'0.35), near prolate shapes for fr
quencies below about 0.5 MeV, where once again the
vored shape becomes triaxial with a deformation that
creases with spin. The deformation predictions at l
frequency appear to be in good agreement with the re

inferred from the measured lifetime of the (21
2

2) state.

VI. SUMMARY

Lifetimes of 34 high-spin states in81Y were measured
using the Doppler-shift attenuation method at four aver
detector angles. The58Ni( 32S,2ap) reaction at 135 MeV was
used to populate the excited states, and a thick Ta bac
material intimately attached to the target allowed for lin
shape analysis. TheGAMMASPHEREarray and theMICROBALL

were used to detect multi-g coincidences with evaporate
charged particles. Clean line shapes from this weak reac
product were obtained through triple-g coincidences along
with gating on the 2ap reaction channel. Lifetimes wer
measured whenever possible by fitting line shapes obta
from gating above the transition of interest. In these ca
side-feeding times could be measured by comparing
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shapes fitted from spectra gated from above and below.
measured side-feeding times were then used to help d
mine the feeding corrections for states where the decay
shape could only be obtained reliably by gating from belo

Transition quadrupole momentsQt calculated from the
lifetimes in the yrast positive-parity bands A and B show
gradual decrease from 3.6eb at low spin to 1.7eb at spin

( 45
2

1). These results are in good agreement with the pre
tions of HFB cranking calculations, which also show d
creasingQt values with spin, although the decrease happ
more suddenly due to the onset of a shape change f
nearly prolate to triaxial. A cranked-shell model analys

FIG. 10. Total Routhian surface calculations for thepg9/2

^ ng9/2^ n( f p) intrinsic configuration in81Y at three different ro-
tational frequencies. The spacing between contour lines is 200
5-11
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shows that this is likely caused by an alignment of ag9/2
neutron pair, followed by an alignment of ag9/2 proton pair.

The falling Qt values with spin in the favored yras
negative-parity band F closely resemble those of band
except the decrease is even more gradual. HFB and cran
shell model calculations together suggest that this decrea
due to the alignment of ag9/2 proton pair, followed by an
alignment of ag9/2 neutron pair at even higher spin. Bands
and H, which cross bands E and F respectively at high s
show a tendency for an increase in the amount of collecti
with increasing spin near the crossing frequency. Howe
HFB calculations predict that these structures should a
show a decrease in collectivity with spin, although n
enough lifetimes could be measured to provide experime
verification. Band I also shows large deformation at lo
spins, in agreement with HFB calculations.
.

.D

-
.

, L
E.

.
.L

ı
L.

B
s

.
d

.L
ys

.
ev

b,
.J.
D

05430
,
ed-

is

n,
y
r,
o

t
al

ACKNOWLEDGMENTS

This work was supported in part by the Purdue Resea
Foundation~PUC!, the National Science Foundation und
Grant No. PHY-9523974~FSU!, and the Department of En
ergy under Contract Nos. DE-AC05-76OR00033~UNISOR!,
DE-AC05-96OR22464 ~ORNL!, DE-FG05-88ER40406
~WU!, and DE-AC03-76SF00098~LBNL !. We thank W.
Nazarewicz for providing the results of his Hartree-Foc
Bogolyubov cranking calculations, and the staff of the LBN
88-in. Cyclotron facility for providing excellent researc
conditions. F.C. acknowledges support from Colcienc
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