
PHYSICAL REVIEW C 67, 034320 ~2003!
Transition strengths and band terminations in 86Zr
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High angular momentum states in86Zr were populated through the58Ni( 32S,4p) reaction at 135 MeV using
the 88-In. Cyclotron at Lawrence Berkeley National Laboratory. Recoiling86Zr nuclei were stopped in a thick
Ta backing. Prompt multi-g coincidences with evaporated charged particles were detected using the full array
of GAMMASPHERE and theMICROBALL. Mean lifetimes of 36 levels in86Zr were measured using the Doppler-
shift attenuation method. Transition quadrupole momentsQt were found in the range of about 0.3–1.5e b in
the positive-parity bands. The negative-parity bands showQt values from about 0.25 to 1.2e b. In the yrast
positive-parity band, a sharp drop in collectivity approaching the 301 state supports the interpretation of band
termination in this configuration. DecreasingQt values approaching the 241 and 272 states also provide an
indication of terminating structures.
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I. INTRODUCTION

Nuclei in the f -p-g shell exhibit a wide and rapidly
changing range of shapes, with structures ranging fr
highly collective to single particle. As a result, the nuclei
this mass region provide an excellent laboratory for study
the interaction between single-particle and collective degr
of freedom.

The Zr isotopes (Z540) form one of the best example
with shapes varying from highly deformed80Zr to spherical
90Zr at the N550 shell closure. Near the middle of th
range,86Zr is clearly transitional in structure and shape, ev
though a superdeformed band has been observed in
nucleus@1#. Sequences of states appear to form regular r
tional bands interrupted by different level spacings indicat
of structural changes. This tightly interwoven pattern
single-particle and collective features has led to challenge
understanding86Zr. Recently, the structural changes at hi
spin were observed and interpreted as band termination
flecting the underlying single-particle structure@2#. This was
based on the good agreement between the level energie
calculations performed within the configuration-depend
shell-correction approach using a cranked Nilsson poten
@3#. Clearly, transition strengths would provide more info
mation on possible band terminations.

Several investigations@4–7# had been performed on th
level structure of86Zr prior to the work reported in Ref.@2#.
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A number of g-factor measurements were made@8–10# to
study the quasiparticle structure of the bands. Previous
time measurements@4,6,7,11# have extended the range o
known lifetimes up to the 132 and 241 states. In order to
further test the band termination picture, it is necessary
know the lifetimes up to the 272 and 301 states. This was
achieved in the present work usingGAMMASPHERE @12# and
the MICROBALL @13# detector systems. Particle and multipl
g gating provided cleaner line shapes than previously p
sible. The higher statistics allowed gating from above
eliminate the uncertainties of side feeding from many of
line shapes.

II. EXPERIMENTAL PROCEDURE

High-spin states in86Zr were populated using the reactio
58Ni( 32S,4p) at 135 MeV with beams from the 88-in. Cyclo
tron at Lawrence Berkeley National Laboratory. The expe
ment was optimized for lifetime measurements using
Doppler-shift attenuation method~DSAM! with a
415 mg/cm2-thick 58Ni target evaporated on a 10.3 mg/cm2

Ta backing.g rays from the reactions were detected w
GAMMASPHERE. The evaporated charged particles were d
tected and identified with theMICROBALL. The experimental
procedure is described in more detail in Ref.@14#.

For the DSAM analysis, the data were sorted into diff
ent 300033000 channel square matrices. To obtain optim
selection of 86Zr events, all matrices were gated on th
requirement of three or four protons detected in t
MICROBALL. The matrices were also gated on the requi
ment of an additional coincidentg ray. To select the positive
ue
©2003 The American Physical Society20-1
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FIG. 1. A comparison of the best fits with~solid line! and with-
out ~dashed line! correction for direct feeding for the 401 keV lin
shape~band 2! gated from above. Unless otherwise noted, the d
persion is 1.33 keV/channel on the line shape graphs.
03432
parity bands this additionalg ray was required to be one o
the following lines: 234, 628, 886, 915, 925, 978, 1003,
1027 keV. Separate matrices were sorted to enhance
negative-parity bands by requiring either the 234, 628, 8
915, 1003, 1006, 1008, 815, 718, or 1039 keV lines as
additional coincidentg ray.

g rays from any of the detectors were sorted onto one a
of the square matrices to allow for a secondg gate in select-
ing the line shapes. Only lines from detectors at appro
mately the sameu angle were sorted onto the second ax
from which the line shapes to be fitted were obtained. P
of detector rings were combined yielding weighted avera
angles of 34.95°~seven active detectors!, 52.81° ~15 active
detectors!, 127.19° ~15 active detectors!, and 145.45°~ten
active detectors!. The reliability of this approximation was
verified in Ref.@14#.

III. LIFETIME MEASUREMENTS

Mean lifetimes for the shorter-lived, higher-lying states
all bands were analyzed by applying the Doppler-shift
-
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tenuation method to the experimental line shapes. The de
times of the recoiling nuclei were compared with the
slowing-down times in the target and backing material us
the computer simulation codeFITS @15# that integrates ove
the thickness of the target and determines the distributio
recoil velocities as the nuclei slow down and decay. T
required stopping powers were calculated usingSRIM version
2000.10@16,17#. In addition the program corrects for feedin
from both known and unknown higher-lying states as well
for finite detector solid angle and resolution and for the
ergy dependence of the reaction cross sections as the b
decelerates through the target.

The theoretical line shapes generated byFITS for a range
of possible mean lifetimes were compared to the coincide
spectra at each of the four angles, 34.95°, 52.81°, 127.1
and 145.45°. The lifetimes giving the best fit~lowest x2)
were determined separately for each angle of observa
The uncertainty of each individual lifetime was determin
by finding the lifetime value above and below the best
03432
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value at whichx2 increases by one unit. The weighted ave
age of the lifetimes from the individual angles was calcula
to determine the accepted values. The uncertainties for
accepted lifetimes were calculated from the pooled~un-
weighted! and weighted variances~whichever was larger!
and include estimates for contributions from the stopp
powers.

Each line shape was first fitted with no feeding correct
to determine the effective lifetime, which represents an up
limit for the lifetime of the state. Each transition, except f
the highest one in each cascade with adequate statistic
fitting, was fitted again, taking direct~known! feeding and
side~unknown! feeding into account. The direct feeding co
rection used the effective lifetime of the state or states
mediately above, and the lifetimes were varied until the b
fit was obtained. Figure 1 shows the effect of feeding corr
tions for the 401 keV line shape.

Whenever possible, lifetimes of the transitions were d
termined by fitting line shapes obtained by gating fro
0-3
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above~GFA! the transition of interest to eliminate the co
tribution of side feeding. This was made possible by app
ing an approximate Doppler-shift correction before gating
the 2469, 2013, 2088, 1903, or 1917 keV (p51) or
2240 keV (p52) transitions. In all cases the line shap
gated from below~GFB! the transition of interest were als
fitted. In the cases where the lifetime was determined fr
the GFA line shape, that lifetime was held constant while
side-feeding time was varied to fit the GFB line shape. T
side-feeding times determined from this comparison av
aged 30% of the effective lifetimes extracted from the li
shapes directly above the transition of interest. This is ra
similar to the ratio of 35% found for86Nb in the same ex-
periment@14#. The 30% ratio was then used to estimate
side feeding times for line shapes which could not be ga
from above.

The line shapes of the 1305 keV transition in a negati
parity band are shown at all four angles in Fig. 2 as
example of the variation with angle. Figure 3 illustrates t
variation of the line shapes from the shortest to one of
longest lifetimes measured.

In most cases it was possible to fit each transition in
vidually, without interference from other peaks, by a jud
cious choice of gates. Where this was not possible, a m
fied version ofFITS was used to fit two overlapping lin
shapes simultaneously, by comparison with the prope
scaled sum of the two theoretical line shapes. Figure 4 sh
an example for the 1903 and 1917 keV lines in the yr
band. This method proved very reliable, as shown in R
@14#.
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FIG. 4. An illustration of simultaneous fits to the 190
(261→241, band 1! and 1917 keV (221→201, band 2! line
shapes gated from above. The dashed~dot-dashed! line shows the
simulation for the 1903 keV~1917 keV! line shape only. The
solid line, representing the sum of the individual line shapes,
fitted to the data. The arrows indicate the positions of the unshi
peaks.
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IV. RESULTS

A. Lifetimes

To facilitate the discussion, the level scheme of86Zr
adapted from Ref.@2# is shown in Fig. 5. The band structur
has been rearranged slightly based on the present results
bands have been numbered for the discussion. The lifeti
measured in the present work are listed in Table I. Table
lists and compares all lifetimes published to date. The m
recent lifetime for the 3298 keV 81 state was adopted be
cause previously unknownb-decay feeding may have af
fected the earlier measurements, as discussed in Ref.@11#.
Accepted mean lifetimes were used for allB(M1) and
B(E2) calculations in this work.

In order to get very good statistical results in the positiv
and negative-parity bands it was generally sufficient to
only individual gates or very few gates to reduce contami
tion from otherg rays. However, it was necessary to a
more gates together to obtain adequate statistics in the w
sidebands.

The highest-lying positive-parity states for which lin
shapes could be extracted and lifetimes determined were
20 532 keV (301, band 1!, and 9652 keV (181, band 4!
levels; thus only effective lifetimes are quoted for the
states. It was not possible to separate the 1903 and 1917
line shapes~bands 1 and 2! because of their cascade relatio
ship, so it was necessary to fit their combined line sha
using the modified version ofFITS. No reliable lifetime could
be extracted for the 1400 keV transition.

The highest-lying negative-parity state which could
analyzed in the present work was the 16 616 keV (272,
band 5! level. It was not possible to extract reliable lifetime
for the 1806~band 6! and 1201 keV~band 8! transitions. To
feeding correct the 1564 keV line~band 6!, the 1806 keV
intensity of 2.0 ~normalized with respect to the 752 ke
line! was added to the larger 381 keV intensity of 3.3 a
the effective lifetime of the 1509 keV line was used for t
entire direct feeding. The 1644 keV line shape was fit
together with the 1634 keV~band 5! one where the latter
one’s lifetime was fixed to the measured lifetime given
Table I.

Eight of the lifetimes in the yrast band measured in t
present work had been measured previously@7#. There is
good agreement in half the cases. The differences in the
times of the 10 142 keV 201 and 9890 keV 191 states may
be due to interference of the 1634, 1644, 1632, 1508,
1509 keV lines with fits to the 1643 and 1493 keV lin
shapes. The interfering lines@2# were not known at the time
of Ref. @7# and were carefully removed by selective gating
the present analysis. The longer lifetimes of the 151 and 161

states lead to weaker Doppler-shifted components
greater sensitivity to background contamination. The use
GAMMASPHERE and theMICROBALL allowed more thorough
gating to provide cleaner line shapes. A fit to the 694 k
line shape from the 151 state is shown in Fig. 3. The 107
keV line shape is shown in Fig. 6 along with theoretic
curves for the present fit of 0.46 ps and the previous value
0.85 ps.
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FIG. 5. The level scheme of86Zr as deduced from Ref.@2# and the present work. The arbitrary numbers above the decay sequenc
intended only to facilitate the discussion.
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B. Transition strengths

The electric quadrupole transition strengthsB(E2) were
determined from the accepted lifetimes, transition energ
@2#, and branching ratios~deduced from the data of Ref.@2#!
given in Tables I and II and were used to calculate transit
quadrupole momentsuQtu from the rotational model. A value
03432
s

n

of K50 was used for all bands.K values of 3 and 5 were
tested in calculatingQt values in the negative-parity band
The differentK values had no significant effect for the stat
above 72. However, theQt values for the 72 states were
unreasonably large forK53 and 5, suggesting that the e
fective K value is lower. Therefore,K50 was used. Both
0-5
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TABLE I. Level energies, spins of initial and final states,g-ray energies, relative intensities, effective lifetimes, mean lifetimes at e
angle and the accepted mean lifetimes in86Zr. Lifetimes were measured by gating on the transition above the one of interest except
noted. The effective and accepted lifetimes are the weighted average of all possible angles. Energies and spin assignments were
Ref. @2#. The relative intensities~deduced from the data of Ref.@2#! are normalized relative to 100 for the 752 keV line.

Ex I i
p I f

p Eg I g te f f
a t ~ps! tacc

~keV! ~keV! ~ps! 34.95° 52.81° 127.19° 145.45° ~ps!

p51

20532 301 281 2469 2.3~2! 0.0620.02
10.02 b

18063 281 261 2013 3.6~2! 0.1320.02
10.02 0.0520.03

10.03 0.0820.03
10.03 0.0720.05

10.06 0.0720.03
10.04 0.0720.02

10.02 b

16050 261 241 1903 5.2~3! 0.1920.03
10.03 0.0420.03

10.05 0.0320.02
10.04 0.0320.02

10.02 0.0520.02
10.03 0.0420.01

10.02

14147 241 221 2088 2.9~2! 0.2620.03
10.04 0.0620.03

10.04 0.0620.03
10.05 0.0820.05

10.06 0.1020.03
10.04 0.0820.02

10.02 b

12606 221 201 1431 2.7~3! 0.4120.07
10.08 c 0.0920.05

10.07 0.1720.05
10.06 0.1820.07

10.07 b c

201 1688 2.2~2! 0.4120.07
10.08 c 0.2020.10

10.13 0.2020.09
10.12 0.2720.08

10.07 0.3120.09
10.11 0.1820.07

10.07 b c

12059 221 201 1917 6.0~3! 0.4020.04
10.05 0.1120.05

10.07 0.0420.03
10.06 0.1120.04

10.04 0.1420.06
10.08 0.0920.04

10.03

11175 201 181 2526 2.2~4! 0.3520.05
10.06 0.0620.05

10.07 0.0720.05
10.06 0.0720.04

10.05 b

10918 201 181 2269 3.1~4! 0.4820.08
10.09 0.1320.12

10.15 0.1620.08
10.09 0.1520.07

10.08 b

10142 201 181 1493 9.8~5! 0.6720.06
10.07 0.1920.05

10.04 0.1820.04
10.05 0.2020.04

10.05 0.1920.05
10.05 0.1920.02

10.02

9890 191 171 1643 3.0~4! 0.6520.04
10.04 0.3720.09

10.09 0.3020.05
10.06 0.3620.08

10.07 0.3320.07
10.09 0.3320.03

10.04 b

9652 (181) 161 1508 1.8~2! 0.5420.11
10.13 b

8649 181 161 1254 7.3~3! 1.1720.13
10.13 c 0.3120.08

10.10 0.3020.05
10.07 0.2920.02

10.02 c

171 401 6.2~3! 1.1720.13
10.13 c 0.2820.08

10.09 0.2920.05
10.04 0.2720.04

10.04 0.3220.05
10.06 0.2920.02

10.02 c

8247 171 161 852 7.0~4! 1.4620.24
10.24 0.2920.04

10.04 0.2620.05
10.06 0.2820.03

10.03

8144 161 141 1392 2.8~2! 0.7520.11
10.17 0.3020.16

10.23 0.3020.19
10.27 0.3520.16

10.22 0.2220.12
10.17 0.2820.08

10.11

7953 161 141 1634 2.2~3! 1.0520.16
10.24 0.8920.14

10.43 0.6020.22
10.29 0.8620.27

10.64 0.9020.30
10.80 0.7620.13

10.22

7395 161 141 1075 6.3~3! 1.7320.16
10.20 0.4820.10

10.14 0.4620.10
10.11 0.4820.17

10.22 0.6220.21
10.50 0.4820.06

10.08 b

7014 151 141 694 18.3~7! 4.0520.45
10.40 0.7820.12

10.14 0.7620.06
10.07 0.5420.04

10.06 0.4720.05
10.06 0.5820.11

10.12

6752 141 121 1229 11.0~9! 1.9920.33
10.34 0.5420.19

10.36 0.6020.13
10.21 0.4120.10

10.14 0.3920.12
10.16 0.4520.09

10.09

6286 131 121 891 2.8~2! 1.7020.30
10.31 0.6220.27

10.20 0.9920.21
10.31 0.7920.19

10.18 b

5523 121 101 1198 6.5~4! 2.6820.33
10.37 0.6320.28

10.61 0.4220.15
10.22 0.6220.20

10.32 0.4620.20
10.31 0.4920.10

10.15 b

p52

16616 272 252 2240 3.2~2! 0.1220.03
10.05 b

14376 252 232 1634 5.7~3! 0.4620.06
10.07 0.3320.14

10.16 0.4020.12
10.14 0.3920.12

10.13 0.4220.13
10.16 0.3920.06

10.07

12742 232 212 1509 8.1~4! 0.7320.07
10.07 0.2720.05

10.06 0.2720.09
10.12 0.1620.16

10.18 0.1120.09
10.12 0.2420.06

10.06

12361 222 202 1564 4.1~2! 0.7320.07
10.07 c 0.2520.07

10.08 0.3120.06
10.07 0.2720.09

10.06 0.2520.09
10.09 0.2620.03

10.03 c

(212) 603 3.4~2! 0.7320.07
10.07 c 0.2120.07

10.09 0.2520.05
10.06 0.2620.03

10.03 c

11758 (212) 192 1875 2.2~4! 0.8620.19
10.19 0.1120.09

10.12 0.2320.10
10.14 0.1620.07

10.09

11233 212 192 1352 6.6~3! 0.6720.06
10.09 0.3320.11

10.13 0.3220.10
10.12 0.4020.11

10.13 0.3020.10
10.13 0.3420.05

10.06 b

11178 (202) (182) 1644 3.3~4! 1.1920.31
10.39 0.2920.21

10.35 0.3820.28
10.36 0.3320.17

10.25

10796 202 182 1422 2.6~3! 0.8120.08
10.09 0.2020.10

10.12 0.2420.15
10.13 0.2220.17

10.15 0.2020.17
10.13 0.2120.07

10.07

10208 192 182 834 4.6~3! 1.4620.21
10.28 0.4920.09

10.13 0.4520.11
10.16 0.4720.07

10.10

9881 192 172 1305 6.7~4! 0.9120.06
10.10 0.2520.11

10.14 0.2520.10
10.11 0.2520.08

10.10 0.2420.10
10.12 0.2520.05

10.06 b

9533 (182) 172 862 5.5~3! 1.7520.27
10.58 0.4520.24

10.40 0.5720.27
10.93 0.4520.21

10.33 0.7920.37
10.95 0.4920.13

10.24

9373 182 172 797 7.7~4! 1.7520.26
10.47 0.4720.14

10.20 0.4720.19
10.28 0.4720.11

10.16

8576 172 152 1231 12.6~7! 2.7120.21
10.19 0.8920.14

10.19 0.9420.19
10.16 1.0520.11

10.19 0.9920.14
10.18 0.9720.07

10.09 b

8213 162 152 742 8.8~5! 3.9220.60
10.57 0.3520.08

10.09 0.2820.09
10.12 0.3220.06

10.07

7640 152 132 1301 2.2~2! 1.7720.17
10.28 b

7470 152 132 1131 3.9~4! 3.1120.64
10.38 0.7420.23

10.36 1.0720.29
10.49 1.1720.34

10.61 0.9520.31
10.57 0.9320.17

10.24 b

aWeighted average of effective lifetimes measured at all possible angles.
bGated from below~GFB!.
cte f f andtacc are determined by the weighted average of all available values for both transitions.
034320-6
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TABLE II. Comparison of mean lifetimes measured in previous and current work.

Ex I i
p t a t b t c t d tpresent taccepted

~keV! ~ps! ~ps! ~ps! ~ps! ~ps! ~ps!

p51

14147 241 0.0920.06
10.12 0.0820.02

10.02 0.0820.02
10.02

12059 221 0.0820.05
10.10 0.0920.04

10.03 0.0920.04
10.03

10142 201 0.4020.05
10.12 0.1920.02

10.02 0.1920.02
10.02

9890 191 0.1020.03
10.12 0.3320.03

10.04 0.3320.03
10.04

8649 181 0.3320.03
10.07 0.2920.02

10.02 0.2920.02
10.02

8247 171 0.2220.03
10.15 0.2820.03

10.03 0.2820.03
10.03

7395 161 ,1.5 0.8520.03
10.20 0.4820.06

10.08 0.4820.06
10.08

7014 151 ,1.0 0.8020.03
10.20 0.5820.11

10.12 0.5820.11
10.12

6320 141 7.5~9! 7.5~9!

5395 121 3.8~9! 5~2! e 3.8~9!

4418 101 13~4! 11~4! e 12~3!

4325 101 3.0~6! 3.2~10! 3.1~5!

3532 81 ,5 4.7~10! 4.7~10!

3298 81 90~9! 90~10! 67~8! 67~8!

2670 61 11.5~52! 12.2~49! 11.9~36!

1667 41 8.7~39! 7.8~34! 8.2~26!

752 21 10.6~20! 11.2~28! 10.8~16!

p52

6233 132 6.1~10! 6.1~10!

5975 122 ,2 ,2
5389 112 4~1! 4~1!

5234 112 18~8! 18~8!

4430 92 11~2! 11~4! e 11~2!

3647 72 ,10 ,10
3424 72 12~2! 7.7~30! 10.7~17!

3017 52 ,20 ,20
2706 52 ,100 20~10! e ,20

aReference@4#.
bReference@6#.
cReference@7#.
dReference@11#.
eEffective lifetime.
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quantitiesB(E2) and the transition quadrupole momentsQt
are given in Table III.

Magnetic dipole transition strengthsB(M1) were calcu-
lated using a quadrupole-dipole mixing ratio ofd50, since
B(M1) values are rather insensitive tod as long as it is
small. The magnetic dipole transition strengths for t
positive- and negative-parity bands are given in Tables
and V, respectively.

Although the lifetimes of the states below about 141 and
152 are too long to be measured with the DSAM,Qt ,
B(E2), andB(M1) values were calculated using lifetime
measured in previous work@4,6,11# for completeness.

V. DISCUSSION

A. Positive-parity bands

Graphs of spinI, kinematicJ(1), and dynamicJ(2) mo-
ments of inertia as functions of rotational frequencyv are
03432
e

shown in Fig. 7 for the positive-parity bands. TheJ(2) values
show reasonably good rotational behavior for rotational f
quencies above 0.5 MeV/\, especially for band 2. The
graphs also show several changes in structure in the posi
parity bands. The first change occurs at the 81 states. The
yrast 81 state has been interpreted as involving ag9/2 neu-
tron alignment on the basis of the small or negativeg factor
@8–10#. A g factor larger than the rotational value suggest
quasiproton configuration for the 82

1 state@9# in band 4. An
increase in theg factor is observed in the yrast band abo
the second discontinuity at the 121

1 state. Since four quasi
particles are energetically allowed at this energy, a confi
ration involving both aligned neutron and proton pairs h
been suggested as most likely@9#.

Calculations with the configuration-dependent crank
Nilsson-Strutinsky~CNS! approach@3,18# have been per-
formed using the Nilsson potential with the single-partic
parameters taken from Ref.@19#. These are the paramete
0-7
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which have been used in most calculations in theA'80
region, see, e.g., Refs.@18,20#. Comparing with Ref.@2#
where somewhat different parameters were used, it turns
that the band structure is very similar. However, the relat
energies of the bands might vary by a few hundred keV
the two calculations. The discontinuity above the 241 state
was observed in Ref.@2# and interpreted as an unpaire
crossing. In the calculations, the@2,6#1 configuration~two
g9/2 protons and sixg9/2 neutrons! can represent the yras
band up to its termination at the 241 state. Above this, the
more collective @4,6#1 configuration ~with two more
g9/2 protons and two extraf -p holes! becomes yrast. The
graphs in the top panel of Fig. 7 show discrete increase
spin with each structure change, consistent with the inter
tation that an increasing number ofg9/2 particles are involved
in these configurations.

To examine the evidence provided by the lifetimes,
transition quadrupole momentsQt inferred from the mea-
sured lifetimes in the positive-parity bands are graphed in
top panel of Fig. 8 as a function of spin. They average ab
1 e b, but vary considerably from state to state. For comp
son, the experimental level energies minus a rigid rotor
erence@2# are graphed in the middle panel of Fig. 8. In t
lower panel of the same figure the assigned theoretical c
figurations are graphed. Clearly, there is a qualitative si
larity between the changes in slope of the yrast band in
top and middle graphs. Two band crossings at 12\ and 18\
~Fig. 8 bottom! are predicted which correlate with tw
changes in slope in the experimental level energies~Fig. 8
middle!. Also the calculations imply a steep increase in e
ergy cost per spin unit above 18\ in the@2,8#1 configuration
and below 18\ in the @4,6#1 one. These energetically unfa
vored states were not observed experimentally. It should
noted that the CNS calculations have to be considered

200

600

1000

1400

1800
C

ou
nt

s

0 5 10 15 20

Relative Channel Number

 = 0.46 psτ

 = 0.85 psτ

52.81

1075 keV  (16      14  )++

FIG. 6. A comparison of line shapes calculated with the pres
lifetime of t50.46 ps and a previously reported value@7# of t
50.85 ps with the measured data for the 1075 keV transition~band
2! at 52.81°.
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caution at low spins, since pairing has not been taken
account.

As mentioned above, the slope changes in the ene
graph were interpreted in Ref.@2# as evidence of band termi
nation. Now theQt values provide more information con
cerning band terminations. The@2,6#1 configuration, likely
to correspond to band 2, becomes fully aligned and ter
nates at 24\. The much smallerQt value for the 2088 keV
241→221 transition may represent the reduction of colle
tivity approaching band termination or it may signify a we
interband transition. In the latter case, the 241 experimental
state would already be a member of the more collecti
higher seniority,@4,6#1 configuration. In either case th
states above the termination of the@2,6#1 configuration at
241 ~band 1! must arise from the@4,6#1 configuration. The
larger Qt value of the 261→241 transition confirms the
@4,6#1 assignment with its higher collectivity. The fallingQt
values above this spin confirm the band termination at
301 state, the highest spin state observed experimentally

The Qt value of the 1541 keV 241→222
1 transition is

similar to that of the yrast 261→241 transition and much
larger than that of the 2088 keV yrast 241→221 decay. This
fact and the position of the 222

1 state in the energy graph i
the middle panel of Fig. 8 suggest that the 222

1 and yrast 241

states belong to the@4,6#1 configuration. This supports th
second possibility mentioned above, that the yrast 221 state
is the last observed member of the@2,6#1 configuration and
the 2088 keV yrast 241→221 transition is an interband de
cay. The level scheme in Fig. 5 represents this interpretat
It is less clear whether either the 202

1 or 203
1 states belong to

the @4,6#1 configuration, but the high energies and lowQt
values for their decays to the yrast 181 state show that thes
are interband transitions. TheoreticalQt values for the con-
figurations@2,6#1 and@4,6#1 are graphed in the top panel o
Fig. 8. The slopes of these theoretical curves agree ra
well with the experimental ones as the fully aligned state
approached. Since the CNS calculations do not include p
ing, making them less reliable at low spins, theoreticalQt
values are graphed only for moderate to high spins.

TheQt values in band 4 are generally stronger than th
in band 2 although the moments of inertia in band 2
larger than those in band 4~middle panel of Fig. 7!. Inter-
band transitions indicate a degree of mixing between ban
and 4. TheQt values of these interband transitions~not
graphed! are generally smaller than the intraband ones.

The evolution of shape in the CNS calculations is sho
in Fig. 9. Both the@2,6#1 and@4,6#1 configurations start ou
from triaxial shapes of moderate deformation and evolve
wards much less deformed shapes. The@2,6#1 configuration
becomes fully aligned at a nearly spherical shape on the n
collective axis, while the@4,6#1 one terminates at a slightly
deformed triaxial shape.

The magnetic dipole transition strengthsB(M1) between
band 2 and its signature partner~not numbered! are graphed
in the upper part of Fig. 10. The strong alternating patt
was reported previously@7#. Such patterns have been seen
a number ofA'80 nuclei and have been explained both
the interacting Boson-Fermion approximation@7# and in the

nt
0-8
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TABLE III. Level energies, initial spin,g-ray energies, branching ratios, electric quadrupole transi
strengths, and electric quadrupole transition moments in86Zr. Energies and spins were taken from Ref.@2#.
Branching ratios were deduced from the data of Ref.@2#.

Ex I i
p Eg B B(E2) uQtu

~keV! ~keV! ~%! ~W.u.! (e b!

p51

20532 301 2469 100 .5.0 .0.55
18063 281 2013 100 15.723.5

16.3 0.9920.12
10.18

16050 261 1903 100 36.3212.1
136.3 1.5120.28

10.63

14147 241 2088 43~2! 4.921.2
11.8 0.5620.08

10.10

1541 57~2! 29.726.9
111.0 1.3720.17

10.23

12606 221 1431 56~3! 18.825.9
112.6 1.0920.19

10.32

1688 44~3! 6.422.2
14.5 0.6420.12

10.20

12059 221 1917 100 15.524.7
112.4 0.9920.17

10.34

11175 201 2526 100 5.022.1
112.5 0.5720.13

10.49

10918 201 2269 68~3! 2.721.1
13.2 0.4220.09

10.20

10142 201 1493 87~2! 22.422.4
12.8 1.1920.06

10.08

9890 191 1643 70~2! 6.420.8
11.0 0.6420.05

10.05

9652 (181) 1508 100 .7.0 .0.66
8649 181 1254 54~1! 21.721.8

12.0 1.1820.05
10.05

8247 171 1233 35~2! 15.922.0
12.3 1.0120.06

10.07

8144 161 1392 100 24.727.0
116.0 1.2620.19

10.36

7953 161 1634 42~2! 1.720.4
10.8 0.3320.05

10.07

1201 12~3! 2.321.1
11.5 0.3820.10

10.12

1159 8~4! 1.821.3
11.6 0.3420.14

10.15

7395 161 1075 30~2! 15.723.3
14.2 1.0120.11

10.13

6752 141 1229 69~3! 19.823.8
15.5 1.1320.11

10.15

1357 18~3! 3.121.0
11.2 0.4520.08

10.09

6320 141 925 82~2! 5.820.7
10.8 0.6220.04

10.04

797 18~2! 2.720.5
10.7 0.4220.04

10.05

5523 121 1105 52~2! 23.326.4
111.2 1.2420.17

10.27

1198 48~2! 14.423.9
16.9 0.9720.14

10.22

5395 121 1070 66~1! 4.520.9
11.4 0.5420.05

10.09

978 34~1! 3.620.8
11.2 0.4920.06

10.08

4418 101 886 87~2! .3.8 .0.50
1120 13~2! .0.1 .0.10

4325 101 1027 100 10.221.4
11.8 0.8320.06

10.08

3532 81 862 14~2! 2.320.7
10.9 0.3920.06

10.08

3298 81 628 100 5.520.6
10.7 0.6220.03

10.04

2670 61 1003 100 3.020.7
11.3 0.4620.06

10.09

1667 41 915 100 6.921.6
13.2 0.7420.10

10.16

752 21 752 100 13.921.8
12.4 1.2620.08

10.10

p52

16616 272 2240 100 .3.7 .0.49
14376 252 1634 86~2! 6.821.1

11.6 0.6620.06
10.07

12742 232 1509 61~2! 11.822.7
14.3 0.8620.10

10.15

12361 222 1564 54~1! 8.021.0
11.2 0.7120.04

10.06

11758 (212) 1875 50~2! 4.922.0
16.4 0.5620.12

10.29

11233 212 1352 50~2! 11.822.2
13.0 0.8620.08

10.11

11178 (202) 1644 100 9.123.9
128.6 0.7620.19

10.79

10796 202 1422 48~2! 14.224.2
17.7 0.9520.15

10.23

10208 192 1632 33~3! 2.220.5
10.8 0.3720.04

10.07

9881 192 1305 42~1! 16.123.5
15.5 1.0120.11

10.16
034320-9
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TABLE III. ~Continued!.

Ex I i
p Eg B B(E2) uQtu

~keV! ~keV! ~%! ~W.u.! (e b!

1209 17~2! 9.522.9
14.1 0.7820.13

10.15

9373 182 1160 29~3! 10.623.7
16.6 0.8220.15

10.24

8576 172 1231 72~2! 9.520.9
11.1 0.7820.04

10.05

7640 152 1301 100 .5.1 .0.57

7470 152 1237 12~2! 1.620.6
10.8 0.3220.07

10.08

1131 30~2! 6.321.7
12.6 0.6420.09

10.12

1008 58~2! 21.725.5
18.6 1.1920.17

10.22

6233 132 999 92~2! 5.520.8
11.2 0.6020.04

10.06

5975 122 908 24~2! .7.0 .0.68

5389 112 959 100 11.122.2
13.7 0.8620.09

10.13

5234 112 804 15~2! 0.920.4
10.8 0.2420.05

10.10

597 20~1! 5.321.9
14.5 0.5920.11

10.22

537 9~2! 4.022.1
14.1 0.5220.15

10.23

4430 92 1006 97~2! 3.120.7
11.3 0.4620.08

10.10

783 3~2! 0.320.2
10.3 0.1520.06

10.07

3647 72 630 60~3! .21.9 .1.24

3424 72 718 100 17.722.4
13.3 1.1220.08

10.10

aFor reference, 1 W.u.522.55e2 fm4.
ng
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tes

-
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particle-rotor coupling model@21#. Basically, the transitions
from odd-to-even spin have strongB(M1) values because
they involve only a spin flip by the unpaired particle~s!,
while the weak even-to-odd spin transitions require a cha
of the core rotation~or boson number!.

TABLE IV. Level energies, initial spin,g-ray energies, branch
ing ratios, and magnetic dipole transition strengths in the posit
parity bands.

Ex I i
p Eg B B(M1)a

~keV! ~keV! ~%! (mN
2 )

10918 201 776 32~3! 0.2620.12
10.26

10142 201 251 13~2! 2.4720.62
10.67

9890 191 1242 30~2! 0.02720.005
10.005

8649 181 401 46~1! 1.4020.12
10.13

8247 171 852 49~2! 0.1620.02
10.02

294 16~2! 1.2820.28
10.31

7953 161 939 38~2! 0.03420.009
10.009

7395 161 381 70~2! 1.5120.24
10.24

7014 151 694 91~2! 0.2720.05
10.07

220 9~2! 0.8320.33
10.38

6752 141 432 13~3! 0.2020.08
10.10

6286 131 891 100 0.1020.02
10.03

3532 81 234 86~2! 0.8220.15
10.23

aFor reference, 1 W.u.51.79mN
2 .
03432
e

B. Negative-parity bands

Somewhat less structure change appears in the graph
spin and moment of inertia for the negative-parity sta

-

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

Ex I i
p Eg B B(M1)a

~keV! ~keV! ~%! (mN
2 )

14376 252 214 14~2! 1.9420.79
10.85

12742 232 381 39~2! 1.6820.42
10.65

12361 222 603 46~1! 0.4620.06
10.07

11758 (212) 580 50~2! 0.9120.37
10.75

11233 212 437 50~2! 1.0120.19
10.21

10796 202 588 52~2! 0.7020.20
10.37

10208 192 834 67~3! 0.1420.03
10.03

9881 192 508 35~2! 0.6120.15
10.19

348 6~4! 0.3320.15
10.30

9533 (182) 862 100 0.1820.06
10.07

9373 182 797 71~3! 0.1720.05
10.06

8576 172 363 28~2! 0.3420.05
10.05

8213 162 742 100 0.4420.08
10.10

6233 132 258 8~2! 0.04420.031
10.097

5975 122 741 76~2! .0.053
5234 112 167 2~1! 0.01420.011

10.017

3647 72 223 40~3! .0.21
3017 52 311 100 .0.095

aFor reference, 1 W.u.51.79mN
2 .
0-10
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shown in Fig. 11. Positiveg factors for the yrast 52, 72, and
92 states in band 8 rule out pure neutron configurations,
are low enough to suggest that mixed proton and neu
aligned configurations are most likely@9#. However, nothing
is known about theg factors of the higher-lying negative
parity states.

In Fig. 11, a peak in band 5 is observed in theJ(2) graph
~bottom! corresponding possibly to a structural change
'0.6 MeV. A change in slope can also be seen at this an
lar frequency in the other panels of this figure. This chan
occurs where an interbandE2 decay appears between ban
5 and 8, as can be seen in the level scheme and as an
circle in the upper panels of Fig. 11.

The experimental energies in band 5 above this cha
~middle panel of Fig. 12! agree rather well with the CNS
predictions for the@3,6#2 configuration ~bottom panel of
Fig. 12!. The @3,6#2 configuration terminates at the full
aligned 272 state, and the 272 state is the last one observe
in experimental band 5. For band 6 two possible configu
tions (@3,6#a

1 and @3,6#1) are plotted, since it is not imme
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FIG. 7. Top: SpinI vs angular frequency\v for the positive-
parity bands. Middle: Kinematic moment of inertiaJ(1) vs \v.
Bottom: Dynamic moment of inertiaJ(2) vs \v. Open symbols
and dashed lines in the figure indicate interband transitions
states.
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diately clear which one is the best candidate. The signa
between the three protons in theg9/2 and the three proton
holes in thep3/2 and f 5/2 shells is interchanged in@3,6#a

1

relative to@3,6#1. The @3,6#a
1 configuration reproduces th

big energy difference as seen in the middle panel and
signature splitting well, whereas the@3,6#1 configuration lies
lower in energy and the question arises why the latter c
figuration should not be favored over the former one. In a
case, the relative displacement in theI versus\v graph be-
tween the bands, seen in the positive-parity bands, does
appear here, indicating that the number ofg9/2 particles in
these bands is approximately constant.

The transition quadrupole moments for the negati
parity states~top panel of Fig. 12! are somewhat smaller tha
those among the positive-parity states, averaging ab
0.75e b. They are also generally more constant at hig

or

1.
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FIG. 8. Top: The electric transition quadrupole momentsuQtu vs
spin I for the positive-parity bands 1, 2, 3, and 4. Filled symbo
indicate values calculated from lifetimes measured in this work
open symbols represent values calculated from previously meas
lifetimes. Arrows indicate lower-limit values. The solid line follow
the yrast sequence. Two theoreticaluQtu lines are graphed for the
@2,6#1 and@4,6#1 configurations. Middle: Experimental level ene
gies minus a rotating liquid drop reference@(0.0193 MeV)I (I
21)#. Bottom: Calculated energies relative to the rotating liqu
drop for configurations likely to correspond to observed bands.
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14
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FIG. 9. Shape parameterse andg ~Lund convention! calculated
in the CNS model as a function of spin for three configuratio
which appear to represent experimentally observed bands.
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FIG. 10. The magnetic dipole transition strengthsB(M1) vs
spin between band 2 and its signature partner~top! and bands 5 and
6 ~bottom!. The open symbol represents aB(M1) value estimated
by assuming the mean lifetime for the 14 162 keV negative-pa
level ~band 6! is equal to that of the 14 376 keV negative-par
level ~band 5!.
03432
spins than those in the positive-parity bands. The last f
data points in band 5 approaching the state at 272 decrease
relatively steadily but not as rapidly as their positive-par
counterparts, indicating a smoother band termination. T
theoreticalQt line graphed for the@3,6#2 configuration re-
produces this fall off, but is somewhat steeper. As seen
Fig. 9, the shape calculated for the@3,6#2 configuration
starts out with moderate triaxial deformation and termina
at a fully aligned, nearly spherical shape.

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

VI. SUMMARY

High-spin states in86Zr were produced in the fusion
evaporation reaction58Ni( 32S,4p) at 135 MeV. Multi-g co-
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FIG. 11. Top: SpinI vs angular frequency\v for the negative-
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dashed lines in the figure indicate interband transitions or state
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FIG. 12. Top: The electric transition quadrupole momentsuQtu
vs spinI for the negative-parity bands 5, 6, and 8. Filled symb
indicate values calculated from lifetimes measured in this work
open symbols represent values calculated from previously meas
lifetimes. The arrow indicates a lower-limit value. The solid lin
follows the negative-parity yrast sequence. A theoreticaluQtu line is
graphed for the@3,6#2 configuration. Middle: Experimental leve
energies minus a rotating liquid drop reference@(0.0193 MeV)I (I
21)#. Bottom: Calculated energies relative to the rotating liqu
drop for configurations likely to correspond to observed bands.
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incidences and evaporated charged particles were dete
with the full GAMMASPHERE array and theMICROBALL. Due
to the thick target backing, lifetimes of 36 high-spin states
86Zr could be measured with the Doppler-shift attenuat
method. To extract clean line shapes, triple-g coincidences
and charged particle gates were used. Side-feeding ti
averaged about 30% of the effective lifetime of the st
immediately above the transition of interest. Whenever p
sible line shapes were extracted using gates set above
transition of interest to eliminate the contribution of sid
feeding. Transition quadrupole momentsQt were calculated
from the lifetimes and range from 0.3 to 1.5e b in the
positive-parity bands. The negative-parity bands showQt

values from about 0.25 to 1.2e b. The negative-parityQt

values for the high-spin states show far less variation t
the positive-parity states. TheQt values confirm the band
termination at the 301 state and agree with the termination
at the 241 and 272 states which were previously suggest
by the level energies. In addition, theQt values imply that
the only observed 241 level belongs to the more deforme
@4,6#1 configuration and is not the terminating state of t
@2,6#1 configuration.

Strong alternating magnetic dipole transition streng
B(M1) were observed between the yrast odd and even
negative-parity states, as had been previously repo
among some positive-parity states.
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