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Evolution of collectivity with spin in 8ty
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Lifetimes of 34 high-spin levels if'Y were measured using the Doppler-shift attenuation method. The
high-spin states were populated using #isi(3?S,2xp) reaction at 135 MeV, and the recoils were stopped in
a thick Ta backing. Prompt mult-coincidences were detected usiegMMASPHERE and evaporated charged
particles were detected with thecrROBALL. 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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[. INTRODUCTION collectivity into a single-particle band terminatip®] as the
maximum spin in thd — p—g shell was reached. Below the
Previous studies of yttriumZ(= 39) isotopes have helped gap, the proton-rich kryptonZ(=36), rubidium ¢=37),
to illuminate several structural trends across fhep—g  and strontium Z=38) isotopes, which already have rela-
shell. One of the most important underlying causes of thestively large equilibrium deformations, have shown evidence
trends concerns the quasiparticle occupation of the availablef rigid rotation at high spin based on nearly constant tran-
single-particle energy levels near the proton and neutrosition quadrupole moment®, in the range of about 2
Fermi surfaces. For example, near tie-50 shell closure, —4eb in the yrast bandgl0-16. Furthermore, drops in the
angular momentum and energy are built primarily throughQ, moments in’°Sr were associatefd 7] with the onset of
successive single-particle alignments rather than through cogjuasiparticle alignment. More investigations appear neces-
lective excitations, as observed fAY [1] and 8"~ %%y [2—5].  sary to determine how these traits develop for nuclei closer
Closer to midshell = 39), the degree of collectivity is en- to theN~Z line.
hanced strongly relative to the single-particle estimate, dem- A previous investigatiorj18] measured the lifetimes of
onstrated by studies df?Y [6,7] and &Y [8]. Large defor- five states in the yrast positive-parity band of the=Z+3
mations are thus anticipated for particle numbers near thaucleus®lY using the Doppler-shift attenuation method and
mid-shell value. the recoil-distance method. The results were based on a level
Another interesting aspect of shell occupation is its effecscheme constructed from their work and prior investigations
on structure with increasing spin. In particular, the prolatef19—-21]. Since then, a more comprehensive level scheme
deformed shell gap at particle number 38,&0.4) plays an  was developed with multiple positive- and negative-parity
important role in deciding the high-spin structure of nucleiband structures extending to considerably high-spin values of
with N and/orZ numbers near this gap. Studies of the light Y1~3 [22]. Figure 1 shows a partial level scheme 8
isotopes have provided valuable information about the influbased on these results. By extending the yrast positive- and
ence of single-particle level occupation just above this gapnegative-parity bands to high spin, evidence of possible band
While 82y shows relatively constarB(E2) values at high termination was discovered. In addition, one of the negative-
spin[6,7], a high-spin study of3Y [8] indicated that the), parity bands was thought to be a possible candidate for su-
moments in the positive-parity yrast band generally deperdeformation based on its fragmentary decay near the band
creased with spin, yet this sequence did not seem to be losirgead and the high and constant moments of inertia, charac-
teristic of other superdeformed bands in this mass region
(83Sr[23], for example. So far, however, the collectivity of
*Present address: Department of Physics, University of Illinois at® Y has not been determined for any negative-parity band,

Chicago, Chicago, lllinois 60612. and the collectivity of the yrast positive-parity band has not
"Present address: GSI, 64291 Darmstadt, Germany. been established at high spin above the first quasiparticle
*Present address: Los Alamos National Laboratory, Los Alamosalignment[22].

New Mexico 87545. The present work investigated the evolution of collectiv-
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ity with spin in 8Y for as many positive- and negative-parity Il. EXPERIMENTAL PROCEDURE
band structures as possible, in order to provide a more com- High-spin states in®lY were produced following the
plete picture of the degree of collectivity for this nucleus andssNi(szS 2up) fusion-evaporation reaction at 135 MeV us-

for nucler: ndear thé\I,Zd= 38 gap. Thelz_fD(_)ppIeT-sh|fthattenga- ing the 88-in. Cyclotron facility at the Lawrence Berkeley
tion method was used to measure lifetimes less than about daiona| Laboratory. In order to optimize the experiment for

ps, from which transition strengths were calculated and useg. . +oction of Doppler-shifteg-ray line shapes and hence

to infer transition quadrupole moments using the rotational h f lifeti ind the Dopoler-shift
model. The measurement utilized theAMMASPHERE € measurement of lifetimes u_smgt € Doppler-shi attenu-
ation method, the 415.g/cn? thick °8Ni target was evapo-

vy-detector array[24] and the mICROBALL 47 charged- ) ;
particle array[25] to help accentuate the-decay events rated on to a 10.3 _mg/ chira packlng which se_ryed o ?‘Op
completely all recoiling nuclei. The average initial recoil ve-

from this weak reaction channel. _ 31 _ .
As a result of this work, the collectivity of alN~Z locity of °*Y nuclei was 8=0.034. The reaction was de-

nucleus has been at least partially established at relative§igned to synthesize mass 86 ”Udei’g_é“ was only weakly
high spin for both positive- and negative-parity structures pProduced at about 3% of the total fusion cross section. How-
providing information on the mechanisms responsible for theéver, the methods of particle and gamma detection allowed
measured variations with rotational frequency. In additionfor a detailed lifetime measurement of this nucleus nonethe-
the observed evolution of collectivity with spin has demon-less.

strated the importance of the interplay of single-particle and Prompt y rays were detected using tf@AMMASPHERE
collective degrees of freedom. array [24] with 95 Compton-suppressed Ge detectors.
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Evaporated charged particles were detected and identified
with the MICROBALL array [25], consisting of 95 CgTl)
scintillators covering 97% of the full sphere surrounding the
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127.19° ]

target. During the experiment, a four-fold or highemulti-
plicity trigger condition was used.

The collected data were sorted in a variety of ways into
3000x 3000 channel squarg— y coincidence matrices with
a dispersion of 1.333 keV/channel. In order to enhance the
81y reaction channel, all matrices were gated on the require-
ment of a 2v+ p evaporation event as measured by the $ 1
CROBALL. Most of the matnces had any remaining contami- L N T EETREVERTIET
nations (such as the relatively stron€’Y channel further .
reduced by gating them on the requirement of an additional Relative Channel Number

coincidenty ray. Positive-parity transitions were enhanced FIG. 2. Fits to the 127.19° line shape of the 1030 keV transition

by selecting the 119, 150, 156, 268, 414, 533, 569, 642, 798, pand B with(corrected, solid linpand without(effective, dashed
813, or 860 keV line as the possible coincidentray. |ine) feeding corrections.

Negative-parity transitions were enhanced by selecting the
114, 175, 248, 28&doublet, 341, 362, 422double}, 499,  theoretical line shapes were produced and compared with the
556, 629, 675, 703, or 784 keV line as the gating transitionmeasured Doppler-shifted spectrum at each average detector
Gamma-ray intensities were measured in order to quantifangle to find the best fit. The lifetime which generated a
the amount of direct and side feeding. BranChing ratiOSCurve that had the lowest reducga when Compared to the
needed for the determination of transition strengths an@xperimental spectrum was taken as the lifetime of that state.
quadrupole moments, were deduced from these intensitie¥he uncertainty of individual lifetimes at each average de-
The results are generally in good agreement with those megector angle was determined by finding the lifetime value
sured previously18] whenever comparisons were possible. ahove and below the best fit value which increased the mini-
Lineshape spectra were obtained by projecting on square Mgyum reducedy? value by one unit. The accepted lifetime
trices built from coincidences between sets of detectors witygjues were determined from an average of the individual
approximately the samé angle and all other detectors. By |ifetimes. The uncertainties in the accepted lifetimes were
combining detector rings at 31.72° with 37.38°, 50.07° withdeduced from either the standard deviation of the set of in-
58.28°, 121.72° with 129.93°, and 142.62° with 148.28°, dividual lifetimes or the uncertainties in the individual life-
weighted average detector angles of 34.9b%active detec- time fits, whichever was larger.
tors), 52.81°(15 active detectojs127.19°(15 active detec- Effective lifetimes, which do not include feeding correc-
tors), and 145.45°(10 active detectojswere obtained and tions, were first determined for each line shape with adequate
used for lineshape analysis. This process improved the statatistics. All line shapes were then refit with feeding correc-
tistics of each line shape and has been shf®8j to yield  tions, with the exception of those from the highest fitted
nearly identical results as the process of summing the sep&ansition in each band, where only an upper-limit effective
rate spectra of detectors at each similar ring angle. lifetime could be obtained. The feeding corrections used the
effective lifetime of the statdor possibly multiple statgs
immediately above and, where necessary, one side-feeding
state to feed the state of interest. A comparison of fits to a
Mean lifetimes of excited states in the bands shown inl030 keV(band B transitionline shape withcorrectedl and
Fig. 1 were measured by applying the Doppler-shift attenuwithout (effective) feeding corrections is shown in Fig. 2.
ation method(DSAM) to the experimental line shapes at Whenever possible, mean lifetimes were determined from
34.95°, 52.81°, 127.19°, and 145.45°. The DSAM involvesspectra gated from aboW&FA) the transitions of interest,
a comparison of the decay time of the recoiling nuclei witheliminating the effects of side feeding. In these cases, the
their slowing-down time in the target and target backing foil. transitions were also gated from beld®FB) for the deter-
This comparison was carried out using the simulation codenination of side-feeding times and as a test of consistency.
FITS [27] which integrates over the thickness of the targetThe total side-feeding intensities were obtained from the in-
and determines a Gaussian distribution of recoil velocitiegensity balance of each state, and the side-feeding lifetime
(with a width that is 10% of the kinematic meaat the time  was allowed to vary until the mean lifetime agreed with the
of decay, thus accounting for the evaporation of charged paGFA result. Figure 3 displays a GFA and GFB fit to the 1226
ticles in the reaction. It corrects for direct feeding from up tokeV transition in band A.
four known higher-lying states and side feeding from one Limited statistics often forced the use of only a GFB fit to
unknown state, as well as for finite detector solid angle anén experimental line shape. In these situations, the side-
resolution and the energy dependence of the reaction cro$seding times used in the feeding corrections were based on
sections as the beam slows through the target. The nucletlre results obtained from fitting side-feeding times in both
and electronic stopping powers were obtained from progranthe yrast positive- and negative-parity bands. Averaging the
SRIM200Q a recent compilation of the work of Ref28,29. results showed that the side-feeding times were about 94% of
By varying the lifetime of the state of interest, a set of the effective lifetime of the state above, and this average was
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transition in band G and the 1035 keV transition in band E mea-
] sured at 145.45°. The broken curves show the individual contribu-
4 tions of each line shape to the overall best($iolid line) before

GFB

100 4 Ty27.19 = 0.25 ps
[ Tt 12749 = 0.27 pS o scaling by the relative intensity of eaghray.
e T IV. RESULTS
Relative Channel Number Lifetimes of 34 states were measured using the DSAM

and are given in Table I. The effective lifetimes represent the
FIG. 3. Fits to the 127.19° line shape of the 1226 keV transitiongyerage of the results obtained from each of the average
in band A gated from abowGFA) and gated from belowGFB). A detector angles for which they could be measured. Mean
side-feeding time of 0.27 ps was measured for e state from |ifetimes, which include feeding corrections, are given for
this fit. each average detector angle along with the accepted lifetime
which represents the average of these results. If a reliable
adopted for all GFB fits. A similar result was obtained for line shape could not be obtained at a particular angle, a life-
8y [30], where the measured side-feeding times in the yrastﬂ'me result is not included in the table. Results from a previ-
positive-parity band averaged about 83% of the effectivePUs lifetime analysis of'Y [18] are also included in Table |
lifetime of the state above. Regardless of this agreement, th€7 comparison fp,). Fits to the 1425-keV transition be-
resulting mean lifetimes in the present work were rather in1Ween bands F and H at all four average detector angles are
sensitive to the side-feeding time as long as the side-feeding 2N In Fig. 5 to demonstrate the variation of the line shape
intensity was small. ith angle.
The line shape analysis was complicated by the fact that N _
81y has several closely spaced doublets in the decay scheme, A. Positive-parity states
many of which are in coincidence with each ottisee Fig. Lifetimes were measured in the yrast positive-parity

1). In most cases, it was possible to fit each transition With'bands(bandsAand B in Fig. Jlup to the ¢2*) state in band
out interference from other peaks by using a careful choice ' z

of gates. Sometimes this required the use of matrices ndt and the & ") state in band B by summing as many clean
gated on an additional coincideptray in order to increase GFB spectra as possible. Line shapes could not be extracted
the statistics when only one or two gates were used to obtaifioove these levels, so only effective lifetimes are quoted for
the line shape. When high lying, strongly shifted peaks werdhese states.

used as gates, the gate was set wide enough to include all The line shapes of the 1356, 1359, 1450, 1515, and 1640
possible shifted energies, although this procedure workelf€V transitions in band A were all obtained from summing
best for matrices already gated by an additional coincigent GFB spectra projected from a triple-coincidence matrix. A

ray in order to reduce the inclusion of contaminant peak$imultaneous fit was performed to the 1356 and 1359 keV
from other nuclei. lines in order to decompose their line shapes and extract

When it was not possible to resolve individual line lifetimes individually for the 5264 ke\&>" and 6622 keV
shapes, a modified version Bfrs was used to fit two over- 2+ states, respectively. It was possible to extract reliable
lapping line shapes simultaneously with theoretical lineGFA spectra for the 813, 1033, and 1226 ke\ays in this
shapes properly scaled by the intensity of eqatay. Figure band, and hence the quoted mean lifetimes a;souated with
4 shows an example of a simultaneous fit to the 1030 ke\fhe states they decay result from a GFA analysis. The results
transition in band G and the 1035 keV transition in band E. A2re in excellent agreement with the lifetimes measured pre-
similar procedure was used to fit the 1356 and 1359 ke\viously for these stateisi8] (see Table L
lines in band A. The results were fairly consistent for all four ~An interesting feature of band A is the nearly constant
average detector angles, as shown in Table I. effective lifetimes of the *, ("), and ¢ ") states. Such
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TABLE |. Effective and mean lifetimes measured fély. The effective lifetimes ¢.4) and accepted
mean lifetimes {,.) represent the average of results at all possible average detector angles. Excitation
energies E,), y-ray energies,), and spins were taken from R¢22].

E, I 7 E, ’Tpreva Toff 7 (p9 Tacc
keV) (h) (h) (keV) (pS (5] 34.95°  52.81° 127.19° 145.45° (ps
Band A
13081 (42+) (45+) 1854 0.18'%
11227 (45+) (41+) 1640 0.32'% 0082 014717 0027] 00473 0073
9587 (4+) S+ 1515 0.30"15 0.02°% 00475 0038 0068 0048
8073 3+ 2B+ 1450 0357 0167 01873° 00475 00678 0.11%
6622 3+ 2+ 1359 0.44'% 0113 o0415'; 0.10°7 01475 01273
5264 2+ 2+ 1356 <0.29° 040'1 0057 006’7 0113 013'F 0.097%
3908 2+ 2+ 1226 0.2279 0.58t2 0.20°L° 0.14'4° 025°(°¢ 0.28°8° 0.227¢°¢
2682 &+ LIt 1033 049} 1.37°%2 039°3°¢ 032°.¢ 0.36°.° 041°%° 0377[°
1650 it ¥+ 813 0.95739 390+154 096+71C 100+43c 100+44c 0.96%%5¢ 098+460
838 ¥+ 2+ 569 43'¢ .3t6
Band B
5134 (Z+) (Z+) 1392 0.36"13
3742 () P 1232 0.57'15 0.26'1 02771 01773 0.21°3 023733
2510 2+ L+ 1030 110735 0.447% 03173 043713 04371 0401
1480 £+ iU+ 798 ~4 >1 >1 >1 >1 >1
Band E
6468 (31-) (2-) 1380 0.50"%4
5089 (27-) (&) 1196 058722 0.10°% 022715 01073° 0181 0153
3893 () Y 1035 162735 05372 0642 0581 079°% 064°%
2858 L~ - 908 2.94722 0.80°% 0.49°3% 06475
Band F
11518 (45-) (41-) 1712 0.1673*
9805 (4-y () 1532 0.24'%2 0.06':° 0.02°1° 0.02'3 0.03"; 0.03"5
8274 (3-y $° 1364 035723  0.03'5 0452 0047] 00473 01473
6909 - 22— 1247 0.40'% 030'55 01271 019"} 0.20"2
5662 2~ - 1225 05517 0182 0158 014'% 0228 0173
4437 %* %* 1097 o.sz%?1 ozgzzc 027i;‘° ozsiic 019i2° 0241130
3340 2~ i~ 969 1.50737 0.40725¢ 0.38"15°¢ 0.357%2¢ 0.40715¢ 0.38"1¢
2371 i L g2 4147338 o.94t1°3C 0.76t6°° 0.62t3°C 0.76t54° o.77t62°
Band G
6385 (3-y (2-) 1174 0.53"3
(Z-) 1297 0.53"3%
5211 (27-) (&) 1030 1.277437 04371 02277 044°F 063°% 043
4181 () (L) 822 2767120 1.1073%° 0.92°2%° 1.0075%° 0.82°5%° 0.9675%°
Band H
8517 (3-) () 1430 0.32"15
7088 (32 P 1425 0.39'13 0.08°3* 006 0053 o010 0078
5742 (2-y %~ 1305 0.46729 0171 010°%% 029°1; 0482 0261
Band |
4713 (Z&-) (&) 1157 1.18"3
3556 (2l-) (iI-) 965 1.51%19 024739 03635 027720 0293
2592 (i-) (L) 81l >1 0.767%  >1 >1 >1

8 rom Ref.[18].
bEffective lifetime.
‘Determined from spectra gated from abd@FA) the transition.
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FIG. 5. Fits to the line shapes of the 1425 keV decay of band H _FIG. 6. Fits to the 52.81 line shapes of the 1450, 1515, and
at all four average detector angles. The uncertainty limits of the best640 keV transitions in band A. The uncertainty limits of the best fit
fit (solid curve are indicated by the dashed and dash-dotted curvedSolid curve are indicated by the dashed and dash-dotted curves.

behavior is not typical of rotational bands, where the effec- 5 ) . I
tive lifetimes usually decrease steadily with excitation en-E and the &) state in band F. In addition, lifetimes were
ergy. The effect of the relatively constant effective lifetimesmeasured up to theélf ) state in band G, the¥{ *) state in

of these three states in band A caused a large feeding COIMeC- 4 H and the?% ~) state in band I. Effective lifetimes are
tion to the &™) state, and hence resulted in a relatively ) '

2 ) | iven for the highest transition in each band for which a
STSOII mean lifetime for this state compared to §i€ and  (gjiaple fine shape could be obtained from summing all pos-

> ) states. Figure 6 shows the 52.81° line shapes of theible clean gates generated by GFB. All gates used in the
1450, 1515, and 1640 keV transitions in band A. The ratheanalysis of negative-parity states were projected from the
large uncertainty in the lifetime of thé{ ") state reflects the triple-coincidence matrix which enhanced negative-parity
impact of the large feeding correction. transitions.

The line shapes of the 1030 and 1232 keV lines in band B All mean lifetimes in band E were obtained by spectra
were generated from spectra GFB these transitions. In ordésFB the transitions of interest. Most gates which showed
to avoid contamination by the much stronger 1033 and 1226oincidences with the 1035 keV transition in this band also
keV transitions in band A, only gates on the 642, 798, andshowed coincidences with the 1030 keV transition in band G.
860 keV lines were used to obtain the line shagébe 642 Thus a simultaneous fit to botp-ray line shapes was per-
and 798 keV lines show only a very weak coincidence withformed(see Fig. 4 The line shape of the 908 keV transition
the 1033 keV line through the very low intensity 171 keV was corrupted at forward angles by an overlap with the 916
linking transition between bands A and)Bhese gates were eV |ine in 8zr [31] and the 915 keV line infzr [32].
mostly clean of lines from other nuclei, so the gate projecygyever, their effect at backward angles was greatly dimin-
tions were made on the double-coincidence matrix to !m'lghed, so reliable fits could be obtained at these angles.
prove the lineshape statistics. A GFA line shape was obtained ¢ jine shapes of the 1225, 1247, 1364, and 1532 keV
for the 798 keV transition, but during the fitting process they, qiiions in band F were all obtained by summing spectra
corrected lifetime did not converge ahove 1 ps. Since th%FBthese lines. For the 842, 969, and 1097 keV lines in this
DSAM technique tends not to be as reliable above 1 ps, Onl)()and there weré adequat t i t', f ddi tra GEA
a lower limit lifetime is given for thex " state. ' o quate SIaustcs from agding spectra

these transitions to permit a GFA analysis. Band H has link-
ing transitions of 1305 and 1425 keV to banddee Fig. 1,
and these relatively strong lines were used to measure the

Lifetimes were measured in the yrast negative-paritylifetimes of the 5742 keV% ") and 7088 keV &) states,

statesbands E and F in Fig.)lup to the & ) state in band respectively. Unfortunately, the 1347 keY ray was too

B. Negative-parity states
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[ CrTTTT T T T T T T were used to calculate transition quadrupole mom¢@ts
120 [ 1225 keV ? ] from the rotational model according to
- - +8 1 -
75281 =0.1527ps ¢ 167
80 Qf:?<IK20|I —2K)"2B(E2, —1-2). 1)
4ar Both the B(E2) values and th&; moments are given in
[ Table Il. The branching ratios and the values of Kapin
208 RERE projection quantum number used for each band are also
| given in Table II.
® 150 | Magnetic dipole transition strengti&M 1) were calcu-
c 5 lated using a quadrupole-dipole mixing ratio &0 since
8 100 | B(M1) values are rather insensitive thas long as it is
(&) i small. Small values o have been observed systematically
50 for M1 transitions in several neighboring nucléfRb [13],
0 [ - for example, and are thus expected for similtl transi-
I i ] tions in 8. All measurable magnetic dipole transition
300 | H 842 keV ] strengths are included in Table II.
200 | Tspe1 =0.76'Y ps | V. DISCUSSION
i The most recent high-spin study &Y [22] revealed sev-
100 |- 7 eral sequences of stat@many of which are shown in Fig)1
i T which were interpreted as rotational bands within the context
00 5 10 1'5 = 2'0 of the cranked-shell model. The kinematic moments of iner-

tia J) for the lowest positive-parity bandbands A and B in
Relative Channel Number Fig. 1) showed evidence for quasiparticle alignments near
) . frequencies offiw=0.67 MeV (band A and 0.74 MeV
FIG. 7. Fits to the 52.81° line shapes of the 842, 969, and 12233nds A and B followed by a convergence to the rigid rotor
keV transitions in band F. The uncertainty limits of the best fit, 5| ,,e =23 %2/MeV for B,=0.2) near a frequency dfw
(solid curve are indicated by the dashed and dash-dotted curves. _ 1.2 MeV, as shown in Fig. 10 of Rdf22]. The negative-

weak to perform an independent lifetime measurement of thB2/ity bands in general showed a more gradual quasiparticle
33— . : . alignment followed by a trend toward the rigid rotor value,

7.088 keV (7 ) state. Figure 7 |Ilustra_tes the variation _Of although these bands were not observed to as high a fre-

line shapes, and hence the corresponding measured “fet'm(’(ﬁ:ency as the positive-parity bands. An interesting feature of

in band F. ; ; : : :
negative-parity band Gsee Fig. 1is the rather high, nearl
Bands G and | were much more weakly populated tharl:or%stant rglom);nt of inertia dfgl)~26 72/MeV [22%’ whichy

the_ yrast negative-parity bands E and F, but still allowed for.s comparable to values typical for superdeformed bands in
a lifetime measurement of their most strongly populate .
Qe massA~ 80 region[33].

states. In both bands, only a GFB analysis was possible d The lifeti £ thi K q
to limited statistics. In band G, both the 1174 and 1297 key _1he lifelime measurements of this work were used to
decays were used to measure the effective lifetime of thgheck the predictions of the cranked-shell model analysis as

317) state. Mean lifetimes of the states below were thenVe!l as the predictions of Hartree-Fock-Bogolyub¥B)

. cranking calculations performed for the lowest positive- and
measured from the GFB line shapes of the 1030 and 822 ke A :
transitions. As mentioned earlier, the 1030 keV line shape egative-parity band§18,22. The results are discussed

could only be resolved from that of the 1035 keV transition>cParately for the positive- and negative-parity bands below.

in band E through a simultaneous fit of both line shapes.
Statistics of the sum GFB spectra used for band | were
very limited, especially for the 965 keV transition, where The evolution of shape and deformation with rotational
only a small number of gates could be used in order to elimifrequency has previously been calculafel8,22 for the
nate the much stronger 969 keV line in band F. Still, only thelowest positive- and negative-parity bands, and has been
34.95° line shape could not be used to determine a lifetimgummarized in Fig. 8. Similar calculations have been per-
for the (2?1’) parent state due to inadequate statistics. Arformed in this work for other bands in order to illuminate the
analysis of the 811 keV transition in this band showed thagtructural characteristics of the crossing bands and non-yrast
three of four angles gave lifetimes well above 1 ps, so only $tates.

lower limit of 1 ps is given for the lifetime of the 2592-kev ~ For this purpose, HFB cranking calculatiof34] were
-y state. performed which generate a total Routhian surfd€RS)

plot in the (B,,y) plane at discrete rotational frequencies,
using a Woods-Saxon potential and a short-range monopole
pairing force. At each grid point, the Routhian was mini-
Electric quadrupole transition strengtB¢E2) were de- mized with respect to the hexadecapole deformafignThe
termined from the accepted lifetimes given in Table |, andresults of these calculations are discussed in Sec. V C 2.

A. Hartree-Fock-Bogolyubov cranking calculations

C. Transition strengths
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TABLE II. Energies, spins, branching ratié¥; , electric quadrupole transition strengtB$E2), magnetic dipole transition strengths
B(M1), and transition quadrupole momen@| in 8. Energies and spins were taken from Rg¥2]. Values of theK spin projection
quantum number used for each band are included.

Ex I E, Re  B(E2)® B(M1) [Q Ex I E, Re  B(E2)® B(M1) [Q
(keV) ()  (kev) (%)  (Wu) I (eb) (kev) (h) (keV) (%)  (Wu) T (eb)
Band A K=3 11518 (45-y 1712 100  >17 >0.99
13081 (42+) 1854 100  >10 >0.77 9805  (41-) 1532 100 1557933 3.037222
11227  (45+) 1640 100 471%¢ 168771 8274  (37-) 1364 100 59°%° 1.88728
9587  (4+) 1515 100 123'3° 27392 6909 3B~ 1247 70 45718 1.66°2°
8073 3T+ 1450 100 56%5) 1.85'% 1167 30 27%1%° 1.28'338
6622 B+ 1359 99 70°B 2.09°% 5662 2- 1225 100 84'3 2,278
5264 L+ 1356 100 95778 2.46'5 4437 £- 1097 100 103'% 2.54°%
3908 S+ 1226 100 6473 2.06°35 3340 2- 969 89 1073 263775
2682 2+ 1033 100 90'%] 25223 482 11 0.15"¢
1650 i+ 813 98 110°% 29374 2371 i- 842 85 102" 2.63"%
171 2 0.24%8 421 11 0.11"8
838 LB+ 569 87 1337%b 3.59738P Y
156 13 0.467 [P Band G 2
Band B s 6385  (3l-) 1297 40 >8 >0.80
-2
5134 (2+) 1392 100 >21 >1.16 1ra 60— =20 ~1.26
2 5211  (Z-y 1030 100 793 265748
3742 234y 1232 88 53715 1.89°53 2
(Z7) w9 f 4181z 1323 40 47} 0.66"5¢
1060 12 0.02"7 2 s oy
2510 1+ 1030 76 64'% 2178 822 49 534 241366
2 —-19 +1-35
860 24 0.05%3 K=2
1480 B+ 798 59 <71 <246  BandH
642 a1 <0.09 8517  (3-) 1430 100 >20 >1.11
. 7088 (32-) 1425 83 797 2.1978°
Band E K=2 1347 17 22°% 1.14°%
4 31—y 1 1 >1 >0. N .
6des (5 1380 100 6 0-98 540 (2-) 1305 100 40°3: 1.56"%
5089  (Z-) 1196 100 107%¢ 25732 2
3893  (&-) 1035 100 5271 1815 gand | K=3
2858 7T 908 75 7473 222" 4713 (25-) 1157 100 >16 >0.99
486 7 0.05t;‘ 21 +230 +176
3556  (Z-y 965 100 16273 3173
Band F K=3 2592 (i) 811 100 <112 <2.66

1 W.u=20.8e*m?".
bDetermined from the lifetime measured in REES].

TheoreticalQ, values were calculated for each band inand B in Fig. 2 are shown graphically in the middle panel of

which lifetimes were measured by using tBe values ob-

Fig. 9. In a rotational model picture, the yrast band shows a

tained from the TRS plots. In order to make a proper comhigh degree of deformatiofranging from aboup,=0.20 to
parison between experimental and theoretical values, the.40. Both signature partners also show a rather gradual
quadrupole deformation of the nuclear matter distribution dedecrease iiQ; with increasing rotational frequencgr spin,
rived from the TRS calculations was first related to the@lthough the favored signature values cover a wider fre-
charge quadrupole deformation derived from tBEE2)

strengthg35,36. In order to take triaxiality into account, the
high-spin limit for they dependence d; [37,3§ was used
to determine the accepted theoreti€al values from those
calculated assuming axial symme{35].

The transition quadrupole momer@s deduced from the
measured lifetimes of yrast positive-parity statbands A

B. Positive-parity bands

quency range. A possible disruption to this trend occurs in
the favored band at a frequency &tv=0.75 MeV, corre-
sponding to the 1515 keV transition, but the rather large
uncertainty associated with this value allows for the possibil-
ity of following the same pattern developed by the other
values.

Calculations of the moments of inertia for the yrast
positive-parity band22] indicate that these changes @
could be manifested by the onset of quasiparticle alignment,
which first occurs for a pair ofjg, neutrons[18] in the
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FIG. 8. Evolution of shape and deformation in th®,(y) polar
coordinate plane for a spin rangelcf % to 571 in the yrast positive-
(top) and negative<{(bottom) parity bands of8lY. Filled (open
circles represent the collective minima in the favofedfavored B )
signature obtained from total Routhian surface calculai@Bs22. FIG. 9. Transition quadrupole momert as a funcyon of ro-
Each point represents an increase in rotational frequency of 0.ftional frequency for the positive-parity yrast bands b [13]

MeV. Some values of the~deformation parameter are given sur- &nd %Y [8,30 (top), yrast positive-parity bands A and B fery
rounding the figure border. (middle), and yrast negative-parity bands E and FFh (bottom).

Filled (open symbols represent values obtained from signature
=+3 (a=—13) transitions. The solid and broken curves are theo-

favored (unfavored band atZzw=0.67 MeV (0.74 MeV), retical predictions for the lowest positive- and negative-parity con-
followed by agg, proton alignmenf22] atAw=0.74 MeV figurations from Hartree-Fock-Bogolyubov cranking calculations,
(0.81 MeV). However, the band crossings evident fromand are labeled by theirn(,a) quantum numbers.
changes in the moment of inertia are much more pronounced S e . )
than the smooth variations observed for @gvalues in the ~@boutz to 3. Using the rotational model, the rather sharp
same frequency range. In general, the qualitative features §Op in 3, corresponds to a similar drop @, which occurs
the moments of inertia are not reproduced in @Pgmo-  More suddenly than t_hose _det_ermlned e_xper_lmentally. It is
ments. The moments of inertia do decrease in a frequenoyossmle that the dominant intrinsic quasiparticle configura-
range ¢ w~ 1.0 MeV) where theQ, values are also decreas- tion before the alignmentassigned to be thg422]3* Nils-
ing, but here the moments of inertia appear to be convergingon configuration19,21]), which has a relatively larger de-
toward the rigid rotor value. formation compared with that after the alignment, competes

Further evidence of band crossings as the cause for thgith the higher-seniority configuration after the band cross-
reduction in the yrast ban@@, values comes from HFB ing and thus has the effect of “averaging” tii¢y moments
cranking calculationgsee Sec. V A and Ref§18,22). The-  of the two configurations, producing a more gradual change
oretical Q; values determined from these calculations are inin Q;.
cluded in the middle panel of Fig. 9 and show good agree- An alternative interpretation of the observed reduction in
ment with the experimental values. In this model, a changehe Q, values with spin is that the amount of total spin avail-
of shape occurs after the first quasiparticle alignm@né-  able to the valenc@g, quasiparticles becomes exhausted,
dicted to occur atiw~0.5 MeV) from nearly prolate ¥  and the yrast band thus gradually loses collectivity with in-
~0°) to triaxial (y~—30°), and is accompanied by an im- creasing spin and eventually terminates. Evidence of this ef-
mediate reduction in deformatioffrom B,=0.36 to 3, fect has already been demonstrated in the yrast band by com-
~0.2), which continues to decrease with increasing rotaparing the excitation energies with a rigid rotor reference
tional frequency. This behavior is summarized graphically inenergy[22]. Near spin3 ", the energy difference between
the top panel of Fig. 8, which shows a polar plot of thethe two shows a characteristic parabola-like appearance, evi-
values of the deformation parametgts andy which corre-  dence for the high-energy cost of building the last spin states
spond to total Routhian minima over a range of spins fromin this band. In such cases where termination occurs, the
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corresponding HFB calculations usually show a tendency tobands from a theoretical standpoint becausé-ep orbital

ward deformations approaching,~0 with increasing spin. mixing in the negative-parity structures. The behavior of the

In contrast, HFB calculations for the yrast band®iY show  Q; values in the unfavored signature of the yrast negative-

Routhian minima neap,~0.5 at a frequency of 1.27 MeV parity band(E in Fig. 1) is somewhat inconsistent over the

[22]. spin range in which the measurement was made, so it is
A similar trend in the behavior of th®, moments with  difficult to conclude if a similar decrease @ with spin also

spin has been observed for the yrast positive-parity band i§XiSts in this sequence. - . .
83y [8], as shown in the top panel of Fig. 9. The reduction in As in the case of the yrast positive-parity band, the likely

the Q, values becomes more pronounced when compared fcAUSe Of the gradual reduction in tig values of band F
the behavior of those iR°Rb[13], which are included in the 2PP€ars to be from a band crossing following quasiparticle

same figure. Due to the deformed shell gap at particle num@hgnment. A cranke.d—shell.model_ analysis of ?h's band
) ; - . shows a smooth rise in the kinematic moments of ine¥fia
ber 38, one might expect stronger evidence of termination

; : ; : L 0 at low frequencies, which has been interprefé@] as a
(ass%mated W'th f?"'r.]@‘ values with spiin Rb.’ rather radual alignment of @g, proton pair. This smooth rise in
than 83y, but this is, in general, not the case. This suggest

L _ : (1) might explain the rather smooth decline in Bevalues
that band mixing effects may be playing a larger role in the.,mnareq with that of band A, which in contrast had a much

fall of Q; with spin in % (and hence®'Y) than band ter- e pronounced change 3 at the frequency of the first
mination. However, it is difficult to draw firm conclusions alignment. However, a sharp alignment occurs at a frequency
because of the rather large uncertainties in&he Q, values  of 4w =0.62 MeV (interpreted as @g, neutron alignment
at high spin, and because th#&b Q, values were not mea- [22]), and there does not appear to be any corresponding
sured to as high a spin as fY. change inQ, at this frequency. The conventional wisdom
TheB(M1) strengths measured for thd =1 transitions  that higher moments of inertia correspond to larger collectiv-
between bands A and B show the typical behavior observefly does not seem strictly applicable in this case, as was the
in other oddA nuclei in this mass region. Relatively large case in the positive-parity bands A and B.
(smal) M1 strength resides in transitions where the favored Other evidence for band crossing effects influencing the
(unfavored signature states decay to the unfavoffledored  amount of collectivity of band F comes from HFB calcula-
signature states. An alternating pattern in B{@11) values tions of this band18]. The bottom panel of Fig. 8 summa-
is obtained, along with a pronounced difference between théizes the results of this calculation over the same spin range
energies of adjacent statésignature splitting These alter-  as similar calculations for band fop panel of the figune
natingB(M1) values are related to signature splitti8@—  Although the reduction oB, (and henceQ,) is predicted to
41] and can be understood in a picture where one quasipabccur quite suddenly near a frequencyies=0.5 MeV, the
ticle moves in a rotating, deformed mean fi¢h2]. A Al predicted frequency of the first band crossing, the quantita-
=1 decay from a favored signature state involves only &ive values are quite similar to what was deduced experimen-
realignment of the single-particle spin without altering thetally. This is most easily observed in the comparison of the
core spin and hence generates strbhf radiation. The cor-  theoreticalQ, values(generated from the HFB calculations
responding decay originating from an unfavored signaturavith the experimental ones, shown in the bottom panel of
state requires a change in the core rotation which leads tpig. 9 for both the favored and unfavored signatures. Good

reducedB(M1) strength. agreement is obtained between the theoretical and experi-
mental values.
C. Negative-parity states The B(M1) strengths of the\l=1 transitions between

The Q, values determined from the lifetimes of negative- bands E and F are quite weak, as seen in Table II. Unlike the

parity states reveal the degree of collectivity of negative—B(Ml). values between bar)ds Aand B, there is very little 'f.
parity structures irflY. In all, the collectivity of five bands any eV|_d ence of an alternatlng pattern, gnd the reason awaits
was at least partially .establi’shed theoretical understanding. However, it is probably not sur-

prising that there is very little signature splitting observed

1. Bands F and E between bands E and(Bee Fig. L
The behavior of th&, values in the favored signature of 2. Bands H, G, and |
the yrast negative-parity bartéf in Fig. 1) is quite similar to _ o )
the favored signature of the yrast positive-parity b&Adn Band F is crossed by band H near spin 7. At this

Fig. 1), as shown in the bottom panel of Fig. 9. The degree of0int, an interesting forking takes place in which both bands
collectivity is somewhat smaller near the band héaldout can be observed up to spii("). While the Q, values in

2.6 eb), which in a rotational model would correspond to band F are falling with increasing spin in this region, they
B>~0.3, and the reduction of; with spin is somewhat are still larger than the one intrabarf@, value of about
smaller over a similar spin range. Still, the qualitative fea-1.1 eb measured for band kassociated with the 1347 keV
tures are nearly the same as band A, despite the differemtansition. Based on this value and that obtained for the
quasiparticle configuratiofsuggested to be the[301]2~ 1305 keV interband transition to band F (Elf), it appears
configuration[22]). This difference, however, makes it very that band H loses collectivity at the bottom of the sequence.

difficult to compare the yrast positive- and negative-parityThe (33 7)— 3%~ 1425 keV crossover transition to band F
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has a large®, value than thé2 ~— 2~ 1247 keV intraband
transition in band F, a good indicator that band F becomes
more deformed and is more energetically favored than band
H below spin3~

Band G was thougHht22] to be a candidate for a superde- 5
formed structure based on its consistently large moment of ) Yo, ‘\‘\Q‘
inertia of JM~26 #2/MeV over its observed spin range and '_I//,,Q}ﬁ
. _ v
its fragmentary decay near the band head at spiin ). ]
However, while the deduce@; moments for this band imply
strong deformations neg,=0.3, these values are not con- %
sidered to be superdeformed for this mass regigh ( Bl : A‘\X."([;///////J
>0.4). By comparison, the largest deformations inferred for i
8y are near the bottom of the yrast positive-parity band
where 8, approaches 0.4.

The structure of bands G and H were investigated with
HFB calculations using an intrinsic quasiparticle configura-

tion of 7gg;,® vgg,® v(fP). The results of the calculation at g SS==
three different rotational frequencies are shown in Fig. 10. o) E:\s’.‘."
The behavior of the TRS minima with frequency is reminis- T KX

. L . b \0’*,
cent of that displayed by the yrast positive- and negative- r=t %é
parity states. Near-prolate minima40°) at low frequency D 2
give way to triaxial shapes y=~—30°) for frequencies @N_

greater than about 0.5 MeV. The degree of deformation ap-
pears to be both quantitatively and qualitatively similar to the
yrast states as well.

The degree of collectivity in band | could only be roughly
determined from the measurement of a sin@levalue asso-
ciated with the 965 keV transition. The value of nearly
3.2 eb implies a large deformation ¢#,=0.35, but must be
viewed with caution in light of the rather large uncertainty
associated with this value.

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

7[301]5~ configuration[22]. These calculations revealed
highly deformed 3,~0.35), near prolate shapes for fre-
guencies below about 0.5 MeV, where once again the fa-
vored shape becomes triaxial with a deformation that de-
creases with spin. The deformation predictions at low
frequency appear to be in good agreement with the result Bzcos('y+30°)

inferred from the measured lifetime of thét(") state.

FIG. 10. Total Routhian surface calculations for theyg,
® vgq,® v(fp) intrinsic configuration inflY at three different ro-
VI. SUMMARY tational frequencies. The spacing between contour lines is 200 keV.

Lifetimes of 34 high-spin states ifi'Y were measured _
using the Doppler-shift attenuation method at four averagéhapes fitted from spectra gated from above and below. The

detector angles. ThENi(32S,2ap) reaction at 135 MeV was measured side-feeding times were then used to help deter-
used to populate the excitéd states. and a thick Ta backin@ine the feeding corrections for states where the decay line
material intimately attached to the target allowed for line-S"ap€ could only be obtained reliably by gating from below.

shape analysis. TheaMMASPHEREarray and theaicrosaLL ~ 1ransition quadrupole momenty; calculated from the
were used to detect mulii- coincidences with evaporated lifetimes in the yrast positive-parity bands A and B show a

charged particles. Clean line shapes from this weak reactiogradual decrease from 3eb at low spin to 1.7eb at spin
product were obtained through tripe-coincidences along (% ). These results are in good agreement with the predic-
with gating on the Zp reaction channel. Lifetimes were tions of HFB cranking calculations, which also show de-
measured whenever possible by fitting line shapes obtainecteasingQ, values with spin, although the decrease happens
from gating above the transition of interest. In these casesnore suddenly due to the onset of a shape change from

side-feeding times could be measured by comparing lingearly prolate to triaxial. A cranked-shell model analysis
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