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Transition strengths in odd-odd 86Nb
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High angular momentum states in odd-odd86Nb were populated through the58Ni( 32S,3pn) reaction at 135
MeV. Recoiling86Nb 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 the Microball. Mean lifetimes of 51
levels in 86Nb were measured using the Doppler-shift attenuation method. Strongly alternating magnetic dipole
transition strengths were observed in the yrast positive-parity bands. Most of the transition quadrupole mo-
ments inferred from the lifetimes lie in the range of 1 to 2.7e b, which would correspond to quadrupole
deformationsb2 of 0.10 to 0.27 in a rotational model. Comparison with Hartree-Fock-Bogoliubov cranking
calculations suggests triaxial to oblate shapes.

PACS number~s!: 23.20.En, 23.20.Lv, 21.10.Re, 27.50.1e
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I. INTRODUCTION

The shapes of nuclei in thef -p-g shell often vary rapidly
with Z,N, rotation, the number of quasiparticles, and t
orbitals occupied by the quasiparticles. In view of this va
ability, it is rather surprising that some aspects of the str
ture of odd-odd nuclei remain so constant across the s
@1#. Although it is not unexpected that thepg9/2^ ng9/2 band
would remain yrast across the shell, since the unique pa
g9/2 orbital carries the highest angular momentum, it is s
prising that other characteristics of this band would vary
little. In particular, the energies of levels in thepg9/2

^ ng9/2 bands exhibit a large signature splitting which a
ways reverses phase around the 91 state. A large alternation
also occurs in the strengths of theM1 transitions between
the signatures, but there is no sign of the phase reversal
in the energy splittings. These characteristics continue to
pear in new investigations@2–6#.

Although most studies ofpg9/2^ ng9/2 bands have in-
volved well-deformed nuclei near the middle of thef -p-g
shell, recent investigations of the odd-odd transitio
nucleus86Nb have revealed a similar band structure in sp
of an apparently limited deformation. Possible band str
tures in 86Nb were first identified in an experiment at Dare
bury Laboratory@7#. The level scheme was greatly expand
with data from the early implementation of Gammasphere
conjunction with the Microball@8#. The level scheme o
86Nb based on this and later work is given in Fig. 1. Band
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and 4 in this figure are the yrastpg9/2^ ng9/2 band pair
whose characteristics are discussed in Ref.@8#. The negative-
parity band structure has been rearranged somewhat, b
on the results of the present work.

Mean lifetimes of 360~100! and 1210~200! ps were mea-
sured for the 62 and 81 states at Laboratorio TANDAR
using the recoil-distance method@9#. These values imply
quite reasonable transition strengths ofB(E1)51.231025

Weisskopf units~W.u.! and B(E2)511 W.u. for the 494.2
and 274.5 keV decays.

To resolve some remaining uncertainties, the parities
the 26.4, 274.5, and 494.2 keV states were determined
rectly by measuring the linear polarizations of the connect
g transitions in an experiment using a four-crystal ‘‘Clove
detector at the FSU Superconducting Accelerator Labora
@10#. The results are included in Fig. 1. In conjunction wi
the earlier lifetime measurement@9#, they show that the
248.1 keV decay has a surprisingly weakB(M1) transition
strength of 1.431023 W.u.

The wide difference in collectivity between the 248.1 a
274.5 keV transitions in bands 3 and 4 leads to more qu
tions about the deformation and degree of collectivity
86Nb. Although the energy spacings in bands 3 and 4 foll
the characteristic patterns seen in more deformed nuclei
apparent mixing with band 2 is unanticipated. Questions a
arise about the degree and variation of collectivity in ma
of the other bands. The energy spacings in bands 2 and
not increase regularly at lower spins. Both bands 2 and 9~in
the labeling of Ref.@8#! become yrast at higher spins. Ar
they more deformed? Do the states at 5027.3 and 5533.1
represent less collective, aligned configurations? The pre
experiment was undertaken to answer some of these q
tions by measuring the lifetimes of many states in86Nb using
the Doppler-shift attenuation method~DSAM!.
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FIG. 1. The level scheme of86Nb as deduced from Refs.@8,10#. The vertical scale is reduced by a factor of 2 above an excitation en
of 8000 keV. The arbitrary numbers above the decay sequences are intended only to facilitate the discussion. Bands 6 and 9
rearranged, as discussed in the text.
er

ion
r-
as
a-
a
d
ia

th
le

to

nt
s

re-
all.

ent

g
, or

the
.6,
2.9,

xis

tely
m
w-

ith
nd
II. EXPERIMENTAL PROCEDURE

With beams from the 88-Inch Cyclotron at Lawrence B
keley National Laboratory, high spin states in86Nb were
populated using the fusion-evaporation react
58Ni( 32S,3pn) at 135 MeV and a beam intensity of 3.5 pa
ticle nA. The recoil velocity of the reaction products w
v/c'0.035. The experiment, optimized for lifetime me
surements using the Doppler-shift attenuation method, m
use of a 415mg/cm2 thick 58Ni target which was evaporate
on a 10.3 mg/cm2 Ta backing used as the stopping mater
for the recoiling nuclei.

Gamma rays from the reaction were detected with
Gammasphere@11# array. The evaporated charged partic
were detected and identified with the Microball@12#. This
array consists of 95 CsI~Tl! scintillators covering 97% of the
full sphere around the target. The Microball has a pro
detection efficiency of 84%.

The collected data were sorted into differe
300033000 channel square matrices. To obtain optimum
02431
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lection of 86Nb events, all matrices were gated on the
quirement of two or three protons detected in the Microb
Then, to remove contamination from the very strong86Zr
channel, 2.1 times the corresponding 4p gated matrices were
subtracted. The matrices were also gated on the requirem
of a third coincidentg ray. To select the positive-parity
bands this thirdg ray was required to be one of the followin
lines: 248.1, 274.5, 450.3, 466.9, 472.4, 859.8, 1077.6
1083.1 keV. Separate matrices were sorted to enhance
negative-parity bands by requiring either the 315.7, 324
393.3, 396.1, 427.1, 428.2, 494.2, 742.2, 744.1, 789.6, 82
847.3, or 993.1 keV lines as the third coincidentg ray.

g rays from any of the detectors were sorted onto one a
of the square arrays to allow for a secondg gate in selecting
the line shapes. Only lines from detectors at approxima
the sameu angle were sorted onto the second axis, fro
which the line shapes to be fitted were obtained. The follo
ing pairs of detector rings were combined: 31.72° w
37.38°, 50.07° with 58.28°, 121.72° with 129.93°, a
6-2
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TRANSITION STRENGTHS IN ODD-ODD86Nb PHYSICAL REVIEW C 62 024316
142.62° with 148.28°. These combinations yield weigh
average angles of 34.55°~eight active detectors!, 52.81°~15
active detectors!, 127.19°~15 active detectors!, and 145.45°
~ten active detectors!, respectively.

With these sorted data it was possible to create spectr
adding up many gates set on low-lying86Nb transitions.
These projected spectra provided line shapes for the dete
nation of lifetimes. Examples of the spectra at forward a
backward angles for the same region are shown in Fig.

III. LIFETIME MEASUREMENTS

Mean lifetimes for the shorter-lived higher-lying states
all bands~1 to 9! were analyzed by applying the Doppler-sh
attenuation method to the experimental line shapes.
DSAM compares the decay time of the recoiling nuclei w
their slowing-down time in the target and backing mater
This comparison was carried out using the computer sim
tion codeFITS @13# which integrates over the thickness of th
target and determines the distribution of recoil velocities
the nuclei slow down and decay. In addition the progr
corrects for feeding from both known and unknown high
lying states as well as for finite detector solid angle a
resolution and for the energy dependence of the reac
cross sections as the beam decelerates through the targ

The theoretical line shapes generated byFITS for a range
of possible mean lifetimes were compared to the coincide

FIG. 2. A comparison of forward (52.81°) and backwa
(127.19°) angle spectra generated by addingp51 low-spin gates.
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spectra at each of the four angles, 34.55°, 52.81°, 127.1
and 145.45°. The lifetimes giving the best fit~lowest x2)
were first determined separately for each angle of obse
tion. The uncertainty of individual lifetimes was determine
by finding the lifetime value above and below the best
value at whichx2 increases by one unit. The individual life
times were averaged to determine the accepted values.
uncertainties listed for the accepted lifetimes are based
both the standard deviation of the averaged lifetimes and
uncertainties in the individual lifetime fits.

As mentioned earlier, the data from pairs of nearby det
tor rings were combined to improve the statistics. These d
were fitted using the average angle, weighted by the num
of active detectors in each ring. This approximation w
tested in several cases by adding~with proper scaling! theo-
retical line shapes calculated separately at each ring a
and comparing this to the theoretical line shapes calcula
for the average angle. Figure 3 shows an example of su
comparison for the detector rings at 121.72° and 129.
where the differences in cosu are greatest. The small differ
ences between the two approaches are well within the st
tical uncertainties in the data.

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 4 shows the impact of taking kno
and unknown feeding into account for the 1089.9 and 130
keV line shapes. Due to the inability to correct for the fee
ing of the state above, only upper-limit effective lifetime
were determined for the highest fitted state in each band

FIG. 3. Comparison between the sum of the theoretical li
shapes calculated at 121.72° and 129.93° and the theoretica
shape calculated at 127.19°. Unless otherwise noted, the dispe
is 1.33 keV/channel on the line shape graphs.
6-3



ds
pe

fe
h

til
FB
e
he
e

w

re
ve
ca
t

th
th

an
M

bl

ed
red.
the
di-

ain
t as

are
of

of
es

di-
i-

odi-

rly
ows
s 3
can
epa-
ts
4–

n
of

e
9°

M. WIEDEKING et al. PHYSICAL REVIEW C 62 024316
For a number of transitions in the positive-parity ban
side-feeding times were determined by fitting line sha
obtained by gating from above~GFA! the transition of inter-
est to eliminate the contribution of side feeding. These li
times, determined separately at each angle, were then
fixed in fitting the same line shapes gated from below~GFB!.
Only the side-feeding lifetimes were allowed to vary un
the best fits were obtained. An example of GFA and G
line shapes is given in Fig. 5 in the case of the 1218.4 k
transition. Extracting reliable side-feeding times from t
negative-parity bands was not successful since the fits w
not sensitive enough to feeding corrections from unkno
states due to smaller side-feeding intensities.

The side-feeding times determined were then compa
with the effective lifetimes of the states immediately abo
Although there is some variation, due mainly to statisti
variations, the side-feeding times averaged about 35% of
effective lifetime above. This average was adopted for all
final fits. The side-feeding intensity was determined from
balance of feeding and decay intensities taken from Ref.@8#.

IV. RESULTS

Line shapes were extracted from as many transitions
angles as possible to measure the lifetimes with the DSA
All lifetimes measured in the present work are listed in Ta

FIG. 4. A comparison of the best fits with~solid line! and with-
out ~dashed line! correction for direct and side feeding. Both lin
shapes are from negative-parity bands.
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I. The effective lifetimes are the average of values obtain
at the various angles at which lifetimes could be measu
Corrected lifetimes are listed for each angle along with
accepted lifetime which is taken as the average of the in
vidual lifetimes. In a few cases, it was not possible to obt
reliable line shapes at a particular angle. These are lef
blanks in Table I.

The line shapes of the 1514.4 keV transition in band 6
shown at all four average angles in Fig. 6 as an example
the variation with angle. Figure 7 illustrates the variation
the line shapes from a shortest to one of the longest lifetim
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 line
shapes simultaneously, by comparison with the prope
scaled sum of the two theoretical line shapes. Figure 8 sh
an example for the 1083.1 and 1077.6 keV lines in band
and 4, respectively. This method proved very reliable as
be seen from states where lifetimes were measured s
rately from both individual lines and from simultaneous fi
of overlapping pairs of lines, e.g., the transition pairs 519.
1303.4 and 1371.4–1286.8 keV in Table I.

A. Positive-parity states

In order to get the best statistical results, all low-spi
(,15\) gates in coincidence and below the transition

FIG. 5. The comparison of the 1218.4 keV transition at 127.1
gated from above~GFA! and below~GFB!.
6-4
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TABLE I. Energies, effective lifetimes, mean lifetimes at each angle, and the accepted lifetimes in86Nb. The effective and accepte
lifetimes are the average of all possible angles. Energies and spin assignments were taken from Ref.@8#.

Ex I i
p I f

p Eg teff
a t ~ps! tacc

~keV! ~keV! ~ps! 34.55° 52.81° 127.19° 145.45° ~ps!

Band 1
10429 (231) (211) 1827 0.1120.06

10.07

8602 (211) (191) 1645 0.5320.19
10.22 0.2620.18

10.22 0.5220.23
10.25 0.5320.16

10.22 0.4420.16
10.22

6957 (191) (171) 1424 1.0120.43
10.48 0.4420.08

10.09 0.6420.14
10.13 1.0520.30

10.50 0.7620.38
10.80 0.7220.26

10.35

Band 2
13568 (271) (251) 2285 0.0920.04

10.06

13509 (271) (251) 2226 0.0920.03
10.04

11283 (251) 231 1901 0.1920.05
10.06 0.0520.02

10.04 0.1020.05
10.07 0.0920.05

10.05 0.1620.05
10.08 0.1020.04

10.06

9382 231 211 1476 0.4620.08
10.10 0.3820.12

10.13 0.4020.11
10.12 0.2220.19

10.17 0.2920.09
10.08 0.3220.08

10.08

7907 211 191 1261 1.0420.24
10.26 0.6420.11

10.13 0.6020.11
10.14 0.6420.10

10.13 0.7220.14
10.18 0.6520.20

10.22

6645 191 171 1337 1.6020.27
10.30 0.7620.17

10.28 0.7420.09
10.10 0.8220.07

10.08 0.8720.25
10.46 0.8020.21

10.23

5308 171 151 1320 1.6620.20
10.23 0.6620.09

10.09 0.6420.07
10.09 0.5820.06

10.07 0.4020.06
10.05 0.5720.13

10.14

3988 151 141 519 1.7620.21
10.24c 0.3120.17

10.26 0.2820.10
10.14 0.3220.20

10.22 0.3120.09
10.11c

131 1303 1.7620.21
10.24c 0.3820.06

10.05 0.3220.09
10.05 0.2620.07

10.10 0.3120.09
10.11c

Band 3
12014 (251) (231) 1961 0.0620.03

10.04

10053 (231) (211) 1782 0.2620.10
10.12 0.0420.04

10.09 0.2220.09
10.10 0.2220.07

10.13 0.1620.09
10.10

8271 (211) 191 1548 0.4020.08
10.09 0.1820.07

10.13 0.1220.09
10.10 0.1520.07

10.11 0.2620.14
10.16 0.1820.07

10.10

6723 191 171 1448 0.6720.13
10.15 0.4220.10

10.10 0.1220.07
10.15 0.1620.06

10.08 0.3620.23
10.29 0.2720.13

10.16

5274 171 151 1287 1.1520.13
10.16c 0.4220.25

10.34 0.5220.22
10.34 0.3020.13

10.18 0.6120.22
10.38 0.4420.09

10.11c

151 1371 1.1520.13
10.16c 0.4620.08

10.11 0.5020.07
10.09 0.3020.04

10.06 0.3820.08
10.07 0.4420.09

10.11c

3903 151 131 1218 1.6720.13
10.15 0.4720.08

10.09 0.4620.05
10.06 0.5620.06

10.07 0.4820.06
10.08 0.4920.06

10.08

2684 131 111 1083 2.6020.49
10.56 0.4120.11

10.14 0.4920.09
10.11 0.6420.22

10.40 0.5120.11
10.14

1601 111 91 877 3.3920.58
10.67 0.4720.16

10.23 0.5320.14
10.18 0.5320.13

10.18 0.4220.15
10.20 0.4920.12

10.15

Band 4
6362 (181) 161 1521 0.4320.15

10.17

4841 161 141 1373 1.7320.34
10.38 0.9420.23

10.30 0.5620.19
10.24 0.7520.24

10.27

3468 141 121 1256 1.8220.30
10.35 0.4620.10

10.13 0.3320.07
10.10 0.6220.11

10.14 0.5720.13
10.19 0.5020.11

10.14

2212 121 101 1078 2.6820.52
10.56 0.7220.09

10.12 0.6220.10
10.15 0.6720.09

10.11

275 81 61 275 1210~200!b

Band 5
12885 (262) 242 2019 0.0320.02

10.03

10866 242 222 1802 0.0820.03
10.04 0.0520.04

10.08 0.0620.03
10.03 0.0620.03

10.04 0.0820.04
10.04 0.0620.02

10.03

9064 222 202 1604 0.1520.05
10.06 0.0520.04

10.04 0.0620.02
10.02 0.1020.02

10.03 0.1020.03
10.02 0.0820.02

10.02

7460 202 182 1425 0.3420.07
10.09 0.1520.05

10.07 0.1320.05
10.06 0.2620.07

10.07 0.2120.05
10.07 0.1920.05

10.07
024316-5
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TABLE I. ~Continued!.

Ex I i
p I f

p Eg teff
a t ~ps! tacc

~keV! ~keV! ~ps! 34.55° 52.81° 127.19° 145.45° ~ps!

6035 182 162 1258 0.5120.05
10.06 0.1820.04

10.06 0.1820.04
10.04 0.1920.04

10.05 0.2120.04
10.04 0.1920.03

10.04

4777 162 152 459 1.2020.11
10.13 c 0.4120.05

10.06 0.4820.10
10.09 0.4920.06

10.08 c

142 1090 1.2020.11
10.13 c 0.5820.05

10.08 0.4920.04
10.03 0.4920.06

10.08 c

3687 142 122 908 3.0620.53
10.66 1.1020.13

10.17 0.9020.07
10.07 1.2220.12

10.16 1.1320.11
10.13 1.0920.13

10.16

494 62 61 494 360~100!b

Band 6
13416 (272) 252 1960 0.0620.02

10.02

11457 252 232 1728 0.1820.03
10.04 0.1220.05

10.07 0.0920.04
10.06 0.1620.06

10.08 0.1020.02
10.03 0.1220.03

10.04

9729 232 212 1514 0.2520.04
10.05 0.0720.03

10.04 0.0720.03
10.03 0.0820.03

10.03 0.0820.03
10.04 0.0820.02

10.03

8214 212 192 1406 0.3820.04
10.05 0.1620.05

10.06 0.2220.04
10.05 0.1820.03

10.04 0.1620.04
10.04 0.1820.03

10.04

6808 192 172 1303 0.5720.05
10.07 0.2720.04

10.05 0.3020.04
10.04 0.2120.05

10.05 0.2220.04
10.03 0.2520.04

10.05

5504 172 152 1134 1.0620.16
10.19 c 0.5320.09

10.10 0.3520.06
10.07 0.4520.10

10.11 0.3920.04
10.05 0.4620.09

10.11 c

152 1187 1.0620.16
10.19 c 0.4520.08

10.10 0.5220.07
10.08 0.6820.15

10.20 0.3420.06
10.06 0.4620.09

10.11 c

4318 152 132 1016 2.3120.26
10.29 0.9820.18

10.25 0.5820.07
10.08 0.5820.06

10.09 0.6420.08
10.11 0.6920.13

10.16

3302 132 122 523 3.7920.41
10.48 0.6120.13

10.18 0.7820.09
10.10 0.5620.06

10.07 0.6620.09
10.10 0.6520.09

10.10

Band 7
8428 (212) (192) 1456 0.2320.07

10.09

6972 (192) 172 1367 0.4420.10
10.13 0.4320.12

10.13 0.3520.08
10.09 0.2920.12

10.12 0.3620.08
10.08 0.3620.07

10.08

5605 172 152 1288 0.6920.23
10.31 0.1720.17

10.21 0.2420.16
10.19 0.2120.16

10.18

Band 8
5153 162 152 835 1.4720.50

10.69 0.1520.13
10.20 0.0720.06

10.18 0.3620.30
10.39 0.6020.45

10.55 0.3020.21
10.27

4070 142 132 768 2.7921.05
11.30 0.5620.33

10.58 0.5320.22
10.40 1.1620.41

10.72 0.3520.30
10.44 0.6520.31

10.38

Band 9
9649 (232) 212 1830 0.3320.09

10.11

7819 212 192 1340 1.3020.25
10.31 1.1420.17

10.25 1.3320.18
10.21 1.0620.09

10.11 1.0420.09
10.12 1.1420.23

10.27

6479 192 172 1037 3.7120.41
10.47 1.5620.18

10.33 1.4220.15
10.18 2.2620.31

10.40 1.9820.29
10.42 1.8120.30

10.39

5442 172 152 1071 1.9520.48
10.57 c 0.1520.15

10.24 0.2920.15
10.19 0.1320.13

10.23 0.2120.09
10.12 c

152 1125 1.9520.48
10.57 c 0.2720.07

10.09 0.1920.16
10.45 0.2120.09

10.12 c

4371 152 132 993 2.8620.29
10.37 0.9020.25

10.25 0.7820.10
10.14 0.9620.14

10.18 0.9420.14
10.20 0.9020.11

10.13

3377 132 112 779 3.8621.30
11.45 c 0.4420.28

10.39 0.4620.19
10.23 1.6820.60

11.35 1.4220.62
11.88 0.9420.42

10.48 c

112 923 3.8621.30
11.45 c 0.9620.30

10.56 0.9820.24
10.38 0.6220.15

10.21 0.9420.39
10.48 c

aAverage of effective lifetimes measured at all possible angles.
bMean lifetime taken from Ref.@9#.
cteff andtacc are determined by averaging all available values for both transitions.
024316-6
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interest were generally added together. In some cases h
ever, this procedure was not possible due to interferenc
contamination and fewer, more selective, gates were cho

The highest-lying states in bands 1, 2, 3, and 4 for wh
line shapes could be extracted and lifetimes determined w
the 1827 keV (231), 2226 and 2285 keV (271), 1961 keV
(251), and 1520.8 keV (181) transitions~levels!, respec-
tively; thus only effective lifetimes are quoted for the
states. The line shapes which were not separable from o
ones and had to be fitted in pairs using the modified vers
of FITS were 1337.1~backward angles only!, 1320.3, 1303.4
~backward angles only!, 1548.0 ~forward angles only!,
1448.1~forward angles only!, 1371.4~all angles!, 1520.8~all
angles!, 1373.0 ~forward angles only!, and 1077.6 keV
~backward angles only!.

In most rotational bands, the lifetimes of states decre
steadily with increasing spins and transition energies. T
reduces the effects of feeding corrections and improves
accuracy of the DSAM technique. However, this is not t
case in the lower part of band 2, where already the ne
equalg-ray energies indicate a deviation from normal beh
ior. An examination of Fig. 2 shows rather similar lin
shapes for all those decays. More quantitatively, the effec
lifetimes of the 151,171, and 191 states, shown in Table I
are nearly equal, and the corrected lifetimes of the 151 and
171 levels are actually shorter than that of the 191 one. This
‘‘shadowing’’ by the longer lived 191 states increases th

FIG. 6. The 1514.4 keV transition in band 6 fitted individual
at all four angles. Fits representing the uncertainty limits are sho
with dashed and dashed-dotted lines. The expected position o
unshifted 1514.4 keV line is indicated with an arrow.
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uncertainties in the lifetimes of the 151 and 171 states in
band 2. However, there is no doubt that their lifetimes
shorter than that of the 191 state, and the lifetime measure
ments made using the 519.4 keV transition confirm this.

The effective lifetimes of the 5533.1 and 5027.3 keV le
els were determined from the 225, 258.8, and 1124.8 k
transitions at all average angles. It was not possible to cor
for feeding in these states, and the effective lifetimes
given, indicating upper-lifetime limits. Effective lifetimes o
0.9720.21

10.24 and 1.0920.33
10.38 ps were determined for the 171 and

161 states, respectively. As can be seen, the states hav
fective lifetimes which are comparable to those of the 11

states in bands 2 and 3.

B. Negative-parity states

Generally, all low-spin (,16\) gates in coincidence an
below the transition of interest were added together.
cases where interference did not allow this procedure, as
the pairs 1406.4–1425.2, 1089.9–1071.2, and 1124
1133.9 keV, fewer gates were added. To increase statis
above the 222 and 232 states in bands 5 and 6, gates
coincidence were added starting from lines below the 222 or
232 levels, respectively.

n
an

FIG. 7. Typical fits at 52.81° taken from bands 6 and 9. To
1959.6 keV, one of the shortest-lived states measured in this w
~band 6!. Middle: the 1303.4 keV from a medium-lived state~band
6!. Bottom: the 993.1 keV transition from a long-lived state~band
9!. The dipersion for the 1959.6 keV graph is 2.67 keV/channe
6-7
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For bands 5, 6, 7, and 9 the highest-lying states wh
could be analyzed in the present work were the 2019 k
(262), 1959.6 keV (272), 1456 keV (212), and 1830 keV
(232) transitions~levels!, respectively. Only effective life-
times are quoted for these levels, indicating the upp
lifetime limits. The 1287.6 keV line shape was fitted togeth
with the 1258.2 keV line shape. Because of unavoidable
terference the line shapes of the 847.3~band 6! and 1083.1
keV ~band 8! transitions could not be analyzed; instead t
lifetimes of their parent states were extracted by using
line shapes of the 522.8 and 835.2 keV transitions.

The higher-lying states in band 9 are long lived compa
to those in bands 5 and 6. The 192 state is a very long-lived
state as calculated from the 1037.4 keV line shape, ‘‘sh
owing’’ the lower-lying states. This leads to greater unc
tainties for the shorter lifetimes measured for the 1124.5
1071.2 keV transitions.

C. Transition strengths

The electric quadrupole transition strengthsB(E2) were
determined from the accepted lifetimes, transition energ
and branching ratios given in Tables I and II and were u
to calculate transition quadrupole momentsuQtu from the ro-
tational model according to

Qt
25

16p

5
^IK20uI 22K&22B~E2,I→I 22!. ~1!

A value ofK56 was used for all bands~1 to 9!. Both quan-
tities B(E2) and the transition quadrupole momentsQt are
given in Table II.

Most magnetic dipole transition strengthsB(M1) were
calculated using a quadrupole-dipole mixing ratio ofd50
sinceB(M1) values are rather insensitive tod as long as it is
small. However, a mixing ratio for the 248.1 keV line wa
available from Ref.@10# and was used to calculateB(M1) as
well asB(E2) for this transition. The magnetic dipole tran
sition strengths for the positive and negative-parity bands
given in Tables III and IV, respectively.

V. DISCUSSION

A. Positive-parity bands

The transition quadrupole momentsQt determined in the
present work are shown graphically in Fig. 9. TheQt values
and hence the quadrupole collectivity in thepg9/2^ ng9/2
bands~3 and 4!, fall with increasing spin from more tha
2.5 e b down to about 1e b at spin 16\ and then level off.
In a rotational model interpretation, this would correspond
a decrease of quadrupole deformationb2 from about 0.27 to
0.11 with increasing spin. Although the lifetimes of the low
est states are too long to be measured with the DSAM
earlier recoil-distance measurement of the mean lifetime
02431
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the 81 state@9# confirms the higherQt values for the lower
states.

Comparison with a cranked shell model analysis of
level energies and spins shows only a limited corresp
dence. The kinematic moments of inertia~shown in Fig. 4 of
Ref. @8#! are quite flat in the region whereQt decreases
steadily. Then theQt value levels out at approximately th
point of a small rise inJ(1). Although the two graphs agre
roughly on the point at which a change occurs, the relatio
almost opposite to the conventional wisdom that higher m
ments of inertia correspond to greater deformations.

Band 2 appears to follow the same trend as bands 3 an
although it does not extend as far down in spin. There
certainly no evidence that band 2 is more deformed, as m
be expected since it becomes yrast between the 171 and 191

states and exhibits generally higher moments of inertia. T
transition quadrupole moment from the 191 state is divided
between the 1337.1 keV intraband and the 1113 and 13
keV interband decays, suggesting significant band mixi
However, there appears to be no reduction in theQt values
for the 1303.4 and 1320.3 keV transitions even though th
energies do not increase in the regular way expected for r
rotors and the 1303.4 keV decay may be more of an in
band rather than intraband transition.

The fewQt values which could be determined in band
~not graphed! are smaller than those in the other bands. T
is consistent with a smaller deformation for a nonyrast str

FIG. 8. An illustration of simultaneous fits to the 1077.6 a
1083.1 keV line shapes.
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TABLE II. Energies, branching ratios, electric transition quadrupole strengths, and electric transition quadrupole moments86Nb.
Energies, spins, and branching ratios were taken from Ref.@8#.

Ex I i
p Eg B B~E2! a Qt Ex I i

p Eg B B~E2! a Qt

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

Band 1

10429 (231) 1827 100.0 .16.1 .1.09

8602 (211) 1645 100.0 6.822.3
13.9 0.7220.13

10.18

6957 (191) 1649 60.0 2.420.8
11.4 0.4420.08

10.11

1424 40.0 3.421.1
11.9 0.5220.09

10.13

Band 2

13568 (271) 2285 100.0 .6.4 .0.67

13509 (271) 2226 100.0 .7.4 .0.72

11283 (251) 1901 100.0 14.625.5
19.7 1.0220.21

10.30

9382 231 1476 100.0 16.123.2
15.4 1.0920.11

10.17

7907 211 1261 81.5 14.223.6
16.3 1.0420.14

10.21

6645 191 1337 64.9 6.921.5
12.4 0.7420.09

10.12

1113 9.8 2.620.6
10.9 0.4520.05

10.07

1371 25.3 2.420.5
10.8 0.4320.05

10.07

5308 171 1320 73.5 11.622.3
13.4 1.0020.10

10.14

3988 151 1303 74.8 23.226.1
19.5 1.4820.21

10.27

Band 3

12014 (251) 1961 100.0 .20.8 .1.22

10053 (231) 1782 100.0 12.624.8
116.1 0.9620.21

10.49

8271 (211) 1548 100.0 22.628.1
114.4 1.3120.26

10.37

6723 191 1448 64.5 13.625.1
112.6 1.0420.22

10.40

1414 27.8 6.622.4
16.1 0.7320.15

10.28

5274 171 1371 60.8 10.322.0
12.6 0.9420.10

10.11

1287 29.1 6.821.3
11.7 0.7620.08

10.09

3903 151 1218 82.7 22.723.2
13.1 1.4720.11

10.10

2684 131 1083 66.3 31.626.8
18.6 1.8720.21

10.24

1601 111 877 36.0 51.4212.0
116.7 2.7620.34

10.42

Band 4

6362 (181) 1521 100.0 .10.3 .0.92

4841 161 1373 100.0 9.922.6
14.7 0.9420.13

10.20

3468 141 1256 85.8 19.824.3
15.6 1.4220.16

10.19

2212 121 1078 88.1 32.824.6
15.1 2.0220.15

10.15

275 81 275 56.1 10.722.0
13.3 2.5320.25

10.36

Band 5

12885 (262) 2019 100.0 .33.7 .1.54

10866 242 1802 100.0 31.8210.6
115.9 1.5120.28

10.34

9064 222 1604 100.0 42.628.5
114.2 1.7820.19

10.28

7460 202 1425 100.0 32.428.7
111.6 1.5920.23

10.26

6035 182 1258 100.0 60.4210.5
111.3 2.2320.20

10.20

4777 162 1090 84.9 40.825.7
15.7 1.9120.14

10.13

3687 142 908 73.6 39.725.1
15.4 2.0020.13

10.13

Band 6

13416 (272) 1960 100.0 .22.7 .1.26

11457 252 1728 100.0 19.624.9
16.5 1.1820.16

10.18

9729 232 1514 100.0 56.8215.5
118.9 2.0420.30

10.32

8214 212 1406 100.0 36.526.6
17.3 1.6720.16

10.16

6808 192 1303 100.0 38.526.4
17.3 1.7520.15

10.16

5504 172 1134 50.4 21.224.1
15.1 1.3420.14

10.15

1187 42.9 14.322.7
13.5 1.1120.11

10.13

4318 152 1016 64.9 31.525.9
17.3 v1.7220.17

10.19

3302 132 847 25.6 32.624.3
15.2 1.9020.13

10.15

Band 7

8428 (212) 1456 100.0 .24.0 .1.35

6972 (192) 1367 100.0 21.123.8
15.1 1.3020.12

10.15

5605 172 1288 100.0 48.7222.5
1155.9 2.0420.54

12.14

Band 8

5153 162 1083 42.7 34.5216.4
180.7 1.7620.48

11.45

Band 9

9649 (232) 1830 100.0 .5.3 .0.63

7819 212 1340 100.0 7.321.4
11.8 0.7520.09

10.11

6479 192 1037 100.0 16.622.9
13.3 1.1520.11

10.11

5442 172 1071 43.0 52.6219.1
139.4 2.1220.43

10.68

1125 31.2 29.9210.9
122.4 1.6020.32

10.52

4371 152 993 81.8 34.124.3
14.7 1.7920.12

10.12

3377 132 779 34.8 46.8215.8
133.2 2.2820.42

10.70

923 39.3 22.627.6
116.0 1.5820.30

10.49

a1 W.u. 522.55 e2 fm4.
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ture. Again, the decay strength out of the 191 state in this
band is divided into twoDI 52 branches.

The B(M1) strengths between signature partner band
and 4, graphed in Fig. 10, confirm the oscillations sugges
by theB(M1)/B(E2) ratios in Fig. 7 of Ref.@8#. Together,
the two graphs show an unbroken alternating pattern fr
the 81 to the 191 state with no sign of the phase revers
seen in the energy differences around spin 10\. This differ-
ence between the signature splitting patterns of the ener
and M1 strengths has been seen consistently in
pg9/2^ ng9/2 bands @1#, but still awaits theoretical under
standing.

It is interesting that some of the strongestM1 transitions
observed (1mN

2 ) connect bands 2 and 3 with the ‘‘extra
states at 7666 and 5533.1 keV. On the other hand, noE2
transitions were observed connecting these or the 50
keV state with any of the bands. Limits for the unobserv
branches suggestB(E2) strengths less than 0.5 W.u. for po
sible decays such as (171)→151 or (161)→141. Strong
M1 and weakE2 transitions support the picture of singl
particle or aligned character for these ‘‘extra’’ states.

B. Negative-parity bands

The grouping of decay sequences into bands is not alw
clear if significant mixing occurs. The behavior of theQt
values determined in the present work suggested a diffe

TABLE III. Energies, branching ratios, and magnetic dipo
transition strengths in the positive-parity bands.

Ex I i
p Eg B B(M1)a

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

7907 211 241 18.5 1.16220.294
10.516

6723 191 361 7.7 0.34720.249
10.322

5533 (171) 505 51.1 .0.233

259 27.7 .0.940

225 21.3 .1.099

5308 171 467 26.5 0.26020.051
10.077

5274 171 434 10.1 0.16020.032
10.041

5027 (161) 1125 100.0 .0.037

3988 151 519 25.2 0.33120.087
10.135

3903 151 434 17.3 0.24620.035
10.034

3468 141 785 14.2 0.03420.007
10.009

2684 131 472 33.7 0.35820.077
10.098

2212 121 610 11.9 0.04520.006
10.007

1601 111 467 64.0 0.73220.172
10.237

275 81 248 43.9 0.13520.026
10.041b

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

bB(M1) multiplied by 100.
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arrangement than that of Ref.@8#. Basically the portions of
bands 6 and 9 from the 172 states upward have been inte
changed. In this picture the 1071.2 and 1186.5 keV tran
tions are viewed as in-band, rather than the 1124.5
1133.9 keV decays, which were considered in-band tra
tions in Ref.@8#. Of course, the reality is that there is co
siderable mixing between the 152 and 172 states in the two
bands no matter how they are grouped.

Because of the rearrangement in suggested band struc
the kinematic moments of inertiaJ(1) for the negative-parity
bands have been recalculated and are displayed in Fig
Now the J(1) values in signature-partner bands 5 and 6
rather similar throughout the entire frequency range. T
weak broad peak at\v' 0.75 MeV seen only in odd-spin
band 6 may result from mixing with bands 7 or 9.

Under the present band interpretation, theQt values in
bands 5 and 6 are also quite similar throughout the en
spin range except for the dip at the most strongly mixed 12

state. In contrast, the transition quadrupole moments in b
9 above the 172 state fall significantly lower than those i
bands 5 and 6 and are comparable only to those in ban
This again represents a reversal of the commonly held
pectation that larger deformations are associated with gre
moments of inertia. Band 9 is yrast in the 172 to 232 spin
range and has larger moments of inertia but itsQt values are
significantly lower.

The transition quadrupole moments in bands 5 and 6
somewhat intermediate between the range of values see
positive-parity bands 3 and 4. The overall trend is perhap
slow decrease with increasing spin. In a rotational mo
interpretation, this would correspond to quadrupole deform
tions b2 ranging from about 0.22 down to about 0.15.

It would have been very interesting to explore the colle
tivity of the states below 132 because an extrapolation o

TABLE IV. Energies, branching ratios, and magnetic dipo
transition strengths in the negative-parity bands.

Ex I i
p Eg B B(M1)a

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

5504 172 727 6.8 0.02220.004
10.005

5442 172 289 13.9 1.57020.571
11.177

665 12.0 0.11120.040
10.083

5153 162 783 27.0 0.10720.051
10.250

835 30.3 0.09920.047
10.231

4777 162 459 15.1 0.18220.026
10.025

4371 152 300 18.2 0.42620.054
10.259

4318 152 631 35.1 0.11620.022
10.027

4070 142 768 100.0 0.19420.072
10.177

3687 142 385 26.4 0.24220.031
10.033

3377 132 598 25.9 0.07420.025
10.059

3302 132 523 74.4 0.45720.061
10.073

aFor reference, 1 W.u.51.79mN
2 .
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TRANSITION STRENGTHS IN ODD-ODD86Nb PHYSICAL REVIEW C 62 024316
Fig. 9 would suggest increasing collectivity with decreas
spin, but the almost constant transition energies between
lower-spin states argue for lower collectivity. Unfortunate
their lifetimes could not be measured using the DSAM b
cause their line shapes exhibit almost no Doppler shiftin

The B(M1) values between bands 5 and 6 generally
crease with increasing spin. There is no evidence for alte
tions.

C. Hartree-Fock-Bogoliubov cranking calculations

Hartree-Fock-Bogoliubov cranking calculations@14# were
performed for configurations in86Nb using a Woods-Saxon
potential and a short-range monopole pairing force. To
Routhian surface~TRS! plots in the (b2 ,g) plane were gen-
erated from these calculations. Figure 12 shows four T
plots at two different frequencies. At each grid point, t
Routhian was minimized with respect to the hexadecap
deformation b4. The quasiparticle labeling scheme w
taken from Ref.@15# with lower ~upper! case letters repre
senting proton~neutron! configurations. The label ‘‘aA’’
stands for the lowest proton and neutron configuration yie
ing overall positive parity and signaturea51 ~odd spin!,
while label ‘‘aE’’ is the lowest two quasiparticle configura
tion with overall negative parity and even spin.

FIG. 9. The electric quadrupole momentsuQtu vs the initial spin
I i for the positive-parity bands 2, 3, and 4~top! and for the
negative-parity bands 5, 6, and 9~bottom!. Open symbols corre-
spond to lower limit values. The lifetime of the 101 level in band 4
is not known, and that for the 81 level has been taken from@9#.
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The deepest minima in most of the total Routhian surfa
calculated for86Nb correspond to spherical shapes or no
collective rotation. They would imply@16–19# Qt values of
zero, in contrast to the observed range of 0.5 to 2.5e b. A
shallow, triaxial to oblate minimum withb2'0.15 can be
seen in all four TRS plots in Fig. 12. It leads toQt values in

FIG. 10. The magnetic dipole transition strengthsB(M1) vs the
initial spin I i for the yrast positive-parity band and negative-par
band. States in whichI i has even~odd! spin are shown with open
~filled! symbols.

FIG. 11. Kinematic moments of inertiaJ(1) as a function of
rotational frequencyv for the negative-parity bands of86Nb.
6-11
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M. WIEDEKING et al. PHYSICAL REVIEW C 62 024316
the range of 1 to 2e b and is the best candidate to match t
experimentally observed structures.

More minima appear in the TRS at higher rotational f
quencies, but they are too deformed to correspond to
observed states. For example, the prolate minimum atb2
'0.5 appears rather consistently at higher frequencies,
theQt values associated with this ‘‘superdeformed’’ shape~5
to 7 e b) are a factor of 2 to 4 larger than those measure
the present work. The near prolate shapes withb2'0.3 im-
ply Qt values of about 3.5e b and do not appear at lowe
frequencies where the highest transition quadrupole
ments were observed experimentally.

Therefore the measured lifetimes show that the only str
tures in the TRS which can correspond to the observed ba
are those with 0.1<b2<0.2 and270°<g<230°. It is dif-
ficult to make a more detailed comparison between the
dicted and observedQt values because these triaxial to o
late minima are so shallow andb soft. Although there are
indications of minima in the region at most frequencies, i
often not possible to determine the location of the mini
with enough accuracy or confidence to decide whether
variation with spin agrees or disagrees with the patterns s
experimentally.

VI. SUMMARY

The fusion-evaporation reaction58Ni( 32S,3pn) with a
beam energy of 135 MeV was used to populate high-s

FIG. 12. Calculated total Routhian surfaces for86Nb in the
(b2 ,g) polar coordinate plane for two rotational frequencies a
two different configurations. The aA@aE# configuration correspond
to (p,a)5(1,1) @(2,0)#. The spacing between contour lines
250 keV.
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states in 86Nb. The full Gammasphere array and the M
croball were used to detect multi-g coincidences with evapo
rated charged particles. Since a thick backing material w
used, lifetime measurements of 51 states in86Nb were per-
formed at four detector angles using the Doppler-shift
tenuation method. Tripleg coincidences and charged partic
gates were used to extract clean line shapes. Side-fee
times were measured directly for some states by compa
line shapes fitted from spectra gated above and below. T
sition quadrupole momentsQt calculated from the lifetimes
in the yrast positive-parity bands decrease from 2.7e b at
low spins to 1.0e b at spin 17\ and then remain relatively
constant. This would correspond to quadrupole deformati
b2 decreasing from 0.27 to 0.11 in an axial rotational mod
The magnetic dipole transition strengthsB(M1) between the
two signatures show strong oscillations with no sign of t
phase reversal seen in the energy signature splittings. ThQt
values in band 2 are quite similar to those in bands 3 an
even though the energies of the lower states do not incre
as expected for a rigid rotor and the higher states beco
yrast.

The transition quadrupole moments in negative-pa
bands 5 and 6 average about 1.7e b (b2;0.19) with per-
haps a gentle decrease with increasing spin. Those in ba
are comparable at low spins, but decrease consider
above spin 17\. A number of interband transitions sugge
considerable mixing between bands 6 and 9, especially
the 172 states. Based on the similarities and differenc
among theQt values, the upper portions of bands 6 and
have been interchanged.

Hartree-Fock-Bogoliubov cranking calculations were p
formed to compare with the experimental results. Somew
shallow minima were found in the total Routhian surfaces
triaxial to oblate shapes with 0.1<b2<0.2 which appear to
correspond to the observed positive- and negative-pa
bands. The measuredQt values clearly rule out both the
spherical and highly-deformed minima in the TRS. Althou
the moderately deformed triaxial to oblate minima app
consistently over a wide range of rotational frequencies
imply Qt values in the range observed experimentally, it
difficult to locate the positions of these shallow minima a
curately enough to test whether they can reproduce the
served variations with spin.
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