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Lifetimes of 30 high-spin levels if% were measured using the Doppler-shift attenuation method. The
high-spin states were populated using tEe(?8Si, pn) reaction at 90 MeV, with a thick 14 mg/cénviFe
target used to stop all recoils. Prompt y coincidences were detected using a Compton-suppressed Ge array
consisting of three Clover detectors and seven single-crystal detectors. Lifetimes were determined from ex-
perimental line shapes measured at both 35° and 145° whenever possible. Transition quadrupole @oments
inferred from the lifetimes in the lowest positive- and negative-parity bands are(lai@eb) at low spin, but
show a rather abrupt decrease at high spin. Results of calculations using the projected shell and cranked
Woods-Saxon models in conjunction with the cranked-shell model suggest that these d@preéndue to
quasiparticle alignment, which introduce shape changes in each band from nearly prolate below the alignment
to triaxial above. Magnetic dipole transition strengBi81) in the yrast positive-parity band show a strong
alternating pattern with spin, similar to that observed in other neighboring odd-odd nuclei.
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[. INTRODUCTION =Z line was performed8] using the projected shell-model
approacHh9]. Like the 2-qp plus rotor model, there was good
alitative agreement between the calculated alternations
d the measured ones. In both models, however, good quan-
titative agreement was difficult to achieve across the entire
spin range in which experimental data were available. In
CRarticular, the observed systematic attenuation oftid1)
strengths with decreasing spin and the reversal in the phase
S . of the signature splitting pattern were in general not well
energy splitting between the odd and even spin staigaa- reproduced by the calculations, although comparisons were

ture spht'qn@, alternatingB(M1) strengths with SPin, and a hindered by the relatively small number of lifetime measure-
reversal in the phase of the normalized energy dn‘l‘erence§nentS performed forlN~Z odd-odd nuclei[4,7,10-14

between adjacent states. For the most part, many of the : e A b
) - . . ore experimental lifetime information in the yrast positive-
kl%i?:\fls?r;];agok:zsgﬂzllge?hzozmq%tgligr(ract)ltcoél ;tggg]mﬁgg parity bands of other odd-odd nuclei in this region would
L et . ovide additional tests of the available models and could
demonstrated good qualitative agreement with the observ: : : ; -
alternations in%he ngrmalized er?ergy differen¢giginature elpl expanfd the understanding of their behavior with the
" . N evolution of spin.
splitting pattern and theB(M1) strengths with spin if2Y - - . . .
[f] anfjJ 7F8)Rb [70]' Recently, a s stemgatic stud I(J)f the yrast The picture is less clear in the negative-parity bands,
: Y, y Y Y mostly because of strong Coriolis mixing among fipeor-

positive-parity bands in several odd-odd nuclei nearhe yya15"\which tends to cloud theoretical interpretations. Most
of the same systematic behaviors observed for the yrast

positive-parity bands are typically not seen in the yrast

*Present address: Department of Physics, University of Surreypegative-parity bands. As an example, only modest alterna-

Odd-odd nuclei in thd -p—g shell have demonstrated a
systematic richness of structure that appears to be consiste
across the entire sheflll]. Their yrast positive-parity bands
are understood to be based on thgy,® vgy, tWo-quasi-
particle (2-gp) configuration, leading to very similar ob-
served behaviors such as moments of inertia converging t
ward the rigid rotor value at high spif2], asymmetric

Guildford, Surrey, GU2 7XH, UK. tions (if any) have been observed in both the signature split-
"Present address: School of Chemistry and Physics, Keele Univeting andB(M1) strength patterns where data are available.
sity, Keele, Staffordshire, ST5 5BG, UK. However, changes in the signature splitting pattern appear to
*Present address: National Superconducting Cyclotron Laborabe consistent indicators of structure changes in these bands.

tory, Michigan State University, East Lansing, Ml 48824. In the yrast negative-parity band 8ty, the amount of sig-
SPresent address: Department of Physics and Astronomy, Ursinusature splitting increases noticeably above spin 16, in har-
College, Collegeville, PA 19426. mony with a suggestegy,, neutron alignmenfl15], while in
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FIG. 1. Partial level scheme 8PY [15] showing the bands in which lifetimes were measured in the present work. The vertical energy
scale is compressed by a factor of three above an excitation energy of 2000 keV. The numbers above the decay sequences are intended onlh
to facilitate the discussion and follow the same convention as in [RF.

a similar band infBr, an inversion in the pattern occurs near life measurements of-1and (2*) isomeric states at 228 and
the same spin, attributefd 6] to a triaxial shape evolution 312 keV, respectively, and a description of how these levels
and an unpaired band crossing. Detecting possible changes|ifk some of the excited states to the ground state. The most
collectivity in the same spin range could further illuminate recent investigatiofil5] extended the level scheme to spins
the mechanisms associated with changes in the signatugg high as(247), and incorporated the clarifications at low
splitting pattern. spin provided by the previous complementary studies. A por-

Thel_fgctJ_aI of t?e pftesde”: \{vorlgﬂYwa;_t%_kmzeasure agblmanylon of the level scheme given in RdfL5], relevant to the
mean lifetimes of excited states (N= ) as possible present work, is shown in Fig. 1.

in order to map the evolution of collectivity with spin for an Despite a relatively low maximum production cross sec-

odd-oddN.zZ nucleus,_ and to use th|s.|nforma.t|0r_1 to ad- tion of about 20 mkbased on a theoreticehCE2 (projected
dress the issues mentioned above. Until now, lifetime mea-

surements had not been performed for any nonisomeric e%ngular—mfmentlém C(()jupt)le(: evaporajllinalcgl?t|ort1r£27]),
cited state in®Y, but the decay scheme has been well!'¢ US€ O @ modern-detector array allowed for the mea-

studied, formed by many complementary investigations. Théurement of several lifetimes Y using the Doppler-shift
initial identification of 8%y [17] was determined by it attenuation methoa!DSAM)..As a result of this measure-
decay to states if°Sr. The existence of excited states hadMent, the degree of collectivitior deformation as a func-
been mentioned18] but not illustrated in a decay scheme tion of spin was mapped over several states in two rotational
until the emergence of a pre”minary Study which was nevelbands, and at least characterized for two other bands. It pro-
published[19]. A rich structure consisting of eight rotational Vided an additional case study for the emerging systematic
bands was first revealed using tFMg(®eNi, pn) reaction trends of transition strength behavior for an odd-ddiet Z

[20] and later modified21] by other experiments. During nucleus in the proton-rich sector of tife-p—g shell, and
this time, the work of several independent studi2zg—2g  another test of the theories which predict this behavior. It
led to a more complete understanding of the low-lying por-also provided additional structure data for the daughter prod-
tion of the level scheme, including the observation and halfuct following the g* decay ofN=Z 8%r, a waiting-point
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nuclide in the rapid-proton capturep) process of nucleo- tal spectrum was taken as the lifetime of that state. The un-
synthesig28,29. certainty in the individual lifetimes measured at both angles
was determined by finding the lifetime value above and be-
low the best-fit value which increased the minimum reduced
Il. EXPERIMENTAL TECHNIQUE X? value by one unit. The accepted lifetime values were de-
High-spin states in®% were produced following the termined from a weighted averagieased on the number of
54 28i, pn) fusion-evaporation reaction at 90 MeV using detectorgof the individual lifetimes measured at both angles

the Tandem-Superconducting LINAC accelerator at Floriddsee Table)l The uncertainties in the accepted lifetimes were

State University(FSU). (The beam energy was chosen to Qeduced from either the standard deviation of the set of two

optimize the production cross section B according to individual lifetimes or the uncertainties in the individual life-

: . .._time fits, whichever was larger.
PACE2 calculations and a measurement of the relative excita- All line shapes were obtained from coincidence spectra of

tion fu.nctlon) In order to optimize the experiment for the transitions gated from beloyGFB) the transition of interest.
detection of Doppler-shifted-ray line shapes and hence the |\ a5 not possible to obtain reliable line shapes from spectra
measuremesnt of lifetimes using the DSAM, a thick gateq from above the transitions of interest due to either
14 mg/cnt >¥e target was used to stop completely all re-jimited statistics or interference from much stronger reaction
coiling nuclei. The average initial recoil velocity 8% nu-  products. Effective lifetimes, which do not include feeding
clei was 0.028. Prompt y-ray coincidences were detected corrections, were first determined for each line shape with
using the FSU array of Compton-suppressed Ge detectorgdequate statistics. All line shapes were then refit with feed-
consisting of three 4-crystal Clover detectors placed at 90ing corrections, with the exception of those from the highest
relative to the beam direction, and single-crystal detectorsitted transition in each band, where only an upper-limit ef-
placed at 357two detectory 90° (1), and 145%4). fective lifetime could be obtained. A comparison of fits to the
The collected data were sorted into 3008000 channel 888 keV (band 1 transitionline shape withmean lifetimg
square y-y coincidence matrices with a dispersion of and without(effective lifetime feeding corrections is shown
0.9 keV/channel. Line shapes measured at335°) were  in Fig. 2 for spectra measured at both 35° and 145°.
obtained from background-subtracted spectra projected from The feeding corrections used the effective lifetime of the
matrices consisting of coincidence events between 358tate(or possibly multiple statgsmmediately above and one
(145°) detectors and all other detectors. About XH#0"  side-feeding state to feed the state of interest. Side-feeding
(1.8x10%) coincidence pairs were collected in the 35°times were determined from a procedure adopted®sr
(145°) versus all detectors matrix. The distribution of [31] where the highest measurable state for which a mean
counts/channel and the appropriate background level folifetime can be determined is given a short side-feeding time,
each line shape were obtained from progranuscorPg a  with an increase of about 0.04 ps per MeV of deexcitation
Linux-based, menu-driven-analysis software package de- thereafter. This assumption has been applied to an isotope
veloped at FSU30]. (®?Y [4]) as well as an isoton¢’®Rb [13]) of 8%. The
present study incorporated a side-feeding time of 0.01 ps for
the 7450 keV 18state in band 1, with all other side-feeding
times based on this value. This choice resulted in side-
Mean lifetimes of excited states in the bands shown irfeeding times that were most consistent with those used in
Fig. 1 were measured by applying the DSAM to the experithe same spin range iffRb and®2Y. In many cases, how-
mental line shapes of coincidentrays detected at 35° and ever, the resulting mean lifetimes were rather insensitive to
145°. The DSAM applied to this experiment involved a com-the side-feeding time as long as the side-feeding intensity
parison of the decay time of the recoiling nuclei with their was small. The amount of direct and side feeding was deter-
slowing-down time in a thick target. This comparison wasmined from they-ray intensities given in Ref15], since the
carried out using the simulation coders [31] which inte- compound nucleus produced from the reaction used in that
grates over the thickness of the target and determines \aork (82Zr) is the same as that produced from the reaction
Gaussian distribution of recoil velociti¢with a width that is  used in the present study, with a difference in excitation en-
10% of the kinematic mearat the time of decay, thus ac- ergy of only 1.2 MeV. Branching ratios, needed for the de-
counting for the evaporation of charged particles in the reactermination of transition strengths and quadrupole moments,
tion. It corrects for direct feeding from up to four known were also deduced from these intensities.
higher-lying states and side feeding from one unknown state, The line-shape analysis was complicated by the fact that
as well as for finite detector solid angle and resolution, and®Y has several closely spaced doublets in the decay scheme,
the energy dependence of the reaction cross sections as tbeme of which are in coincidence with each otfeze Fig.
beam slows through the target. The nuclear and electronit). In some cases, it was possible to fit each transition with-
stopping powers were obtained from prograsriM2000  out interference from other peaks by using a selective choice
[32,33. of gates. When it was not possible to resolve individual line
By varying the lifetime of the parent state of interest, a setshapes, a modified version Biffs was used to fit two over-
of theoretical line shapes was produced and compared witlapping line shapes simultaneously with theoretical line
the measured Doppler-shifted spectrum at 35° and 145° tehapes properly scaled by the intensity of eactay. This
find the best fit. The lifetime which generated a curve thatprocedure was shown to be effective under similar circum-
had the lowest reducegf when compared to the experimen- stances ir?®Nb [34], 8y [35], and®®Zr [36]. Figure 3 shows

Ill. ANALYSIS METHOD
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TABLE I. Effective and mean lifetimes measured f8Y. The effective lifetimesg.¢) and accepted mean
lifetimes (7,cJ represent the weighted averag@msed on the number of detectoos the results measured at
35° and 145°. Excitation energi¢E,), y-ray energiegE,), and spins were taken from RgiL5].

Ex I If E, Teff T35 T145 Tace
(keV) (h) (%) (keV) (P9 (P9 (P9 (e8]
Band 1
9000 (207) 18 1550 0.125° <0.12
7450 18 16 1353 0.3312 0.26'15 0.2518 0.2571%
6656 @an) 15 1208 0.3632 <0.36'
6097 16 14 1255 0.31%) 0.30'35 0.103 0.17'13
5448 15 13 1301 0.3819 0.25% 0.1233 0.16'§
4842 14 1z 1312 0.4411 0.121° 0.19'% 0.17'3
4147 13 11 1245 0.4813 0.3232 0.178 0.223°
3530 12 100 1180 0.4735 0.2138 0.133 0.16'3
2902 1T 9 1076 0.4919 0.181° 0.183°
2350 10 8 992 0.602° 0.30'13 0.217] 0.248
1826 g 7 888 1.083 0.50'23 0.52% 0.512
1358 g 6 788 2.4813 1.06753° 1.18% 1.14%
Band 3
7789 (199 @ar 1546 0.2029 <0.2¢4
7527 (18" (169 1529 0.203 <0.2¢4
6243 a7 (15Y 1394 0.14; 0.11%° 0.113°
5998 (16Y (14Y 1440 0.27%8 0.0832 0.10°3 0.09'%°
4849 (15Y (13" 1220 0.3513 0.237% 0.153* 0.183°
4558 (14%) (12%) 1260 0.3613 0.1433 0.18% 0.17'18
3629 (139 (119 1013 0.488 0.30'% 0.25¢ 0.278
3298 (12" (10Y 1031 0.4%8 0.423% 0.167 0.2572
2616 (11%) (9% 792 1.293% 0.96'33° 0.957 0.95'%
Band 5
4508 (13" (11%) 1180 0.2813 <0.28
4013 (124 (10%) 1147 0.373 <0.37
3328 (119 (99 1005 0.3%8 <0.33
2866 (10% (8" 951 0.723; 0.441 0.447]
2323 (9% (7 814 1.575; 1.30°5%° 0.924 1.0539
Band 6
4442 13 11 1110 0.3213 <0.32
3332 1T 9 1027 0.7033 0.4428 0.44'28
2916 10 8 959 0.5918 <0.59"
2305 g 7 817 1.895%° 1.19°3%0° 1.19%°

Effective lifetime.

the result of a simultaneous fit to the 1013 and 1031 keMvhich include feeding corrections, are given for each detec-
transitions in band 3. tor angle along with the accepted lifetime which also repre-
sents the weighted average of the results at each angle. If a
reliable line shape could not be obtained at one angle, a
lifetime result is not included in the table. In some cases, the
Lifetimes of 30 excited states were measured using theelective gating used to eliminate contaminating peaks in the
DSAM and are given in Table I. The effective lifetimes rep- line shape spectra reduced the statistics enough to introduce
resent the weighted avera@eased on the number of detec- rather large statistical uncertainties in the lifetime results
torg) of the results obtained from each of the two detectorgiven in Table I. However, despite these uncertainties, the
angles for which they could be measured. Mean lifetimesresults were obtained from mostly clean line shapes and are

IV. RESULTS
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FIG. 2. Fits to the 35° and 145° line shapes of the 888 keV 90
transition in band 1 witlgsolid line) and without(dashed lingfeed-
ing corrections. Each spectrum was obtained from a sum of gates on 70
the 257 and 570 keV transitions in band 1.
50
therefore considered reliable. Figure 4 shows a sample of the 30
lifetimes measured in band 1 &%. 250

A. Positive-parity states

[22]
Lifetimes were measured in the yrast positive-parity band %
(band 3 in Fig. 1 up to the(19") and (18") states in each O
signature by summing as many clean spectra GFB as pos:
sible. Line shapes could not be extracted above these levels
so only effective lifetimes are quoted for these states. Below
these states, it was possible to fit line shapes and obtain meal
lifetimes to as low as thél1") state. A simultaneous fit was
performed to the 1013 and 1031 keV lines in order to de-
compose their line shapes and extract lifetimes individually
for the (13") and(12") states, respectiveligee Fig. 3. Aline

shape showing a small but detectable Doppler-shifted com-
ponent was obtained for the 777 keV transition, but during
the fitting process the corrected lifetime did not converge
below 1.5 ps. Since the DSAM technique tends not to be as
reliable above this value, a mean lifetime is not included for
the (10%) state. All v rays emitted from th€9*) and lower
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i

+4

6. A
T1013,145° = 0.25Z5 ps |

T1031,145° = 0.1624 ps |

1031 keV ]
T 4

10 20 30 40
Relative Channel Number

FIG. 3. Simultaneous fit to the line shapes of the 1013 and
1031 keV transitions in band 3 measured at 145°. The uncertainty
limits of the overall best fi{solid curve are indicated by the broken
- curves. The spectra were obtained from a sum of gates on the 257
and 802 keV transitions.

Three effective lifetimes and two mean lifetimes were
also measured in a band based on the 312 K&V state
e (band 5 in Fig. 1 Despite summing several gates in this

788 keV

71450 = 118-:33 pS

5 10 15 20 25 30
Relative Channel Number

35

states showed no distinguishable Doppler shifting, and hence FIG. 4. Fits to the 145° line shapes of the 788, 992, and
lifetimes could not be extracted from these transitions using 180 keV transitions in band 1. The uncertainty limits of the best fit
the DSAM. (solid curve are indicated by the broken curves.
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band, reliable line shapes could not be extracted above thegy,® vgg,, intrinsic configuration, leading to several ob-
(13" and (12") states, and hence only effective lifetimes served behaviorébased on the level energies and spihst
could be quoted for these levels. The shifted component ofippear consistently in similar bands across this mass region
the 1005 keV transition appeared to consist of a multiplet of see Sec.)l Other similarities include a negative-parity yrare
lines at both angles and with a variety of gate combinationshband and a rich band structure at high spin built upon several
although a stopped component remained visible. Due to thipossible 2-gp intrinsic configurations.
uncertainty, feeding corrections were not invoked in this case However, there are also noticeable differences between
and only an effective lifetime is given for thd1*) state in  the level scheme of% and those of its neighbors. Se-
this band. quences of states appear more regular and form rotational
bands at low spin more quickly than states of similar relative
excitation energy in other odd-odd nuclei, such as the isotope
82y [4] and isoton€®Rb [13]. There seems to be less mixing
Lifetimes were measured in the yrast negative-parity bangetween states sharing the same parity, as indicated by a
(band 1 in Fig. 1 up to the(20") state, where an effective rejatively small number of observed interband transitions.
lifetime is given. The gates used to obtain the line shapes alloreover, the lowest negative-parity ba¢imhnd 1 in Fig. 1
showed coincidences with the 1245, 1255, 1301, anghecomes increasingly closer to yrast with spin, particularly
1312 keV transitions. Thus, a simultaneous fit was perfor the signaturex=0 sequence.
formed to the line shapes of the 1245 and 1255 keV lines, as The lifetime measurements of this work provided another
well as to the 1301 and 1312 keV lines, in order to I’ESO|VQesting ground for possible similarities and a way to try to
their individual line shape components. A slight Doppler-understand the differences betwe® and its neighboring
shifted component was observed for the 681 keV decay ofdd-odd nuclei. These results also provided a direct compari-
the 7 state, but a lifetime fit to this line shape did not con- son with the predictions from projected shell-model and
verge below 2 ps, so evidently this lifetime cannot be meacranked Woods-Saxon calculations. The results are discussed
sured by the DSAM. Below the 7state, there was no evi- separately for the positive- and negative-parity bands below,

dence of Doppler shifting. following a brief overview of the models used to interpret
The lifetimes of four states in a band based on thehe results.

228 keV I state(band 6 in Fig. 1 were also measured.
Three of these were measured in thel signature band,
reflecting the fact that more reliable line shapes could be
obtained from the more strongly populated odd-spin se- Calculations have been performed within the context of
quence. the projected shell mod€PSM) [9] in order to investigate
further the collective properties of the yrast positive-parity
band in®%. Previous calculations using the PS8 repro-
duced nicely the observed signature splitting between adja-

Reduced electric quadrupole transition streng#iE2)  cent states in this bardee Fig. 2 in Ref[8]), but could not
were determined from the accepted lifetimes given in Tablejescribe the fine structure of signature inversion in the same
I, and were used to calculate transition quadrupole momentsand, as discussed in Ref8]. Only predictions of the

B. Negative-parity states

A. Projected shell-model calculations

C. Transition strengths

|Q( from the rotational model according to B(M1)/B(E2) ratios could be given at the time due to the
160 lack of experimental lifetime measurements.

QIZ: —(IK20/l - 2K)"2B(E2,] — | - 2). (1) The PSM uses a rotational-invariant Hamiltonian includ-

S ing  quadrupole-quadrupole, = monopole-pairing, and

Both the B(E2) and Q, values are given in Table Il. The duadrupole-pairing interaction terms. The strength of the
branching ratios and the values of the spin projection quadrupole-quadrupole force was chosen so that the self-

quantum number used for each baid] are also given in consistent relation with the input deformation parameter is
Table II. kept. The monopole-pairing force strength took the form

Magnetic dipole transition strengti®&M1) were calcu- N4
lated using a quadrupole-dipole mixing ratio 8£0 since Gm = [Gl— GzT}A'l, (2
B(M1) values are rather insensitive &as long as it is small.
Small values o have been observed systematically kbt ~ where G;=20.25 for both neutrons and protons, aGd
transitions in several neighboring odd-odd nu¢léRb [13], =16.20(0) for neutrons(protony. The quadrupole-pairing
for examplg, and are thus expected for similsf1 transi- strength, assumed to be proportional to the monopole
tions in &Y. All deducedB(M1) strengths are included in strength, was 16% of the monopole-pairing strength. These
Table II. strengths are the same as those employed in the previous
PSM calculations for this mass regi@8].
V. DISCUSSION In the cqlculatiops, the de_formed gp basis is constructed
from the Nilsson single-particle states followed by a BCS
The most recent high-spin study 8 [15] demonstrated calculation. The single-particle space includes all nucleons in
that this nucleus is similar in many ways to its odd-oddtheN=2,3, and 4major shells. To build the shell-model ba-
neighbors. The yrast band has positive parity based on thsis for an odd-odd nucleus, the quasineutron and quasiproton
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TABLE Il. Energies, spinsy-ray energies, branching ratié%, electric quadrupole transition strengths
B(E2), magnetic dipole transition strengtBéM1), and transition quadrupole momeh@| in &Y. Energies
and spins were taken from R¢1L5]. Values of theK spin projection quantum number used for each band are

included.

Ex I E, Re B(E2)® B(M1) o}

(keV) () (keV) (%) (W.u) I (eb)

Band 1 K=4

9000 (207) 1550 100 >37° >159

7450 18 1353 100 3538 1.15'%]

6656 (17) 1208 100 >4 >1.68

6097 16 1255 100 75181 2.253°

5448 15 1301 100 6755 21553

4842 14 1312 100 6055 2.07°

4147 13 1245 100 6173 2.12%

3530 12 1180 100 1085 2.91°Y

2902 1T 1076 100 15438 3.5639°

2350 10 992 98 169 3914
526 2 0.03}

1826 g 888 94 1332 3.69'%5
467 6 0.07}

1358 g 788 88 1013 3.54'8%
421 12 0.083

Band 3 K=5

7789 (19 1546 100 >22° >1.29

7527 (18" 1529 100 >24° >1.28

6243 (17 1394 100 6939° 2215

5998 (16%) 1440 100 7259 2.28113

4849 (15%) 1220 100 825° 2498

4558 (14" 1260 100 7433 2,424

3629 (13" 1013 93 12923 3.30%
330 7 0.413

3298 (124 1031 94 129;3° 3.433%
683 6 0.045

2616 (119 792 76 10332 3.2343
348 24 0.343{

Band 5 K=2

4508 (13" 1180 100 >62 >1.97

4013 (124 1147 83 >45° >1.69
685 17 >0.08

3328 (11%) 1005 81 >96 >2.49
461 19 >0.34

2866 (10 951 86 10033 258733
544 14 0.113

2323 (9% 814 72 715 2.30%%;
407 28 0.23%

Band 6 K=1

4442 13 1110 100 >74 >2.17

3332 1T 1027 100 7% 2,202

2916 10 959 68 >57° >1.8¢
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TABLE Il. (Continued)

E, | E, Rg B(E2)® B(M1) Q]

(keV) () (keV) (%) (W.u) e (eb)
611 32 >0.14

2305 g 817 78 7252 21375,
348 22 0.2533

AW.u.=20.5¢? fm*.
bBased on an effective lifetime value.

creation operators are applied to the gp-vacuum state, andicroscopic characteristics of the ground state. The results
the resulting set of 2-qp states are projected onto good angindicated a strong prolate-deformed shape with an associated
lar momentum states. The projected basis is used to diagguadrupole deformatiop,~ 0.38, and provided further evi-
nalize the shell-model Hamiltonian. The resulting eigenstatedence for the 2 ground state formed by the{422]5/2*
(wave functiony are used to determine transition strengthsg 1[301]3/2° 2-qp configuration based on similar calcula-
[37], and theB(E2) strengths are used to calculate transitiontions and experimental evidence obtained f8r [38] and
quadrupole moments according to E@). An effective  8ly [39 4Q.
charge of 1.8 (0.8e) was used for protonégneutrons. Cal- In this work, the evolution of shape and deformation with
culations with smaller effective charges were performed, butotational frequency has been calculated using the CWS ap-
these resulted in less qualitative agreement with the experproach for the lowest positive- and negative-parity bands, as
mental results. More details about the PSM calculations cawell as for intrinsic configurations representing non-yrast
be found in Ref[8]. Comparisons between the PSM predic- states. The calculations generate a total Routhian surface
tions for 8Y and the measured results are discussed in Se¢TRS) plot in the(3,, y) plane at discrete rotational frequen-
Vv C. cies, using a deformed Woods-Saxon potential and a short-
range monopole pairing forcgll]. At each grid point, the
Routhian was minimized with respect to the hexadecapole
deformationg,.

Cranked Woods-SaxofiCWS) calculations have been Figure 5 shows six TRS plots at three different rotational
performed previously fof% [23] in order to understand the frequenciegand their corresponding spinfor intrinsic con-

B. Cranked Woods-Saxon calculations
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FIG. 5. Sample total Routhian surface plots for the lowest positive- and negative-parity configuratiéf¥s an three rotational
frequenciegand their corresponding spiip as indicated in each plot. TteA configuration corresponds fer, «)=(+,1) (odd spins in band
3), and theaF configuration corresponds ter,a)=(—,1) (odd spins in band)1 The spacing between contour lines is 200 keV.
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figurations corresponding to the lowest positive- and L L N e —
negative-parity bands. The gp-labeling scheme of R&d] I T=+ Om78Rb |
was used, where lowduppe) case letters are used for the 8.5 i 1
proton(neutron configuration. Thus, thaA (aF) case stands a0l [ A A8y
for the lowest proton and neutron configuration yielding I A : ]

overall positive(negativg parity and signaturer=1. 25| i é A A A g

At low spin, both configurations appear to have well de- - LT A T T I
formed (B,~=0.38, nearly prolate(y=0°) shapes. As the 20 r 1 1 1
spin increases, thaA configuration shows a rather abrupt I u o ]
change in shape and deformation near spin 13, as shown in _ 15 i i
Fig. 5, evolving to a nearly triaxial shage~-30°) with @ 1.0
smaller deformatiori3,~0.28. In contrast, theF configu- g
ration remains relatively unchanged near this spin, although 35
the shape becomes noticeably mgreoft. When the spin is
near the maximum observed experimentally24), both 3.0
configurations show a collective triaxial minimum with mod- 25
est deformation. Comparisons between the deformations pre- 1
dicted from the CWS calculations and those inferred from 20
the lifetimes are discussed in Secs. V C and V D. L PSM e, = 0.311"

The behavior of the TRS plots corresponding to non-yrast 15 ——gﬁv“gszj?-"‘“ Nl 1 +
configurations having both positive and negative parity is r ——-cwsg;o LNe)
qualitatively similar to those of their lower-energy counter- 1-08 : 1'0 : 1'2 : 1'4 TS 1I8 20
parts. Large near-prolate deformation at low spin evolves to
shapes with smaller deformation abole 15. Of the con- l; (7)
figurations tested, those having positive parity typically dem- -~ )
onstrated somewhat larger deformation at low spB FIG. 6. Transition quadrupole momer(@ as a function of the

initial-state spinl; for the yrast positive-parity bands 6fRb [13]

~0.40 than those having negative parif,~0.37. The and®2y [4] (top), and yrast positive-parity band 3 #Y (bottom.

positive-pari.ty Cor!figura.tions also S(_aemed_to favc_)r tria?(iaIFiIIed (open symbols represent values obtained from signature
shapes at hlgh 'Spln,.WhIIe the negatlve—parlty conflguratlon'szo (a=1) transitions. Symbols with arrows indicate lower limits
showed coexisting triaxial and oblate shapes in the Same SPLiaplished from effective lifetimes. The curves represent theoreti-
range. However, the degree gfsoftness was larger in all predictions from projected shell-mod@PSM) and cranked

non-yrast configurations than those of their lower-energyyoods-saxonCws) calculations, as indicated in the figure.
counterparts shown in Fig. 5.

TheoreticalQ; values were calculated for each band inby an upbend in the kinematic moment of inerfi@ near
which lifetimes were measured by using tBg values ob- #A®w=0.7 MeV (Fig. 10 in Ref.[15]), or about spin 17. Al-
tained from the TRS plots. In order to make a proper comthough the drop irQ; begins at a spin smaller than the ob-
parison between experimental and theoretical values, theerved alignment, the two events are likely correlated con-
quadrupole deformation of the nuclear matter distribution desidering that the changes ¥ are rather broagparticularly
rived from the TRS calculations was first related to thein the «=1 sequenceand probably represent a gradual gp
charge quadrupole deformation derived from tBéE2)  alignment, since a “first-order” alignment is Pauli blocked
strengthg43,44. In order to take triaxiality into account, the for both unpaired nucleons.
high-spin limit for they dependence of; [45,46 was used The predicted; values of the yrast positive-parity band
to determine the accepted theoreti€l values from those according to the PSM calculatiorisee Sec. V Aare also
calculated assuming axial symmefd443]. shown in the bottom panel of Fig. 6. Two sets of calculations
are given, corresponding to two different deformations where
the model space is built. The absolute PSM values are clearly
smaller than the observed ong¢karger effective charges, if

The transition quadrupole momer(@ deduced from the used in the calculations, can make a global enhancement in
measured lifetimes of yrast positive-parity staeand 3 in  theoreticalQ, values. We do not prefer to do so as long as the
Fig. 1) are shown graphically in the bottom panel of Fig. 6. qualitative behavior of the trend i®, can be understooy.
The results imply rather large collectivity below tii#4")  The observed sudden drop @ is not well reproduced by
state, corresponding to an average quadrupole deformatiahe calculations, however there is fair qualitative agreement
B2.ave=0.37 in a rotational model picture, with a rather sud-between the experimental and predicted values. The largest
den reduction occurring at th@4") state. Above this state, collectivity is predicted at low spins and becomes reduced at
the Q; values remain relatively constant near an averagdigher spins, although the reduction @ is much more
value of 2.35eb (B, . 0.27 assuming axial symmejry gradual than the measured values. Tevalues with the
The spin at which this reduction in collectivity takes placelarger quadrupole deformatios, can better reproduce the
corresponds roughly to the crossing frequency at whigfy,a2 data, particularly for the higher spin states. This deformation
proton alignment occurs in each signat{it®], as indicated (e,=0.311 was used in Ref.8] where the PSM calculations

C. Positive-parity bands
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for odd-odd nuclei in this mass region were first studied. The

reason why we performed another calculation with a smaller 0r — :ng 2 ; 82&131 ]
deformation will be discussed later. % 0 n |

Band 3 has been suggest¢tls) to be based on the X | Al
7422|5/2F ® ¥[422]5/2" intrinsic configuration, with each N 30 - i |
gp occupying the first available orbital with positive parity = I P
above the deformed shell gap at nucleon number 38 near a 20 b //I/.\\\/ ]
prolate deformation of 0.3841]. The next lowest higif2 I | o © / P)
single-particle orbital is thg413]7/2" one, which lies nearly 0ot /’ ! 4 J
2 MeV above thd422]5/2* orbital at this deformation. The I / N\ /I \\
wave functions from the PSM calculations show strong mix- 0 PNy —
ing between thé€)=5/2 and()=7/2 prolate-deformed orbit- 05| \ .
als, especially as the spin increases. Considering that gp oc- | OmBand 1 ‘\\
cupation of thg413]7/2" orbital tends to drive the nucleus 0.4 | ! .
toward smaller deformation, it is conceivable that the intro- NE O®Band3 \ ¢
duction of larger amplitudes of this high-component to the = 03r | / T
wave function(manifested by a gradualy,, proton align- s I ‘\ /
men)y is responsible for the observed reduction in ®Qge @ 02 Vo T
values. I -

The Q, moments of band 3 as predicted by CWS calcula- 01r . g \‘/ §
tions (see Sec.'V Bare also supenmpo;ed with t_he experi- 00 . ./.\5/.\»“
mental results in the bottom panel of Fig. 6. While there is 6 7 8 9 10 11 12 13 14 15
good quantitative agreement between the predicted and ex-
perimental values below tH&4") state, the observed drop in ki (7)

Q is not reproduced by the calculations. According to this FIG. 7. Normalized energy differences between adjacent states

model, a reducti(_)n i, (or defo_rmatiOI)l for both Signatu_res in band 3(top) andB(M1) strengths in bands 1 and(Bottom) as a
is associated with a change in shape from predominantlynction of the initial-state spin; in 8. Filled (open symbols

prolate at lower spin to triaxial at higher spisee Fig. 3. represent values with evandd) I;. The solid(dashedl curves rep-
90n5|delr|ng the qualitative agreement between the variationgsent the theoretical predictions from projected shell-m¢R8M)
in the J' and predicted); values for each signature in this calculations using quadrupole deformatiesr0.311 (€,=0.251.

band, this shape change is likely a consequence of thRot all available points at high spin are shown in the top portion of
gradualgg,, proton alignment. the figure.

The behavior of th&, moments above spin 9 for the yrast
positive-parity bands if®Rb [7,13 and®2Y [4,11,13 is dis-  core spin and hence generates strdhf radiation. The cor-
played in the top panel of Fig. 6. In both cases, @emo-  responding decay originating from an unfavored signature
ments show no sign of a drop above thé $gategexcluding  State requires a change in the core rotafmrboson numbgr
the lower limits established from effective lifetime& con- ~ Which leads to reduceB(M1) strength.
trast with those observed for band 3% (bottom panel of Figure 7 also shows a comparison between the measured
the same figure However, neither®Rb nor 82y indicate ~ B(M1) values in®% with those predicted by the PSM cal-
evidence for gp alignment up to the highest observed transiulations(see Sec. V A Again, two sets of calculations with
tions in their yrast bands based on the behavior ofXfe different deformations are presented. When the larger defor-
values [4,13, and moreQ; moments were measured at mation (e,=0.31) is used, the staggering in the signature
higher spin inf% than in "®Rb and®2Y. According to CWS  splitting pattern is well reproduced for most of the measured
calculations, the predicted shapes'#b and®?Y associated states(top panel of Fig. J. However, the overall magnitudes
with the yrast configuration also showed no evidence for af B(M1) are much smaller than the measured ones for tran-
structure change, remaining consistently near-praléf@b  sitions originating from odd-spin states, although the calcu-
[13]) or triaxial (32Y [4]) over a wide range of spins. lations reproduce the phase of the observed transitions. It is

The B(M1) strengths measured for thid =1 transitions true, however, that the individuB(M1) values measured for
in band 3 show the typical behavior observed in other odd®% are systematically smaller than those measured in the
odd nuclei in this mass region. Relatively largenal) M1 same spin range for botfRb [13] and®2Y [4]. This feature
strength resides in transitions where the favau@tfavored  is predicted by the PSNB], and may reflect the consistently
signature states decay to the unfavoté&ored signature larger collectivity displayed b§° compared to eithefRb
states, leading to an alternating pattern in B(®1) values, or 82Y (see Fig. 6.
as shown in the bottom panel of Fig. 7. These alternating Nevertheless, we need to understand the reason why the
B(M1) values are related to signature splitti/—49 and  PSM calculations with the model space constructed at defor-
can be explained in both the interacting boson-fermion apmatione,=0.311 can provide fair agreement with the experi-
proximation[50] and the particle-rotor coupling modgl]. A mental energy spacings a values for this band, but can-
Al=1 decay from a favored signature state involves only anot equally well describe thB(M1) values. For this reason,
realignment of the single-particle spin without altering thewe have performed another set of calculations in which a
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smaller deformatione,=0.251 is used. At this deformation, A4S T 7T T T T

Jg/» Orbitals with smallerK components are close to the 40 i T=- oOm®Rb

Fermi levels, making considerable contributions to an in- . AAY

crease of the staggering amplitude in B@1) pattern, in 35 A

much better agreement with the experimental data. Thus, the 30l . # I i ]

calculations with a smaller deformation can reproduce nicely u T a T

the observed(M1) data, while the agreement in the signa- 25+ l .

ture splitting patterr{top panel of Fig. Y and theQ, values o0 - 2 £ ]

(bottom panel of Fig. Bbecomes poor. On the other hand, i R

calculations with deformations larger thay=0.311 provide 15 1

increased); values at the cost of worse agreement with the @ 1.0 [ \ \ \ CL ,

experimental energy spacings @B 1) values. At any rate, G L ’ ' ' ' b

sinceB(M1) strengths are sensitive to the single-particle at- 4.0 j__#_l__.__ I

tributes of the nuclear wave function, comparisons between 35 '_—'.—Cf—" o T " \ ]

the PSM predictions and the current experimental results can s 1 ‘ \

be used to reexamine the Nilsson model parameters appro- 301 Py Mo

priate for nucleon numbers in this mass reg|ét], as was o5 [ 80y ‘ { T

done recently for proton-rich nuclei in the uppfy shell T Band 1 Le

[52]. 20t ?0 J 1 1 ] .
_The collectivity of positive-parity band 5 was onIy_de_ter- 15 [ CWSa=1 l © o i ]

mined roughly by two measure@; values and lower limits Tl —--CWSa=0 |

placed on three others in the batlthsed on effective life- 1ol——

time measurementsEven so, it is clear that this structure, 7 e 1" 1 s a7 19 A

suggested to be based on thp422]5/2"® 1[431]1/2" in- I (h)

trinsic configuration23], is strongly deformed witlB, val-

ues approaching 0.3(assuming axial symmetyynear the FIG. 8. Transition quadrupole momen; as a function of

middle of the band. However, this is not as deformed as whafitial-state spin; for the yrast negative-parity bands 6Rb [13]
might be anticipated by the occupation of a quasineutron i@nd®?Y [4] (top), and yrast negative-parity band 13 (bottom.
the deformation-driving431]1/2* orbital, which has been Filled (open symbols represent values obtained from signature
=0 (@=1) transitions. Symbols with arrows indicate lower limits
ested to produce a more strongly deformed d
iugg@ in 8lsr [23] gy bt established from effective lifetimes. The broken curves represent

. . . the theoretical predictions for the=0 anda=1 signatures inferred
Alternatlon.s in the intrabanB(M1) yalues have been ob- from cranked Woods-SaxditWS) calculations, as indicated in the
served for this band as well, following the same phase afgure.
those measured for band 3. They occur at spins where the
signature splitting pattern becomes large in this bésee The spin at which the drop iQ, takes place corresponds
Fig. 11 in Ref.[15]). The magnitudes of thB(M1) strengths  roughly to the crossing frequency associated witlaneu-
appear to be larger than those for the same spin range in ba#f@n alignment7~0.64 MeV) [15], as indicated by a sud-
3, but it is difficult to draw any firm conclusions since two of den change in the™ moment of inertia at this pointsee

the values obtained for band 5 are only lower limits. Fig. 10 of Ref.[15]). This is in good qualitative agreement
with the predictions of the CWS calculations, which show

evidence for a reduction in deformation following the initial
development of a triaxial minimum near spin 16, a structure
The deduced); values for the yrast negative-parity band that continues clearly at higher spi(see Fig. %. Evidently,
(band 1 in Fig. 1 are shown graphically as a function of gp alignment is responsible for the observed dro®jnal-
initial-state spin in the bottom panel of Fig. 8. Their behaviorthough it is a much sharper one than that of baride® Sec.
with spin is qualitatively similar to that observed for the V C).
yrast positive-parity ban¢band 3 in Fig. 1 Values indica- A similar drop in Q; was also observed following @y,
tive of highly collective behavior are observed below thé 11 neutron alignment in the yrast negative-parity band*ivi
state, but then rather suddenly diminish above this spin[35]. On the other hand, fallin@, values with increasing
where they remain roughly constant up to the highest transispin have not been observed in the lowest negative-parity
tions for which Q, values could be determined. Quantita- bands of either®Rb [13] or 82Y [4], as shown in the top
tively, the averag€); value of band 1 for spins less than 11 is panel of Fig. 8(excluding the lower limits established from
slightly larger than those of the states in the same spin rangeffective lifetime$. However, the measure®; values in
in band 3, but the average values beyond the observed drapese bands have not been measured to as high a spin as in
in each band are nearly identical. In general, @evalues 8%, and falling Q, values have been predicted to occur at
are in good agreement with those predicted by CWS calcuhigh rotational frequency if®Rb based on similar CWS cal-
lations before the observed drop occurs, but the agreementilations[13].
becomes significantly worse with increasing spin, as shown Associated with the first gqp alignment in band 1 is a rather
in Fig. 8. sudden increase in the amount of signature splitting observed

D. Negative-parity bands

064314-11



R. A. KAYE et al. PHYSICAL REVIEW C 69, 064314(2004)

above the 16 state, as indicated by larger alternations in a VI. SUMMARY
plot of the signature splitting patterfsee Fig. 11 in Ref. i . . .
[15]). Such behavior is rather difficult to interpret theoreti- _ -ifétimes of 30 high-spin states iy were measured

cally because of mixing between different singIe-particlegf'ing28 the  Doppler-shift attenuation ~method. = The
configurations, but it probably is a good indicator of struc-~ & i, pn) reaction at 90 MeV, performed at the Florida

ture changes. A similagbut perhaps more gradyahcrease  State UniversityFSU) Tandem-Superconducting LINAC ac-
occurs in the signature splitting pattern of the yrast negativecelerator, was used to populate the excited states. The
parity band in”°Rb near the point at which a proton band isotopically-enrichec®Fe target was thick enough to stop
crossing was observedw=0.69 Me\) [54]. Increased al- completely all recoils and hence allowed for the analysis of
ternations in the signature splitting pattern were accompalineé shape spectra. The FSU array consisting of ten
nied by a phase reversal in the lowest negative-parity band d¢ompton-suppressed Ge detect@tsee of which were of
odd-odd®®Nb [55]. Measurements of th®, moments in the the high-efficiency Clover desigrwas used to detecy-y
spin region where this occursear spin 18[34] show per- ~ coincidences. Line shape spectra were obtained by gating
haps a slow corresponding fall i@, but this decrease is from below the transition of interest. Lifetimes were mea-
certainly less sudden than that observed &. However, sured by fitting theoretical line shapes to the experimental
comparisons between these two cases are difficult becausedii€s observed at both 35° and 145° whenever possible.
is likely that different intrinsic structures are involved, which  Transition quadrupole momenty; calculated from the
may be reflected by the fact that a phase reversal does nbfetimes in the yrast positive-parity band change rather sud-
occur in the®%Y case. denly from an average value of 3¢B below spin 13 to
The B(M1) values measured for band 1 are shown in the2-4 €b above this spin. These results are in fair qualitative
bottom panel of Fig. 7. Unlike the yrast positive-parity band@greement with the predictions of the pr_ojected §hel| model
(band 3, there is a noticeable lack of an alternating patteri@nd cranked Woods-Saxd@W$) calculations, which both
with spin, as is evident from the figure. In fact, there is anindicate decreasing); values with increasing spin. Total
overall lack of consistency in the patternsRfM1) strengths ~Routhian surfaces obtained from the CWS approach _|nd.|cate
with spin among the yrast negative-parity band8%f, 78Rb the onset of a shape change from nearly prolate to triaxial at
[7,13, and 82Y [4,11,13, demonstrating the difficulty in the point which the predicted decrease @ occurs. A
drawing any firm conclusions about the causes of their peCranked shell-mo_del analysis shows that _th|s is likely caused
havior. However, it is evident that thB(M1) values mea- PY the gradual alignment of gy, proton pair. The measured
sured for these three nuclei are weakest in the spin regiofiagnetic dipole transition strengtB&M1) show strong al-
where the signature splitting in the energy levels is alsgérnations between the two signatures, in qualitative agree-
small. For the case ofRb, theB(M1) values do increase Ment with the PSM calculations and neighboring odd-odd
somewhat once a noticeable staggering forms in the signdlucléi ™Rb and®?Y. The Q, values for band 5 imply a struc-
ture splitting pattern above the State[7,13]. A similar com-  turé having quadrupole deformatigh~0.30 at low spin in
parison cannot be made f8PY since there have been no @n axial rotational model, in fair agreement with CWS cal-
observedM1 transitions in the spin regiofl >14) where ~ culations for non-yrast positive-parity states.

clear alternations develop in the signature splitting pattern DPcreasingQ; values with increasing spin in the lowest
[15]. yrast negative-parity band resemble closely those of band 3,

The degree of collectivity of band 6 was determined€xcept the magnitude of the average decrease is larger and
roughly by a measurement of ti@ values associated with °CCU'S at perhaps a lower spin. CWS and cranked shell-
two transitions, along with lower limits placed on the valuesModel ca_lculanons together suggest .th|s.decrease IS cgused
associated with two other transitioftsased on effective life- Y the alignment of g, neutron pair. Like band 3, this
time measurementsThe two measured values are very simi- alignment is associated with a shape change from nearly pro-
lar (see Table I and imply axial deformations g8,~0.26. late before the alignment to triaxial above the alignment,
At this deformation, the most likely single-particle configu- 2ccording to the CWS calculations. The intrabaBidi1)
ration for the unpaired proton and neutron yielding negative’@lues are smaller than those of band 3 and show no alter-
parity and band head spin-parity’=1" is #[422]5/2" nating pattern W|t_h spin. Thé, value_s for_ band 6 average
©1[301]3/2", in agreement with a previous suggestjas). 2.2 eb near the middle of the band, implying a modest axial

An alternative interpretation of the band-head configuratior?heforma?onBé.ztoazi fo(;vt/hsis s'iruci‘tttj_re, Wbriﬁ.h Ids fsmalltta_r
was suggestef5] as resulting from the coupling of the low- an that predicted by calculations. This detormation

Q [431]1/2" orbital with the [301]3/2" orbital. However, favors an{422]5/2" @ 1[301]3/2" configuration for the band

occupation of thd431]1/2" orbital by the unpaired proton h_ead, a]though highly mixed configurations are expected at
(neutron in &Y is unlikely unless the deformation exceeds high spin.

B>~0.550.4) [41]. Either way, it is likely that the band-head

configuration of this band actually consists of a complicated ACKNOWLEDGMENTS
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