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High angular momentum states $fzr were populated through théNi(32S,4p) reaction at 135 MeV using
the 88-In. Cyclotron at Lawrence Berkeley National Laboratory. RecofifiZg nuclei were stopped in a thick
Ta backing. Prompt multi coincidences with evaporated charged particles were detected using the full array
of GAMMASPHERE and themICROBALL. Mean lifetimes of 36 levels iff%Zr were measured using the Doppler-
shift attenuation method. Transition quadrupole moméntsvere found in the range of about 0.3—-25 in
the positive-parity bands. The negative-parity bands s@pwalues from about 0.25 to 12b. In the yrast
positive-parity band, a sharp drop in collectivity approaching the §@te supports the interpretation of band
termination in this configuration. Decreasi@y values approaching the 24and 27 states also provide an
indication of terminating structures.
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[. INTRODUCTION A number of g-factor measurements were maj@-10Q to
study the quasiparticle structure of the bands. Previous life-

Nuclei in the f-p-g shell exhibit a wide and rapidly time measurement§4,6,7,1] have extended the range of
changing range of shapes, with structures ranging fronknown lifetimes up to the 13 and 24 states. In order to
highly collective to single particle. As a result, the nuclei in further test the band termination picture, it is necessary to
this mass region provide an excellent laboratory for studyindnow the lifetimes up to the 27and 30 states. This was
the interaction between single-particle and collective degreeachieved in the present work usicgMMASPHERE [12] and
of freedom. the MICROBALL [13] detector systems. Particle and multiple-

The Zr isotopes Z=40) form one of the best examples, y gating provided cleaner line shapes than previously pos-
with shapes varying from highly deforméfiZr to spherical ~ sible. The higher statistics allowed gating from above to
97r at the N=50 shell closure. Near the middle of the eliminate the uncertainties of side feeding from many of the
range,®Zr is clearly transitional in structure and shape, everline shapes.
though a superdeformed band has been observed in this
nucleug 1]. Sequences of states appear to form regular rota-
tional bands interrupted by different level spacings indicative
of structural changes. This tightly interwoven pattern of
single-particle and collective features has led to challenges in High-spin states iff®Zr were populated using the reaction
understanding®Zr. Recently, the structural changes at high %®Ni(2S,4p) at 135 MeV with beams from the 88-in. Cyclo-
spin were observed and interpreted as band terminations ré&on at Lawrence Berkeley National Laboratory. The experi-
flecting the underlying single-particle structU@&. This was ment was optimized for lifetime measurements using the
based on the good agreement between the level energies addppler-shift  attenuation method(DSAM) with a
calculations performed within the configuration-dependen#15 wg/cn?-thick 5®Ni target evaporated on a 10.3 mgkm
shell-correction approach using a cranked Nilsson potentiala backing.y rays from the reactions were detected with
[3]. Clearly, transition strengths would provide more infor- GAMMASPHERE The evaporated charged particles were de-

Il. EXPERIMENTAL PROCEDURE

mation on possible band terminations. tected and identified with th@iICROBALL. The experimental
Several investigationf4—7] had been performed on the procedure is described in more detail in Réf4].
level structure off®Zr prior to the work reported in Ref2]. For the DSAM analysis, the data were sorted into differ-

ent 3000< 3000 channel square matrices. To obtain optimum
selection of 8Zr events, all matrices were gated on the

*Present address: GSI, 64291 Darmstadt, Germany. requirement of three or four protons detected in the
TPresent address: Department of Chemistry and Physics, PurdsCROBALL. The matrices were also gated on the require-
University Calumet, Hammond, IN 46323. ment of an additional coincidentray. To select the positive-
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FIG. 1. A comparison of the best fits witsolid line) and with-
out (dashed lingcorrection for direct feeding for the 401 keV line
shape(band 2 gated from above. Unless otherwise noted, the dis- Mean lifetimes for the shorter-lived, higher-lying states in
persion is 1.33 keV/channel on the line shape graphs.
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parity bands this additiona} ray was required to be one of
the following lines: 234, 628, 886, 915, 925, 978, 1003, or
1027 keV. Separate matrices were sorted to enhance the
negative-parity bands by requiring either the 234, 628, 886,
915, 1003, 1006, 1008, 815, 718, or 1039 keV lines as the
additional coincidenty ray.

v rays from any of the detectors were sorted onto one axis
of the square matrices to allow for a secondate in select-
ing the line shapes. Only lines from detectors at approxi-
mately the same angle were sorted onto the second axis,
from which the line shapes to be fitted were obtained. Pairs
of detector rings were combined yielding weighted average
angles of 34.959seven active detectgrss52.81° (15 active
detectory, 127.19° (15 active detectojs and 145.45°(ten
active detectons The reliability of this approximation was
verified in Ref.[14].

lll. LIFETIME MEASUREMENTS

all bands were analyzed by applying the Doppler-shift at-
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FIG. 2. The 1305 keV transition (19-17, band 5 fitted individually at all four angles. Fits representing the uncertainty limits are
shown with dashed and dot-dashed lines.
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FIG. 3. A sample of line shape fits over the range of lifetimes measured. The best fits are shown with solid lines, while the dashed and
dot-dashed lines represent the uncertainty limits. The dispersion is 1.33 keV/channel as in all the other line shape figures, except for the
2469 keV graph, whose dispersion is 2.67 keV/channel.

tenuation method to the experimental line shapes. The decasalue at whichy? increases by one unit. The weighted aver-
times of the recoiling nuclei were compared with their age of the lifetimes from the individual angles was calculated
slowing-down times in the target and backing material usingo determine the accepted values. The uncertainties for the
the computer simulation codaTs [15] that integrates over accepted lifetimes were calculated from the poolea-
the thickness of the target and determines the distribution ofveighted and weighted varianceévhichever was larger
recoil velocities as the nuclei slow down and decay. Theand include estimates for contributions from the stopping
required stopping powers were calculated usrgv version  powers.
2000.10[16,17. In addition the program corrects for feeding  Each line shape was first fitted with no feeding correction
from both known and unknown higher-lying states as well ago determine the effective lifetime, which represents an upper
for finite detector solid angle and resolution and for the endimit for the lifetime of the state. Each transition, except for
ergy dependence of the reaction cross sections as the beahe highest one in each cascade with adequate statistics for
decelerates through the target. fitting, was fitted again, taking dire¢known) feeding and
The theoretical line shapes generatedrings for a range  side (unknown feeding into account. The direct feeding cor-
of possible mean lifetimes were compared to the coincidenceection used the effective lifetime of the state or states im-
spectra at each of the four angles, 34.95°, 52.81°, 127.19mediately above, and the lifetimes were varied until the best
and 145.45°. The lifetimes giving the best fibwest x?) fit was obtained. Figure 1 shows the effect of feeding correc-
were determined separately for each angle of observationions for the 401 keV line shape.
The uncertainty of each individual lifetime was determined Whenever possible, lifetimes of the transitions were de-
by finding the lifetime value above and below the best fittermined by fitting line shapes obtained by gating from
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IV. RESULTS

A. Lifetimes

To facilitate the discussion, the level scheme %r
i adapted from Ref.2] is shown in Fig. 5. The band structure
has been rearranged slightly based on the present results, and
bands have been numbered for the discussion. The lifetimes
measured in the present work are listed in Table I. Table I
lists and compares all lifetimes published to date. The most
recent lifetime for the 3298 keV 8 state was adopted be-
cause previously unknowp-decay feeding may have af-
fected the earlier measurements, as discussed in[RHf.
Accepted mean lifetimes were used for &(M1) and
, B(E2) calculations in this work.
In order to get very good statistical results in the positive-
0 10 20 30 40 50 and negative-parity bands it was generally sufficient to use
Relative Channel Number only individual gates or very few gates to reduce contamina-
tion from othery rays. However, it was necessary to add

FIG. 4. An illustration of simultaneous fits to the 1903 more gates together to obtain adequate statistics in the weak
(26" —24", band ) and 1917 keV (22—20", band 2 line sidebands.

shapes gated from above. The daskeat-dasheglline shows the The highest-lying positive-parity states for which line

simulation for the 1903 keM1917 keV} line shape only. The e o .

solid line, representing the Qﬁm of the\){ndividual IFiJne sthes, Waghapes could be extracted and lifetimes determined were the

fitted to the data. The arrows indicate the positions of the unshifte@0 532 keV (30' band _11' and _9652 keV (18' band 4

peaks. levels; thus only effective lifetimes are quoted for these
states. It was not possible to separate the 1903 and 1917 keV
line shapegbands 1 and2because of their cascade relation-
ship, so it was necessary to fit their combined line shape

above(GFA) the transition of interest to eliminate the con- Y5I"9 the modified version @its. No r.eillable lifetime could
be extracted for the 1400 keV transition.

tribution of side feeding. This was made possible by apply- he hiah Vi . . hich |
ing an approximate Doppler-shift correction before gating on The '9 est-lying negative-parity state whic Cou,d be
the 2469, 2013, 2088, 1903, or 1917 keVr=+) or analyzed in the present work was the 16616 keV (27

_ i - band 5 level. It was not possible to extract reliable lifetimes
2240 keV (= —) transitions. In all cases the line shapes "
gated from belowGFB) the transition of interest were also [©f the 1806(band § and 1201 keMband § transitions. To

4 e . eeding correct the 1564 keV lingpand 6, the 1806 keV
fitted. In the cases where the lifetime was determmeq fron%ntensity of 2.0(normalized with respect to the 752 keV

. . . : . . qine) was added to the larger 381 keV intensity of 3.3 and
s!de-feed!ng t'.me was varu_ad to fit the G.FB line shape. Thethe effective lifetime of the91509 keV line was ﬁsed for the
side-feeding times detgrmlned_ from this comparison aVeTantire direct feeding. The 1644 keV line shape was fitted
aged 30% of the effective lifetimes extracted from the I'netogether with the 1634 keVband 5 one where the latter
shapes directly above the transition of interest. This is rathege's Jifetime was fixed to the measured lifetime given in
similar to the ratio of 35% found fof®Nb in the same ex- Taple I.
periment[14]. The 30% ratio was then used to estimate the Ejght of the lifetimes in the yrast band measured in the
side feeding times for line shapes which could not be gate@resent work had been measured previoysly There is
from above. good agreement in half the cases. The differences in the life-
The line shapes of the 1305 keV transition in a negativetimes of the 10142 keV 20and 9890 keV 19 states may
parity band are shown at all four angles in Fig. 2 as arbe due to interference of the 1634, 1644, 1632, 1508, and
example of the variation with angle. Figure 3 illustrates thel509 keV lines with fits to the 1643 and 1493 keV line
variation of the line shapes from the shortest to one of theshapes. The interfering ling¢&] were not known at the time
longest lifetimes measured. of Ref.[7] and were carefully removed by selective gating in
In most cases it was possible to fit each transition indithe present analysis. The longer lifetimes of thé Bid 16"
vidually, without interference from other peaks, by a judi- states lead to weaker Doppler-shifted components and
cious choice of gates. Where this was not possible, a modigreater sensitivity to background contamination. The use of
fied version ofFITs was used to fit two overlapping line GAMMASPHERE and theMICROBALL allowed more thorough
shapes simultaneously, by comparison with the properlhgating to provide cleaner line shapes. A fit to the 694 keV
scaled sum of the two theoretical line shapes. Figure 4 showe shape from the I5state is shown in Fig. 3. The 1075
an example for the 1903 and 1917 keV lines in the yraskeV line shape is shown in Fig. 6 along with theoretical
band. This method proved very reliable, as shown in Refcurves for the present fit of 0.46 ps and the previous value of
[14]. 0.85 ps.

Counts
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FIG. 5. The level scheme &fZr as deduced from Ref2] and the present work. The arbitrary numbers above the decay sequences are
intended only to facilitate the discussion.

B. Transition strengths of K=0 was used for all band¥ values of 3 and 5 were

The electric quadrupole transition strengB&E2) were  tested in calculatin@; values in the negative-parity bands.
determined from the accepted lifetimes, transition energie3he differentK values had no significant effect for the states
[2], and branching ratio&deduced from the data of Re£]) above 7. However, theQ; values for the 7 states were
given in Tables | and Il and were used to calculate transitiorunreasonably large fdk =3 and 5, suggesting that the ef-
quadrupole moment$),| from the rotational model. A value fective K value is lower. ThereforeK =0 was used. Both
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TABLE I. Level energies, spins of initial and final statesray energies, relative intensities, effective lifetimes, mean lifetimes at each
angle and the accepted mean lifetime$idr. Lifetimes were measured by gating on the transition above the one of interest except where
noted. The effective and accepted lifetimes are the weighted average of all possible angles. Energies and spin assignments were taken from
Ref.[2]. The relative intensitiesdeduced from the data of Rd®]) are normalized relative to 100 for the 752 keV line.

Ex I Iy Ey I y Tetf é 7 (ps) Tacc
(keV) (keV) (5] 34.95° 52.81° 127.19° 145.45° ()
7=+
20532 30 28" 2469 2.32)  0.06"5%P
18063 28 26" 2013 3.62) 0.139%  0.053% 0083% 0073% 0075%  0.073%°
16050 26 24" 1903 5.23) 0.19°3%  0.04'%% 0.035% 0.033% 0059595 0.04" 337
14147 24 22* 2088  2.92) 0.26'5%3  0.06'3% 0.06'3% 0.085% 01035  0.0895%P°
12606 22 20" 1431 2713 0.41°5%c 0.09°55¢  0.17°5% 0.18 537k ¢
20" 1688  2.22)  041°5%° 02031 02058 02753 0313  0.1855P¢
12059 22 20" 1917 6.03) 04033 0117595  0.04°5% 011733  0.1479%8 0.09°3%3
11175 20 18" 2526  2.24) 0.35°99%¢ 0.06°3%  0.07°5%  0.07°3%P
10918 20 18" 2269 3.14) 0.48 599 01355 0.16°3% 0.1573%8p
10142 20 18" 1493  9.85) 0.67°5%  0.19°3% 01893% 02038 01995  0.19°9%
9890 19 17" 1643 3.04) 0.65°9%  0.37°3% 03073% 0363% 03359  0.333%°
9652 (18) 16" 1508 1.82) 05473130
8649 18 16" 1254  7.33)  1.17°333° 031793 0.30°0%¢ 0.29"593¢
17" 401 6.23)  117°913°  0280% 029795 02753 03290 0.2979%¢
8247 17 16" 852 7.044) 1.46" 537 0.29°0%  0.26°3% 0.28" 3%
8144 16 14° 1392 2.82) 0757917  030°3% 03033 035922 022701 0.28' 5%
7953 16 14* 1634 2.23) 1.057338  0.89°31 060732 086935  0.9035 0.76" 332
7395 16 14* 1075 6.33) 17392 04831 046315 048322 06253 048 3%P
7014 15 14* 694 18.37)  4.05322 07851 07655  0543% 04755 0.58" 312
6752 14 12* 1229  11.090 19933 054335 060574 041315 0.39°515 0.45°3%9
6286 13 12 891 2.82) 1.70'53 0.62°32%  0.99'33 0.79°315P
5523 12 10" 1198 6.54) 26833 063095  042°5%2 06253 04653 049315
T=—
16616 27 25 2240  3.22)  0.12°5%P
14376 25 23" 1634  5.13) 0.46'3%  0.3391% 04051 0393 042518 0.39" 3%
12742 23 21" 1509  8.14) 0.73°9% 0273 02738 016318 011798 0.24°908
12361 22 20~ 1564  4.12) 07339 0.25°9% 031799 02758  0.25°99%  0.267993¢
(217) 603 342  0.739%¢ 021759 0.25'558 0.26"393¢
11758 (21) 19° 1875 2.24) 0.86' 919 0117932 0.23515 0.167592
11233 21 19 1352  6.63) 0.67°9%% 03338 032312 0403  0305E  0.343%P
11178 (20) (187) 1644 3.34) 119753 0.29793%  0.38°93% 0.33°933
10796 20 18 1422 2.63) 0.81'5% 0207315 02431 02231 0209F  0.21%%
10208 19 18" 834 4.83) 1.46"333 0.49" 5% 0.45" 319 0.47° 339
9881 19 17 1305  6.74) 09158 025317 025315 02558 024312 0.2579%EP
9533 (18) 17" 862 5.53) 1757338 045530 057733 045793 079°%% 0.49" 323
9373 18 17 797 7.74) 1.75'54% 0.47°320  0.47°5% 0.47°51%
8576 17 15" 1231 12.67) 271053 089791 0947918 105917 099318 097300
8213 16 15 742 8.85) 3.92°9%7 0.3573%  0.28° 5% 0.32°997
7640 15 13~ 1301 232  1.77°5%P
7470 15 13 1131 3.99) 311798 07433 10794 117798 09593 0.93324P

AWeighted average of effective lifetimes measured at all possible angles.
bGated from below(GFB).
°rets and 7, are determined by the weighted average of all available values for both transitions.
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TABLE Il. Comparison of mean lifetimes measured in previous and current work.

Ex i 72 P T° 7 Tpresent Taccepted
(keV) (ps) (ps) (ps) (ps) (ps) (ps)
T=+
14147 24 0.09"332 0.08"3% 0.08°5.52
12059 27 0.08' 932 0.09" 553 0.09" 553
10142 20 0.40°332 0.19°3%5 0.19°3%
9890 19 0.10'5:%3 033953 0.33°9%3
8649 18 0.33°30% 0.29°3%5 0.29°3%5
8247 17 0.22°9.35 0.28"953 0.28 903
7395 16 <15 0.85°333 0.48"308 0.48°3.08
7014 15 <1.0 0.80°929 058012 0.58'01
6320 14 7.59) 7.509)
5395 12 3.89) 5(2) ¢ 3.89)
4418 10 13(4) 11(4) © 12(3)
4325 10 3.06) 3.2(10) 3.1(5)
3532 8" <5 4.710) 4.7(10)
3298 8" 90(9) 90(10) 67(8) 67(8)
2670 6" 11.552) 12.249) 11.936)
1667 4t 8.7(39) 7.8(34) 8.2(26)
752 2" 10.620) 11.229) 10.916)
m=—
6233 13 6.1(10) 6.1(10)
5975 12 <2 <2
5389 1T 4(1) 4(1)
5234 1T 18(8) 18(8)
4430 9 11(2) 11(4) © 11(2)
3647 s <10 <10
3424 s 12(2) 7.7(30) 10.7117)
3017 5 <20 <20
2706 5 <100 2410 © <20
%Referencd4].
bReferencd6].
‘Referencd7].
dReferencd 11].

CEffective lifetime.

quantitiesB(E2) and the transition quadrupole mome@ts  shown in Fig. 7 for the positive-parity bands. TH& values
are given in Table IIl. show reasonably good rotational behavior for rotational fre-
Magnetic dipole transition strengti&M1) were calcu- quencies above 0.5 Me¥/ especially for band 2. The
lated using a quadrupole-dipole mixing ratio &0, since  graphs also show several changes in structure in the positive-
B(M1) values are rather insensitive ®as long as it is parity bands. The first change occurs at the Sates. The
small. The magnetic dlpOle transition Strengths for th rast 8F state has been interpreted as inv0|vin99@ neu-
positive- and negative—parity bands are given in Tables Mign alignment on the basis of the small or negatiiactor
and V, respectively. [8—10]. A g factor larger than the rotational value suggests a
Although the lifetimes of the states below about land o asinroton configuration for thei8state[9] in band 4. An
15~ are t00 long to be measured with the .DSA.IQ*.’ increase in they factor is observed in the yrast band above
B(E2), andB(M1) values were calculated using lifetimes the second discontinuity at the 1%tate. Since four quasi-
measured in previous woifl,6,11 for completeness. ; uity T . quast
particles are energetically allowed at this energy, a configu-
ration involving both aligned neutron and proton pairs has
V. DISCUSSION been suggested as most lik¢Bj.
Calculations with the configuration-dependent cranked
Nilsson-Strutinsky(CNS) approach[3,18] have been per-
Graphs of spinl, kinematicJ®™), and dynamicJ® mo-  formed using the Nilsson potential with the single-particle
ments of inertia as functions of rotational frequensyare  parameters taken from Refl9]. These are the parameters

A. Positive-parity bands
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T ‘ ‘ ‘ caution at low spins, since pairing has not been taken into

1800 . i account.
L | 5281 | As mentioned above, the slope changes in the energy
| . graph were interpreted in Ré2] as evidence of band termi-
1400 - “ 1075 keV (167-14") - nation. Now theQ; values provide more information con-

1 =046ps cerning band terminations. TH,6]" configuration, likely

to correspond to band 2, becomes fully aligned and termi-
nates at 24. The much smalleQ, value for the 2088 keV
24* 22" transition may represent the reduction of collec-
i tivity approaching band termination or it may signify a weak
interband transition. In the latter case, the" 22kperimental

- state would already be a member of the more collective,
higher seniority,[4,6]" configuration. In either case the
states above the termination of th2,6]* configuration at
24% (band 12 must arise from th¢4,6]" configuration. The

0 5 10 15 20 larger Q; value of the 26 —24" transition confirms the
[4,6]" assignment with its higher collectivity. The fallir@,
values above this spin confirm the band termination at the
FIG. 6. A comparison of line shapes calculated with the presenB80" state, the highest spin state observed experimentally.

1000 —

Counts

200

Relative Channel Number

lifetime of 7=0.46 ps and a previously reported vallig of 7 The Q, value of the 1541 keV 2422, transition is
=0.85 ps with the measured data for the 1075 keV transitiand  similar to that of the yrast 26—24" transition and much
2) at 52.81°. larger than that of the 2088 keV yrast24: 22" decay. This

fact and the position of the 22state in the energy graph in

which have been used in most calculations in #e 80  the middle panel of Fig. 8 suggest that thg 2hd yrast 24
region, see, e.g., Ref$18,20. Comparing with Ref[2]  states belong to the4,6] " configuration. This supports the
where somewhat different parameters were used, it turns og€cond possibility mentioned above, that the yrast &te
that the band structure is very similar. However, the relativeS the last observed member of tf,6]" configuration and
energies of the bands might vary by a few hundred keV irfhe 2088 keV yrast 24— 22" transition is an interband de-
the two calculations. The discontinuity above the’ Ztate  C&Y- The level scheme in Fig. 5 represegts this interpretation.
was observed in Refl2] and interpreted as an unpaired It is less clear vyhethgr either the;@r 20; stqtes belong to
crossing. In the calculations, ti,6]" configuration(two ~ the [4,6]" configuration, but the high energies and Iy
Gor» Protons and sixge, neutrons can represent the yrast valugs for their decgys to the yras't+18tate show that these
band up to its termination at the 24tate. Above this, the 2'¢ interband tr+ansmons. Iheoretl@ values for the con-
more collective [4,6]" configuration (with two more figurationg[ 2,6]" and[4,6]" are graphed in the top panel of

Fig. 8. The slopes of these theoretical curves agree rather
Jorz Protons and two extrd-p holeg becomes yrast. The .well with the experimental ones as the fully aligned state is

gr"?‘phs. in the top panel of Fig. 7 ShOW d|scrgte INCreases Ileproached. Since the CNS calculations do not include pair-
spin with each structure change, consistent with the mterprqhg making them less reliable at low spins, theoretiGel

tation that an increasing numberay;, particles are involved values are graphed only for moderate to high spins.

in these configurations. _ . The Q, values in band 4 are generally stronger than those
To examine the evidence provided by the lifetimes, the, pand 2 although the moments of inertia in band 2 are
transition quadrupole momen(; inferred from the mea- |arger than those in band @niddle panel of Fig. ¥ Inter-
sured lifetimes in the positive-parity bands are graphed in thand transitions indicate a degree of mixing between bands 2
top panel of Fig. 8 as a function of spin. They average abouind 4. TheQ, values of these interband transitiofisot
1 eb, but vary considerably from state to state. For comparigraphed are generally smaller than the intraband ones.
son, the experimental level energies minus a rigid rotor ref- The evolution of shape in the CNS calculations is shown
erence[2] are graphed in the middle panel of Fig. 8. In thein Fig. 9. Both thg 2,6]* and[4,6]" configurations start out
lower panel of the same figure the assigned theoretical corfrom triaxial shapes of moderate deformation and evolve to-
figurations are graphed. Clearly, there is a qualitative simiwards much less deformed shapes. T2&] " configuration
larity between the changes in slope of the yrast band in thbecomes fully aligned at a nearly spherical shape on the non-
top and middle graphs. Two band crossings &t 42d 1& collective axis, while th¢4,6]" one terminates at a slightly
(Fig. 8 bottom are predicted which correlate with two deformed triaxial shape.
changes in slope in the experimental level enerdiég. 8 The magnetic dipole transition strengtBéM 1) between
middle). Also the calculations imply a steep increase in en-band 2 and its signature partn@ot numbereglare graphed
ergy cost per spin unit above L8n the[2,8] " configuration in the upper part of Fig. 10. The strong alternating pattern
and below 18 in the[4,6]" one. These energetically unfa- was reported previousk7]. Such patterns have been seen in
vored states were not observed experimentally. It should ba number ofA~80 nuclei and have been explained both in
noted that the CNS calculations have to be considered witthe interacting Boson-Fermion approximatiofi and in the
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TABLE lIl. Level energies, initial spin,y-ray energies, branching ratios, electric quadrupole transition
strengths, and electric quadrupole transition momenf§Zn Energies and spins were taken from Réf.
Branching ratios were deduced from the data of R2f.

Ex I E, B B(E2) |Qd
(keV) (keV) (%) (W.u) (eb)
T=+
20532 30 2469 100 >5.0 >0.55
18063 28 2013 100 15.7°53 0.99'915
16050 26 1903 100 36.3'353 1.51°9%3
14147 24 2088 432) 4978 0.56" 59
1541 572) 29.7°2%° 1.37°9%
12606 27 1431 563) 18.8"24° 1.09' 5%
1688 443) 6.4°55 0.64°929
12059 22 1917 100 15.5'3%4 0.99°3%
11175 20 2526 100 5.0133° 0.57° 313
10918 20 2269 683) 2,732 0.42°3:33
10142 20 1493 872) 22.4"%8 1.19°3%8
9890 19 1643 702) 6.4°39 0.64°302
9652 (18) 1508 100 >7.0 >0.66
8649 18 1254 541) 21.7°29 1.189%
8247 17 1233 352) 15.9'33 1.0155%
8144 16 1392 100 24.7°180 1.26"335
7953 16 1634 422) 1.7°98 0.33° 3%
1201 123) 2313 0.38° 515
1159 g4) 1.8°15 03479713
7395 16 1075 3@2) 15.7°33 1.01°5%
6752 14 1229 693) 19.8°33 1.13°3%
1357 183) 3112 0.45 338
6320 14" 925 822) 5.8°53 0.62" 554
797 182) 2,751 0.42°38;
5523 12 1105 522) 23.3" %2 1.24' 5%
1198 482) 14.4°53 0.97°9%
5395 12t 1070 661) 4553 0.54°052
978 341) 3633 0.49°3%8
4418 10 886 812) >3.8 >0.50
1120 132) >0.1 >0.10
4325 10 1027 100 10.2°18 0.83308
3532 8" 862 142) 2399 0.39°308
3298 gt 628 100 55'5¢ 0.62' 933
2670 6" 1003 100 3.0°53 0.46" 338
1667 4° 915 100 6.9°3% 0.74°315
752 2" 752 100 13.9°24 1.26" 959
p—
16616 27 2240 100 >3.7 >0.49
14376 25 1634 862) 6.8°15 0.66" 53¢
12742 23 1509 612) 11.8°33 0.86" 515
12361 22 1564 541) 8.0°13 0.71°398
11758 (21) 1875 5@2) 4,953 0.56"333
11233 21 1352 5@2) 11.8°39 0.86'058
11178 (20) 1644 100 9.1°286 0.76'015
10796 20 1422 482) 14.2°77 0.95 542
10208 19 1632 333) 2258 0.37°9.04
9881 19 1305 471) 16.1°52 1.0151°
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TABLE Ill. (Continued.

Ex I E, B B(E2) [eX
(keV) (keV) (%) (W.u) (eb)
1209 172) 9533 0.78" 313
9373 18 1160 293) 10.6"55 0.82" 542
8576 17 1231 722) 9533 0.78' 053
7640 15 1301 100 >5.1 >0.57
7470 15 1237 122) 1652 0.32°9%8
1131 3a2) 6.3"28 0.64" 333
1008 582) 21.7°8¢ 1.19°3%2
6233 13 999 972) 5532 0.60°905
5975 12 908 242) >7.0 >0.68
5389 1T 959 100 11.1°37 0.86" 23
5234 1T 804 152) 0.9°3% 0.24°332
597 20a1) 5343 0.597322
537 ) 4031 0.527332
4430 g 1006 972) 31753 0.46" 339
783 32 0393 0.15°5.06
3647 7 630 603) >21.9 >1.24
3424 7 718 100 17.7°33 1.12°59%0

3For reference, 1 W.e=22.55e? fm*.

particle-rotor coupling moddl21]. Basically, the transitions
from odd-to-even spin have strori®(M1) values because )
they involve only a spin flip by the unpaired partice Somewhat less structure change appears in the graphs of

while the weak even-to-odd spin transitions require a chang&Pin and moment of inertia for the negative-parity states
of the core rotatior{or boson number

B. Negative-parity bands

TABLE V. Level energies, initial spiny-ray energies, branching
ratios, and magnetic dipole transition strengths in the negative-
parity bands.

_ TAtB_LE IV.dLeveI er;_er%igs,l initial s_;;)_iny-r?y erlﬁrg_iest,hbranc_k;_- E, | E, B B(M1)?
INg ratios, and magnetic aipole transiton stren S In the positive 2
; fmy oo e mag P g POSEVeTkev) (keV) (%) (1R
14376 25 214 142) 1.94°553
= | E, B B(M1)2 12742 23 381 392 1.68"°3%
(keV) (keV) (%) (12) 12361 27 603 481) 0.46£§:§é
11758 (21) 580 502) 0.91'57%
10918 20 776 323 0.26" 325 11233 21 437 502) 1.017333
10142 20 251 132) 24788 10796 20 588 522) 0.70"9%7
9890 19 1242 3a2) 0.027°3:995 10208 19 834 673) 0.14°9%
8649 18 401 481) 1.40° 313 9881 19 508 352) 0.61"312
8247 17 852 492) 0.16'% 348 a4) 0.33'515
294 162) 1.28°03L 9533 (18) 862 100 0.18°9.0
7953 16 939 382) 0.034° 009 9373 18 97 7A3) 0.1750s
1024 8576 17 363 282) 0.3473%
7395 16 381 702) 1.51° 652 8213 6 - 100 o4 ‘rg;gg
7014 15 694 912) 0.27°9% 6233 13 oeg &2) 0.04 &%‘_%%7
220 92 083033 5975 12 741 7 ~0.083
: 62) >0.053
6752 14 432 133) 0.20°073 5234 1T 167 ) 0.014' 0017
6286 13 891 100 0.10°3%3 3647 7 223 403) >0.21
3532 8" 234 862) 0.82" 543 3017 5 311 100 >0.095
3 or reference, 1 W.e:1.79u7 . 3or reference, 1 W.e:1.79u5 .
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FIG. 8. Top: The electric transition quadrupole momeQig vs
e L spin| for the positive-parity bands 1, 2, 3, and 4. Filled symbols
FIG. 7. Top: Spinl vs angular frequency o for the positive indicate values calculated from lifetimes measured in this work and

parity bands. Middle: Kinematic moment of inertit®) vs 7 . .
open symbols represent values calculated from previously measured

Bottom: Dynamic moment of inertid® vs #w. Open symbols lifetimes. Arrows indicate lower-limit values. The solid line follows
and dashed lines in the figure indicate interband transitions of ) :

states. the yrast sequence. Two theoreti¢@,| lines are graphed for the
[2,6]" and[4,6]" configurations. Middle: Experimental level ener-
gies minus a rotating liquid drop referen¢¢0.0193 MeV) (I
—1)]. Bottom: Calculated energies relative to the rotating liquid
drop for configurations likely to correspond to observed bands.
shown in Fig. 11. Positivg factors for the yrast 5, 7~, and

9™ states in band 8 rule out pure neutron configurations, but

are low enough to suggest that mixed proton and neutron

aligned configurations are most likdl9]. However, nothing

is known about theg factors of the higher-lying negative- .
parity states. between the three protons in tlyg, and the three proton

In Fig. 11, a peak in band 5 is observed in t® graph ~ N0les in thepg, and fsp, Shf”S is interchanged if3,6],
(bottom corresponding possibly to a structural change af€lative to[3,6]". The[3,6], configuration reproduces the
~0.6 MeV. A change in slope can also be seen at this angPig energy difference as seen in the middle panel and the
lar frequency in the other panels of this figure. This changeignature splitting well, whereas th#,6] " configuration lies
occurs where an interbarE2 decay appears between bandslower in energy and the question arises why the latter con-
5 and 8, as can be seen in the level scheme and as an opiéguration should not be favored over the former one. In any
circle in the upper panels of Fig. 11. case, the relative displacement in theersusf w graph be-

The experimental energies in band 5 above this chang&veen the bands, seen in the positive-parity bands, does not
(middle panel of Fig. 1Ragree rather well with the CNS appear here, indicating that the numberggf, particles in
predictions for the[3,6] configuration(bottom panel of these bands is approximately constant.

Fig. 12. The[3,6] configuration terminates at the fully The transition quadrupole moments for the negative-
aligned 27 state, and the 27 state is the last one observed parity statestop panel of Fig. 12are somewhat smaller than

in experimental band 5. For band 6 two possible configurathose among the positive-parity states, averaging about
tions ((3,6], and[3,6]") are plotted, since it is not imme- 0.75eb. They are also generally more constant at higher

diately clear which one is the best candidate. The signature
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FIG. 11. Top: Spinl vs angular frequenck o for the negative-
parity bands. Middle: Kinematic moment of inertid¥ vs 7 w.
Bottom: Dynamic moment of inertid®) vs #w. Open symbols and
dashed lines in the figure indicate interband transitions or states.

spins than those in the positive-parity bands. The last four
data points in band 5 approaching the state at @&crease
relatively steadily but not as rapidly as their positive-parity
counterparts, indicating a smoother band termination. The
theoreticalQ; line graphed for thg3,6] configuration re-
produces this fall off, but is somewhat steeper. As seen in
Fig. 9, the shape calculated for tfi8,6]" configuration
starts out with moderate triaxial deformation and terminates
at a fully aligned, nearly spherical shape.

From the lifetime measurements an alternating pattern
in theB(M1) strengths was revealed between bands 5 and 6,
as shown in the lower part of Fig. 10. The alternations appear
to increase with spin and extend over a wider range than
the positive-parity sequence. The increase in the ampli-
tude of theB(M1) alternations parallels the increase in
signature splitting with spin seen in the middle panel of
Fig. 12.

VI. SUMMARY

by assuming the mean lifetime for the 14 162 keV negative-parity

level (band 6 is equal to that of the 14 376 keV negative-parity
level (band 5.

High-spin states in®Zr were produced in the fusion
evaporation reactiofi®Ni(32S,4p) at 135 MeV. Multi-y co-
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L L B incidences and evaporated charged particles were detected

T=- i with the full GAMMASPHERE array and theviCROBALL. Due
é 1 [ to the thick target backing, lifetimes of 36 high-spin states in
= o r 1 }?AT/T\ 7 867r could be measured with the Doppler-shift attenuation
e /E\\\)J//g?,?i'ﬁx T\ ) method. To extract clean line shapes, triple&soincidences
g / 50 . 9\1 and charged particle gates were used. Side-feeding times

averaged about 30% of the effective lifetime of the state
immediately above the transition of interest. Whenever pos-
sible line shapes were extracted using gates set above the
transition of interest to eliminate the contribution of side
feeding. Transition quadrupole momei@s were calculated

0.0

s Bxperiment r_,-:{;;.éi‘“ from the lifetimes and range from 0.3 to 1e% in the
% o5 L * Ong A _ positive-parity bands. The negative-parity bands sh@w
”fﬁ ®——-® Bands \'\ values from about 0.25 to 12b. The negative-parityQ;
w A A Bands °\ L values for the high-spin states show far less variation than
m——-m Bands ® the positive-parity states. Th®; values confirm the band
15 ; N o e e termination at the 30 state and agree with the terminations
'\ \\ \ at the 24 and 27 states which were previously suggested
n '\ A 7 by the level energies. In addition, tlg, values imply that
> Theory \ \Ao \A the only observed 24 level belongs to the more deformed
E_ . \\ \[3,61; 1 [4,6]" configuration and is not the terminating state of the
- ‘i\ A [2,6]" configuration.
(1,81 Ao \®/@ | Strong alternating magnetic dipole transition strengths
\\A\\A oo | B(M1) were observed between the yrast odd and even spin
e negative-parity states, as had been previously reported
‘ T - [36]x© among some positive-parity states.
0 5 10 15 20 25 30

Spin ()
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