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Lifetime measurements and terminating structures in 87Nb
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Two experiments have been performed using the58Ni( 32S,3p) reaction at 135 MeV with Gammasphere and
the Microball to study the high-spin structure of the transitional nucleus87Nb. The first experiment using a thin
target provided a considerable extension and refinement of the level scheme, as well as firm spin assignments
from directional correlation of oriented nuclei. Sub-picosecond lifetimes were measured in the second backed-
target experiment using the Doppler-shift attenuation method. The lifetimes imply a rather modest average
deformation ofb2;0.1, but with considerable variation from state to state. Strong alternations were observed
in the B(M1) strengths of transitions between some pairs of bands. The experimental results were compared
with calculations performed within the cranked Nilsson-Strutinsky approach. The calculations generally repro-
duce the irregularities in the structure of the yrast lines and plunging transition quadrupole momentsQt within
the bands explaining them as reflections of configuration changes and an approach of band termination,
respectively.
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I. INTRODUCTION

Transitional nuclei, which lie between those with sphe
cal and highly deformed shapes, can provide valuable
sights into the interplay between single-particle and coll
tive degrees of freedom and present some interes
theoretical challenges. In thef -p-g shell, such a region lies
around the neutron numbersN of 45 and 46. For smallerN,
nearer to the middle of the shell, mean field models such
the cranked Hartree-Fock-Bogolyubov~CHFB! calculations
have worked relatively well, while limited-basis shell-mod
calculations have generally been more successful n
N550.

The N545 nucleus86Nb exhibits a rather well-defined
band structure@1#, although the CHFB calculations predi
mainly spherical and superdeformed shapes. Lifetime m
surements@2# indicate quadrupole deformationsb2 around
0.2. Deformations in the yrast positive-parity band decre
from b2'0.27 to 0.10 as the spin increases from 8\ to 16\.
This decrease, which does not correspond to the behavio
the moments of inertia, awaits theoretical understand
There is a shallow oblate minimum in some of the to
Routhian surfaces~TRS! of the CHFB calculations aroun
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b2'0.2, but it does not vary systematically with spin. Som
what a less regular and more complex band structure is s
in the N546 isobar86Zr @3#, suggesting that even the add
tion of one neutron significantly reduces the collectivity. T
irregularities in the energy level structure of86Zr are repro-
duced quite well by calculations within the configuratio
dependent shell-correction approach using a cranked Nils
potential @cranked Nilsson-Strutinsky~CNS! approach#.
These calculations explicitly connect the observed irregul
ties with the underlying single-particle structure of thef -p-g
shell ~band terminations!.

The energy level scheme ofN546 87Nb @4,5# resembles
that of theN546 isotone86Zr more than theZ541 isotope
86Nb. That is, the addition of one more neutron leads to
band structure in87Nb which is more complex and less reg
lar than in 86Nb. Recoil-distance lifetime measurements@4#
show a wide range ofB(E2) strengths from about 45 Weis
skopf units~W.u.! among the low-lying positive-parity state
to 2–8 W.u. among the low-lying negative-parity states.
direct timing measurement@6# yielded an even smaller valu
of B(E2)50.21 W.u. for the lowest52

2→ 1
2

2 transition.
Above the first change in structure, theB(E2) strengths drop
to 10–15 W.u. in the positive-parity band but increase
14–45 W.u. in the negative-parity band. In addition to
these variations in deformation and collectivity, four sup
deformed bands have been seen at higher excitation ene
@7#. A number of measurements@8–12# have been made forg
factors in 87Nb to provide more information on the single
ue
©2003 The American Physical Society16-1
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particle structure. Shell-model calculations in the limit
(g9/2, p1/2) space with Gross and Frenkel or surface-d two-
body matrix elements have not been as successful in exp
ing the electromagnetic properties or lower level scheme
87Nb as with 47<N nuclei. An expanded model space
collective degrees of freedom appear to be needed@6,13,14#.

Thus, the transition between collective and single-part
structure peaks at neutron number 46 in theA'80 region.
Although the competition between collective and sing
particle excitations appears fragile and almost chaotic,
positive-parity band structures of the oddZ, N546 isotones
83Rb, 85Y, 87Nb, and 89Tc are quite similar@15#, indicating
that the level schemes are considerably more robust
might be thought. The principal goal of the present work w
to explore the evolution of band structure and collectivity
87Nb to higher spins in order to provide further insight in
the N546 transitional region and the effects of the under
ing single-particle structure. Sub-picosecond lifetimes w
determined using the Doppler-shifted attenuation met
~DSAM! from g-ray line shapes measured by usingGAMMA-

SPHEREand theMICROBALL. An examination of earlier thin-
target data to determine the side-feeding intensities also
to a significant extension of the level scheme and the ass
ment of spins using the directional correlation of orient
~DCO! nuclei.

II. EXPERIMENTAL TECHNIQUE

For both experiments, high-spin states in87Nb were
populated using the58Ni( 32S,3p) reaction with 135 MeV
beams from the 88 Inch Cyclotron at Lawrence Berke
National Laboratory. The evaporated charged particles w
detected with theMICROBALL @16#, an array of 95 CsI~Tl!
scintillators covering 97% of the full sphere.g rays from the
reaction were detected usingGAMMASPHERE @17#.

In the first experiment, a 245mg/cm2 self-supporting
58Ni foil enriched to 99.7% was used. 4.23108 events with
three or moreg rays were recorded using the early impl
mentation ofGAMMASPHERE with 36 Compton-suppresse
high purity germanium~HPGe! detectors.

A target consisting of 415mg/cm2 of highly enriched
58Ni evaporated onto a 10.3 mg/cm2 Ta backing was used
for the second experiment to measure lifetimes with
DSAM. The beam current was about 3.5 particle n
GAMMASPHERE contained 95 HPGe detectors during th
experiment.

III. ANALYSIS TECHNIQUE

A. Thin-target experiment

Data from the thin-target experiment, which has alrea
yielded a rich harvest of physics@3,7,18–20#, were first ana-
lyzed with in-house software to determine the decay int
sity pattern for side-feeding corrections and to see what c
tributions the additional statistics provided b
GAMMASPHERE could make to the level scheme. Energy a
efficiency calibrations were made in the standard manner@1#,
and a Doppler-shift correctedEg2Eg matrix was con-
structed in coincidence with the detection of two or thr
03431
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protons in theMICROBALL. Four-proton coincidences wer
subtracted out of the matrix to remove contamination fro
the very strong86Zr channel. A portion of the particle-gate
g spectrum in coincidence with individualg lines in the
negative-parity bands is shown in the top panel of Fig. 1

All the coincidences implied by the previous level schem
@4# were observed. The improved statistics did show ad
tional coincidences leading to some rearrangement of
level scheme, as shown in Fig. 2. An example is shown
Fig. 3, a portion of theg spectrum in coincidence with th
1861 keV line in band 3. Coincidences are seen with
1558, 1701, and 1781 keV transitions, although the pr
level scheme@4# implies coincidences only with the 170
and 1781 keV lines. Additional coincidences with the 15
keV g ray, such as the 1525, 1287, and 1203 keV lin
resulted in a restructuring of the level scheme to include
additional band on the negative-parity side~band 3 in Fig. 2!.

In addition,g rays were found extending band 1 to (55
2

2),

band 4 to (55
2

2), band 8 to (53
2

1), band 12 to (59
2

1), and

band 13 to (41
2

1). Also, many more intrabandM1 transitions
were discovered. Additionally, the sequence of the 959
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FIG. 1. A comparison of theg spectra from the thin~top! and
backed~bottom!-target experiments. Both spectra are gated on
condition of two or three protons with a portion of the four-proto
coincidences subtracted. The top spectrum is summed over all e
implementationg detectors after Doppler-shift correction and al
requires a coincidentg line at 136, 169, 264, 268, 298, 314, 50
582, 807, 879, or 911 keV. The bottom spectrum shows only
145° detectors without any Doppler-shift correction and requi
coincidences with pairs of theg lines listed above at any angle.
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FIG. 2. The level scheme for87Nb deduced from the present work. Some spin assignments for low-lying transitions have been take
previous work@4#.
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991 keV lines was inverted as compared to a previous w
@4#, and this is supported by many linking transitions. F
nally, bands 7 and 10 were found and placed in the le
scheme.

The same matrix was used to determine the relative in
sities of theg rays in 87Nb to help correct the lifetime mea
surements from the backed-target experiment for feeding
addition, another matrix was made by sorting theg rays
detected in the six detectors at 90° against the detec
placed at 17.275°, 37.38°, 142.62°, and 162.725° in orde
determine the DCO ratios for as many transitions as poss
For this geometry and the gates used on stretchedE2 decays,
a DCO ratio of 1.0 is expected for electric quadrupole (E2)
transitions and a DCO ratio between 0.35 and 0.55 is
pected for dipole transitions (M1 andE1) with a small mix-
ing ratio @21#. Using this matrix, the spins and parities
states up to57

2
2 and 49

2
1 were deduced. The spins for stat

above these were tentatively assigned assuming stretcheE2
transitions. The DCO ratios and intensities determined in
present work are summarized in Table I.
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B. Doppler-Shift attenuation method lifetime analysis

After particle identification with in-house software, th
data from the backed target were sorted by particle chan
and transferred to disk to facilitate multiple sorts. All theg-g
matrices were sorted on the condition of two or three
tected protons, with subtraction of the four-proton chann
Also, the 1a-2p channel was subtracted from the matric
used to analyze the positive-parity bands to remove conta
nation from84Zr. These subtractions approximately compe
sated for the cases where either one proton or onea was not
detected. A thirdg ray, any of the lower, unshifted transition
in the band of interest, was also required as a gate on
matrices. For comparison with the thin-target data, the sa
portion of the particle-gatedg spectrum at 145° in coinci-
dence with pairs ofg lines in the negative-parity bands
shown in the lower panel of Fig. 1. The higher-energyg lines
generally show more Doppler shifting than do the lowe
energy ones.

In order to perform DSAM measurements, each squ
matrix consisted of data from all detectors on one axis a
6-3
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data from detectors at a specific angle on the other. In
case, we combined the detectors in the rings at 31.717°
37.377° for a set of detectors at an effective angle of 34.9
used the rings of detectors at 50.065° and 129.934°,
combined the detectors at 142.622° and 148.282° for an
fective angle of 145.45°. In cases when statistics were p
we also added the detectors at 58.282° to those at 50.0
for a ring at an effective angle of 52.80° and added
detectors at 121.717° to those at 129.935° for a set of de
tors at 127.20°. Figure 4 shows the line shapes of the 1
keV g ray at 34.95°, 50.065°, 129.934°, and 145.45°.
was shown in a prior work@2#, the difference between th
sums of simulations for the line shapes of nearby angles
a single line shape calculated at the effective angle is w
within the statistical uncertainties in the data.

Line shapes were obtained by placing an additional g
on the axis of the square matrix containing all the detect
Thus, all the line shapes analyzed were gated first by par
channel and then by twog gates. Often spectra gated o
several different transitions were added to improve statist
One set of matrices was constructed without any Dopp
shift corrections. Line shapes were extracted from these
trices by gating on lines which show little or no Doppl
shifting, i.e., below the line shapes of interest. In additio
other sets ofg-g matrices were constructed by approx
mately correcting for Doppler shifting on the axis containi
all the detectors. The spectra were shifted to compensat
velocities b(5v/c), somewhat less than the initial reco
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FIG. 3. A portion of the spectrum in coincidence with the 18
keV line in band 3.
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TABLE I. A summary of DCO ratios and intensities determine
using the thin-target data.

Ex ~keV! I i
p Eg ~keV! Intensity RDCO

18890 ( 61
2

2) 2706.8 1.560.8

18839 ( 59
2

1) ~2912!

18257 ( 61
2

1) 2392.9 0.560.3 0.9020.09
10.10

17922 ( 59
2

1) 2598.4 2.360.5 0.9520.14
10.16

16184 57
2

2 2308.4 3.160.6
15938 ( 55

2
2) ~2364!

15927 ( 55
2

1) ~2674.0!

15864 ( 57
2

1) 2114.7

15669 ( 55
2

2) 2196.0 1.460.7

15324 ( 55
2

1) 2209.6 2.760.9

~2071!
14860 ( 53

2
2) ~2846!

14587 ( 53
2

2) 2573.0 1.960.9

14198 ( 53
2

1) 2253.1 1.360.6

13875 53
2

2 1861.2 5.760.6 0.9820.08
10.09

13749 ( 53
2

1) 1804.1 0.860.4

~1263!
13574 ( 51

2
2) 1998.1 2.361.0

13473 ( 51
2

2) 1931.0 3.960.4

13253 ( 51
2

1) 2072.0 1.460.7

13114 ( 51
2

1) 1933.0 4.860.5

12486 ( 49
2

1) 2495.1 0.360.2

12014 49
2

2 1780.8 7.360.7 1.1920.21
10.25

1557.6 5.860.6 0.9320.10
10.11

437.6 0.4820.10
10.12

11945 49
2

1 1954.3 6.360.6 1.0420.07
10.07

11576 47
2

2 1736.3 2.460.8
11542 ( 47

2
2) 1656.7 6.160.6

11181 47
2

1 1672.4 4.460.4 1.0120.06
10.06

11018 ( 45
2

1) 2452.3 1.460.5

10456 45
2

2 1525.1 1.860.9 0.9520.12
10.13

616.3 2.660.4
223

10233 45
2

2 1701.2 8.260.8 0.8420.10
10.12

1301.9 4.861.0
9991 45

2
1 1565.1 10.161.0 1.0320.04

10.04

9885 ( 43
2

2) 1522.7 2.460.6

953.8 8.962.7
9840 ( 43

2
2) 1590.1 2.860.6

1308.1 1.760.6
908.8

9572 ( 41
2

1) 1633.0 2.060.6

9509 43
2

1 1452.3 7.060.7 1.1020.05
10.05

641.1 0.960.5
499.6 2.860.6

9009 ( 41
2

1) 952.7
6-4
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TABLE I. ~Continued.!

Es ~keV! I i
p Ey ~kev! Intensity RDCO

8931 41
2

2 1287.1 6.861.4 1.2020.20
10.25

568.9 3.860.4 0.4720.08
10.09

399.3 2.260.4
8868 ( 41

2
1) 441.6 0.560.3

8566 ( 41
2

1) 1431.8 3.460.7

~140!
8532 41

2
2 1310.0 5.660.6 0.7420.07

10.08

282.0 4.360.4 0.4720.06
10.07

8426 41
2

1 1291.5 10.961.1 1.1020.03
10.09

369.6 6.961.4 0.5820.03
10.03

8362 39
2

2 1391.6 5.260.5 1.0220.15
10.18

718.2 3.160.6
8250 39

2
2 1508.2 21.562.2

1028.0 1.860.8 0.5820.03
10.03

8056 39
2

1 1251.2 10.962.2
442.3 4.860.5 0.4720.04

10.04

7939 ( 37
2

1) 1575.0 4.060.8

7644 37
2

2 1253.7 1.860.9 0.9420.07
10.08

1203.3 4.862.4
902.4 5.561.1 0.6420.11

10.13

673.4 3.360.7
422.2 0.960.5 0.5920.26

10.26

7614 37
2

1 1777.7 6.960.7 0.9520.07
10.07

808.9 8.561.7 0.5520.05
10.05

7222 37
2

2 1185.2 3.360.7 0.9920.06
10.06

480.2 16.561.7 0.5420.02
10.02

7134 37
2

1 1298.1 11.762.3 1.0220.08
10.09

329.3 4.460.4 0.5220.04
10.04

6971 35
2

2 1196.8 4.862.4 0.9920.05
10.05

529.9 3.260.3
6805 35

2
1 1188.6 4.260.8

968.8 11.361.1 0.6220.06
10.07

269.1 4.760.9 0.4820.04
10.04

6742 35
2

2 1151.8 8.360.8 0.9720.05
10.05

705.0 17.961.8 0.5120.02
10.02

351.3 4.060.4 0.6420.03
10.03

6536 ( 33
2

1) 1598.7 0.960.5

342.7 1.060.5
172.0 1.461.0

6441 ( 33
2

2) 1141.9 7.360.7

666.9 0.860.4
6390 33

2
2 800.5 6.360.6 0.5820.03

10.03

6364 33
2

1 1426.7 6.061.2 1.0020.16
10.29

747.5 0.960.5
6193 ( 33

2
1) 1605.1 1.760.6

6037 33
2

2 1028.8 1.660.6 0.9620.10
10.11

446.8 15.661.6 0.5720.02
10.02

5836 33
2

1 1248.1 38.363.8 0.9920.04
10.05

219.8 1.860.6 0.3720.06
10.07

5774 31
2

2 997.1 2.960.6
475.0 3.760.4 0.7420.07

10.08
03431
TABLE I. ~Continued.!

Es ~keV! I i
p Ey ~kev! Intensity RDCO

5617 31
2

1 1319.4 2.760.3 1.0420.05
10.05

1028.3 2.460.9
679.2 4.460.9 0.4620.04

10.04

5590 31
2

2 582.0 34.963.5 0.5420.02
10.02

5299 29
2

2 1015.9 17.061.7 1.0420.06
10.06

522.1 2.460.5 0.3220.09
10.21

5008 29
2

2 879.3 33.766.7 1.0920.03
10.03

4937 29
2

1 1200.1 16.763.3 1.1620.07
10.08

4777 27
2

2 997.4 5.961.2

493.8 4.760.5 0.8720.28
10.31

4588 29
2

1 1145.1 41.664.2 1.0320.05
10.05

291.1 10.261.0 0.5520.05
10.05

4297 27
2

1 1080.5 1.860.4 0.9520.05
10.05

854.0 7.760.8 0.4620.03
10.03

559.9 8.960.9 0.4920.03
10.03

4283 25
2

2 1065.5 15.261.5 1.2220.10
10.11

154.4 1.261.1 0.3820.07
10.08

4129 25
2

2 911.1 54.065.4 0.9620.03
10.03

3867 25
2

1 1378.7 4.160.4 1.1120.08
10.09

3779 23
2

2 875.5 9.068.0 1.0020.11
10.01

3737 25
2

1 878.7 24.362.4 0.8820.06
10.07

520.6 1.860.9 0.5120.04
10.04

3443 25
2

1 954.8 17.963.6 0.9420.02
10.02

226.5 23.562.4 0.4720.02
10.02

3218 21
2

2 806.5 34.967.0 0.9520.03
10.03

637.9 1.460.7 0.6220.03
10.03

313.6 14.261.4 0.5120.03
10.03

231.5 4.960.8 0.8220.27
10.27

3217 23
2

1 728.3 27.462.7 0.4920.02
10.02

358.1 1.760.6
2986 ( 19

2
2) 575.0 4.460.4

2904 19
2

2 628.9 9.061.8 1.0520.09
10.10

324.4 17.961.8 0.4620.02
10.02

2858 21
2

1 1123.2 7.860.8 0.9920.07
10.07

370.2 15.261.5 0.6020.03
10.03

2580 ( 17
2

2) 168.6 5.061.0 1.1020.12
10.12

2488 21
2

1 753.0 58.565.8 1.0920.03
10.03

2411 17
2

2 675.7 24.965.0 1.0820.10
10.11

458.0 15.861.6 0.5920.03
10.03

~435!
297.9 5.461.1 0.6520.03

10.03

136.0 29.667.2 0.5020.13
10.16

104.6
2306 ( 15

2
1) 1523.4

1312.4
2275 15

2
2 1492.0 3.560.4 0.5220.16

10.07

673.3 4.460.9 0.9720.04
10.05

299.4 3.460.7 0.5920.09
10.04

2113 ( 15
2

1) 1062.5 4.060.4 0.6220.08
10.09

1976 13
2

2 808.5 2.060.6
6-5
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J. PAVAN et al. PHYSICAL REVIEW C 67, 034316 ~2003!
value of b '0.035 to allow for slowing down before th
decays. No adjustments were ever made to the axis con
ing detectors at a single angle~or narrow range of angles!,
from which the line shapes were obtained. The second s
ing method resulted in much sharper peaks in the totag
spectrum for short-lived states and made it possible to g
on transitions above the one whose line shape was b
extracted. An example of the spectra corrected for sev
different values ofb is shown in Fig. 5. The different ‘‘fo-
cus’’ obtained at differentb values allowed for more selec
tive gating. For example, the 1933.0 keVg ray was selected
by b50.030, while ab50.025 was better for the 1954.
keV g ray.

Lifetimes were determined by performing a least squa
fit of the Doppler-shifted line shapes at each angle using
computer programFITS @22#. A best fit to the experimenta
line shape was determined by simulating the slowing do
of decaying nuclei in the target and Ta backing.FITS simu-
lates this process by integrating over the thickness of
target and backing in order to determine the distribution
recoil velocities as the nuclei slow down and decay. Stopp
powers from SRIM 2000 were used@23#. Additionally, FITS

can account for both feeding from higher states and s
feeding from unknown states, when their lifetimes and re
tive intensities are known. We were able to account for fe
ing in all but the highestg transitions studied.

First, effective lifetimes were determined for 31 states
averaging the results from fits to the line shapes at eac
the four angles without any feeding corrections. Start
from the top, the effective lifetime of the highest state th
could be measured was used to correct for direct feedin
the state below it. This process was then repeated down
band. The fraction of unobserved~or side! feeding was de-
termined from the intensities measured in the thin-target
periment. The Doppler corrected matrices made it possibl

TABLE I. ~Continued.!

Es ~keV! I i
p Ey ~kev! Intensity RDCO

1953 15
2

(1) 1170.0 6.460.6 0.5820.05
10.05

959.0 8.661.8 0.9920.13
10.15

902.4 20.462.0 0.8720.08
10.08

1735 17
2

1 952.3 71.2614.2 1.0220.02
10.03

1602 11
2

2 763.3 23.162.3 1.0520.06
10.07

434.6 8.260.8 0.8220.04
10.04

1167 9
2

2 834.1 18.861.9 0.9720.03
10.03

1051 11
2

(1) 1047.5 2.760.5 1.1620.17
10.20

783.6 8.362.6 0.8820.08
10.09

267.6
994 11

2
(1) 990.9 4.360.4 0.9020.01

10.01

838 7
2

2 638.8
505.4 16.161.6 0.6220.03

10.03

783 13
2

1 779.9 100610 0.9720.01
10.01

333 5
2

2 333.0 5.860.6 1.0320.06
10.06

66.0
267 7

2
(1) 263.9 8.460.8 0.6520.04

10.04

200 3
2

2 199.6 3.060.6 0.5620.07
10.08
03431
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place gates above the line shapes for the 1933.0 and 14
keV g rays in band 12, 1291.5 keVg ray in band 8, 1298.1
and 1248.1 keVg rays in band 11, and 1780.8 keVg ray in
band 5 to eliminate side feeding. In order to correct for s
feeding in the states where gating from above was not p
sible, the side feeding times of the six aforementioned sta
were determined by a comparison of their gated from be
line shapes with and without side feeding. From this inf
mation, we were able to establish a relationship between
effective lifetimes of each state and the side-feeding time
each state. Above 7330 keV the side feeding was determ
to be 15% of the effective lifetime of the state and belo
7330 keV the fraction of the effective lifetimes which corr
sponded to side feeding was determined by

tsf

teff
521.231024Ex11.03, ~1!

whereteff is in picoseconds andEx is in keV. Feeding cor-
rections generally improved the agreement between the m
sured line shapes and those simulated byFITS. The lifetimes
of 31 states were determined and are summarized in Tab
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FIG. 4. The measured 1781 keV line shape from each of
angles 35°, 50°, 130°, and 145°. The best-fit simulations
shown as smooth curves.
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LIFETIME MEASUREMENTS AND TERMINATING . . . PHYSICAL REVIEW C67, 034316 ~2003!
The uncertainties in the lifetime measurements were
termined by varying the lifetimes until the simulated lin
shapes generated byFITS were no longer consistent with th
experimental data. The lifetimes at the individual ang
were averaged by weighing with their uncertainties to de
mine the accepted lifetimes in the last column of Table
The present DSAM measurements greatly extended
range of known lifetimes in87Nb, but did not overlap with
prior recoil-distance lifetime measurements@4#.

From the lifetimes in Table II and the transition energ
and branching ratios from Table I, the quadrupole transit
strengths andB(E2) values were determined for theDI 52
decays. Then the transition quadrupole momentsQt were
calculated according to the prescription

Qt
25

16p

5
^IK20uI 22K&22B~E2,I→I 22!. ~2!

These results are summarized in Table III. The magnetic
pole transition strengthsB(M1) were calculated for theDI
51 decay assuming that the mixing ratiosd are zero. Small
mixing ratios do not reduce theB(M1) values significantly,
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nt
s
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54
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61
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C
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FIG. 5. A comparison of theg spectra summed over all dete
tors after approximate correction for Doppler shifting from a sou
moving at the indicated velocitiesb ~relative to the speed of ligh
c).
03431
e-

s
r-
.
e

n

i-

and large mixing ratios tend to be rare in these nuclei. T
B(M1) values are listed in Table IV, and many are plotted
Fig. 6.

IV. DISCUSSION

The new level scheme shows that the bandlike structur
87Nb continues up in spin, with the same qualitative featu
seen at lower spins, such as irregularities in some ene
spacings and band forkings. Sequences of states are obs
whose energies increase with a constant moment of ine
only to change abruptly to a significantly different mome
of inertia. The measured lifetimes, when interpreted in a
tational model, would imply average quadrupole deform
tions of b2;0.1, although with considerable variation fro
state to state. In comparison, the band structure in86Nb is
somewhat more regular, and the average quadrupole d
mations are somewhat higher, withb2 averaging closer to
0.2 @2#. This decreasing collectivity with increasing neutro
numberN is another indication of the transitional nature
these nuclei where even the addition of one neutron
change the average shape.

Due to the irregularities in band structure, there is so
uncertainty in the grouping of levels in the bands in Fig.
The band groupings and labels are intended to facilitate
discussion. The energies of states in87Nb have been graphe
as a function of spin in the middle panels of Figs. 7–10.
these graphs, the energies of a ‘‘standard’’@24# rigid rotor
@Eld5(\2/2Jrig)I (I 11) with (\2)/2Jrig50.007 (158/A)5/3

MeV518.9 keV] have been subtracted to remove the do
nant quadratic dependence on spin. As a result, bands
exactly the reference moment of inertia would form a ho
zontal line on these plots, and bands with a lower~higher!
moment of inertia would form rising~falling! lines. The tran-
sition quadrupole momentsQt inferred from the present an
previous lifetime measurements are plotted in the bott
panels of Figs. 7–10.

A. Cranked Nilsson-Strutinsky „CNS… approach

In order to gain a better understanding of the structure
87Nb, calculations were performed within the configuratio
dependent shell-correction approach using a cranked Nils
potential~CNS approach! @25,26#. In CNS calculations, the
configurations specified by the occupation of low-j and high-
j orbitals with signaturesa and approximate principle quan
tum numbersNshell @26,27#, are traced in the deformatio
(e2 , e4 , g) space as a function of spinI. TheA580 Nilsson
potential parameters of Ref.@28# have been used in calcula
tions. This approach neglects pairing correlations, so the
culations are realistic only for states with spins above 15\,
and only these will be compared with experiment. Such
analysis has been successful in describing the high-spin
minating bands in other nuclei, including transitional on
such as nuclei around62Zn @29#, 86Zr @3#, and 109Sb
@27,30,31#. Results of these calculations for the configur
tions that appear most relevant to the observed bands in87Nb
are shown in the top panels of Figs. 7–10. The configu
tions of the dominant components of the bands shown in

e
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TABLE II. The lifetimes of 31 high-spin states, where only noted effective lifetimes could be determined because no feeding info
was available for these states. The table includes the energies, spins,g-ray energies, effective lifetimes, and corrected lifetimes, and
grouped by parity and signature.

Ex ~keV! I i
p Eg ~keV! te f f ~ps! 35° 50° 130° 145° t ~ps!

p51, a51
1
2

11945 49
2

1 1954.3a 0.0420.03
10.05

9991 45
2

1 1565.1 0.5020.07
10.07 0.2820.11

10.13 0.1720.07
10.11 0.3620.08

10.06 0.3520.05
10.07 0.3220.05

10.05

8426 41
2

1 1291.5 1.0420.08
10.08 0.5520.07

10.08 0.6120.06
10.07 0.5720.10

10.11 0.6820.13
10.14 0.5820.09

10.09

369.6 0.4720.11
10.16 0.6320.13

10.17 0.5120.12
10.17 0.5820.12

10.15

7134 37
2

1 1298.1 1.5420.14
10.14 0.3420.08

10.08 0.3520.06
10.07 0.5020.07

10.07 0.4520.09
10.10 0.4320.06

10.06

329.3 0.3520.07
10.07 0.4520.06

10.07 0.7720.12
10.13 0.7220.11

10.13

5828 33
2

1 1248.1b 0.4020.14
10.22 0.3320.13

10.21 0.5020.17
10.26 0.7520.26

10.53 0.4220.08
10.13

8566 ( 41
2

1) 1431.8 1.0220.10
10.10 1.0820.37

10.48 0.9120.30
10.30 0.6820.20

10.57 0.9520.33
10.46 0.9220.14

10.20

7614 37
2

1 1777.7 1.0120.10
10.10 0.2220.11

10.22 0.5420.14
10.17 0.5920.20

10.31 0.5520.14
10.19 0.4820.07

10.10

p51, a52
1
2

17922 ( 59
2

1) 2598.4a 0.0420.04
10.09

15324 ( 55
2

1) 2209.6 0.0720.05
10.05 0.0120.01

10.05 ,0.09 0.0320.03
10.05 0.0520.04

10.05 0.0320.01
10.03

13114 ( 51
2

1) 1933.0 0.1920.05
10.05 ,0.04 0.0320.03

10.05 0.1320.13
b 0.0520.05

10.49 0.0420.03
10.05

11181 47
2

1 1672.4b 0.2220.05
10.05 0.0920.06

10.17 0.1220.11
10.16 0.0820.08

10.23 0.1020.04
10.10

9509 43
2

1 1452.3 0.3520.05
10.05 0.2120.12

10.20 0.1220.08
10.13 0.0720.05

10.05 0.1220.06
10.12 0.0920.03

10.04

8056 39
2

1 442.3 1.4520.20
10.20 1.0120.16

10.22 0.6420.06
10.06 1.0920.18

10.23 1.6620.28
10.43 0.7120.11

10.11

6805 35
2

1 968.8 2.3820.10
10.10 0.7220.18

10.24 0.6220.11
10.13 0.6120.09

10.10 0.6420.13
10.16 0.6320.09

10.09

p52, a51
1
2

16184 57
2

2 2308.4a 0.1720.08
10.39

13875 53
2

2 1861.2 0.2720.02
10.02 0.1220.04

10.05 0.1220.04
10.04 0.1520.04

10.04 0.1320.03
10.02 0.1220.02

10.02

12014 49
2

2 1780.8 0.3920.06
10.06 0.1820.06

10.09 0.1920.05
10.06 0.2520.04

10.04 0.2120.04
10.04 0.2220.03

10.03

1557.6 0.3820.14
10.17 0.2020.07

10.08 0.2620.07
10.12 0.1220.06

10.06

10456 45
2

2 1525.1 0.5020.05
10.05 0.0720.07

10.08 0.0920.05
10.05 0.2120.07

10.07 0.1920.08
10.07 0.1320.03

10.03

10233 45
2

2 1701.2 0.6620.04
10.05 0.5020.05

10.06 0.5420.05
10.06 0.4020.10

10.13 0.3720.10
10.11 0.4920.07

10.07

8931 41
2

2 1287.1 0.6120.07
10.07 0.2720.08

10.07 0.1120.04
10.06 0.3420.07

10.07 0.2420.10
10.12 0.2220.04

10.04

8532 41
2

2 1310.0 1.2920.25
10.25 0.5120.11

10.13 0.4420.10
10.10 0.9020.16

10.22 0.3920.11
10.13 0.4820.07

10.07

7644 37
2

2 1203.3 1.2520.22
10.21 0.3820.13

10.17 0.3820.13
10.17

7222 37
2

2 480.2 1.9020.05
10.05 0.9820.14

10.19 0.8220.11
10.12 0.9220.09

10.11 0.7920.07
10.08 0.8420.13

10.13

6037 33
2

2 446.8 3.1320.03
10.03 0.2720.04

10.06 0.4420.07
10.07 0.3420.05

10.05

p52, a52
1
2

11576 47
2

2 1736.8a 0.2820.04
10.05

9840 ( 43
2

2) 1590.1 0.5620.11
10.11 0.6020.17

10.25 0.5220.11
10.14 0.2720.17

10.13 0.3720.08
10.11 0.4020.06

10.07

8362 39
2

2 1391.6a 0.5220.08
10.10

8250 39
2

2 1508.2 0.9920.05
10.05 0.7820.12

10.13 0.6420.09
10.10 0.6020.11

10.13 0.6920.11
10.13 0.6720.10

10.10

6971 35
2

2 1196.8 1.0320.27
10.27 0.3920.22

10.39 0.7120.31
10.89 0.4420.20

10.39 0.4720.22
10.49 0.4520.11

10.23

6742 35
2

2 705.0 2.3720.06
10.06 0.5520.12

10.16 0.5120.05
10.05 0.4420.04

10.04 0.5020.06
10.06 0.4820.07

10.07

5774 31
2

2 475.0 1.7620.15
10.15 0.4220.18

10.27 0.3920.16
10.15 0.4020.12

10.13

aDue to a lack of feeding information about this state, only an effective lifetime could be determined.
bLifetime determined using gates on transitions above the line being investigated.
in
e

f

o

he

and
he
figures are listed in Table V along with the maximum sp
possible within the configuration and the shorthand lab
These labels@p,n#a indicate the number of protons~p! and
neutrons~n! in the unique-parityg9/2 orbitals and the sign o
the total signaturea of the configuration. TheQt values
calculated for these configurations using Eqs.~67! and ~68!
of Ref. @26# are shown as curves in the bottom panels
Figs. 7–10.
03431
l.

f

B. Positive-parity structures

The energy minus rigid rotor graphs for thep51, a
51 1

2 states shown in the middle panel of Fig. 7 illustrate t
rather complex band structure in87Nb. The relatively fre-
quent slope changes generally indicate band crossings
show that no single configuration remains yrast for long. T
lowest positive-parity structure~assignedpg9/2 in Ref. @4#
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TABLE III. The electric quadrupole transition strengths and transition quadrupole moments deduce
the lifetime measurements. A value of 5/2 was used forK in order to determine the transition quadrupo
moments. (1 W.u.522.9e2 fm4)

Ex ~keV! I i
p Eg ~keV! t ~ps! B(E2)(W.u.) Qt(e b)

p51, a51
1
2

11945 49
2

1 1954.3a 0.0420.03
10.05 .17.9 .1.08

9991 45
2

1 1565.1 0.3220.05
10.05 11.821.5

12.0 0.8820.06
10.07

8426 41
2

1 1291.5 0.5820.09
10.09 10.421.4

11.8 0.8320.06
10.07

7134 37
2

1 1298.1 0.4320.06
10.06 16.422.1

12.9 1.0520.07
10.09

5836 33
2

1 1248.1b 0.4220.08
10.13 26.926.3

16.3 1.3620.17
10.15

8566 ( 41
2

1) 1431.8 0.9220.14
10.20 6.421.1

11.1 0.6520.06
10.06

7614 37
2

1 1777.7 0.4820.07
10.10 1.920.3

10.3 0.3620.03
10.03

p51, a52
1
2

17922 ( 59
2

1) 2598.4a 0.0420.04
10.09 3.822.0

13.8 .0.34

15324 ( 55
2

1) 2209.6 0.0320.01
10.03 22.5211.3

111.3 1.2120.35
10.27

13114 ( 51
2

1) 1933.0 0.0420.03
10.05 33.0218.3

199.1 1.4720.49
11.47

11181 47
2

1 1672.4b 0.1020.04
10.10 27.2213.6

118.2 1.3420.39
10.39

9509 43
2

1 1452.3 0.0920.03
10.04 39.9212.2

119.9 1.6220.27
10.37

8056 39
2

1 1251.2 0.7120.11
10.11 11.321.4

12.0 0.8720.06
10.07

6805 35
2

1 1188.6 0.6320.09
10.09 5.020.6

10.9 0.5820.04
10.05

p52, a51
1
2

16184 57
2

2 2308.4a 0.1720.08
10.39 3.222.2

12.8 .0.25
13875 53

2
2 1861.2 0.1220.02

10.02 13.321.9
12.6 0.9320.07

10.09

12014 49
2

2 1780.8 0.2220.03
10.03 5.120.6

10.8 0.5820.04
10.04

1557.6 7.820.9
11.2 0.7120.04

10.05

10456 45
2

2 1525.1 0.1320.03
10.03 13.622.3

14.1 0.9520.09
10.13

10233 45
2

2 1701.2 0.4920.07
10.07 3.220.4

10.5 0.4620.03
10.04

8931 41
2

2 1287.1 0.2220.04
10.04 24.423.7

13.8 1.2720.10
10.10

8532 41
2

2 1310.0 0.4820.07
10.07 11.021.4

11.8 0.8520.06
10.07

7644 37
2

2 1253.7 0.3820.13
10.17 3.521.0

11.8 0.4920.08
10.11

1203.3 7.322.2
13.8 0.7020.12

10.16

7222 37
2

2 1185.2 0.8420.13
10.13 3.120.4

10.5 0.4620.03
10.04

6037 33
2

2 1028.8 0.3420.05
10.05 8.421.0

11.4 0.7620.05
10.06

p52, a52
1
2

11576 47
2

2 1736.8a 0.2820.04
10.05 8.021.2

11.3 .0.67
9840 ( 43

2
2) 1590.1 0.4020.06

10.07 5.420.08
11.0 0.6020.05

10.05

8362 39
2

2 1391.6a 0.5220.08
10.10 8.221.3

11.5 .0.68
8250 39

2
2 1508.2 0.6720.10

10.10 6.320.8
11.1 0.6520.04

10.05

6971 35
2

2 1196.8 0.4520.11
10.23 19.326.6

16.2 1.1520.21
10.17

6742 35
2

2 1151.8 0.4820.07
10.07 10.021.3

11.7 0.8320.06
10.07

5774 31
2

2 997.1 0.4020.12
10.13 50.7212.4

121.7 1.8820.25
10.37

aDue to a lack of feeding information about this state, only an effective lifetime could be determined.
bLifetime determined using gates on gansitions above the line being investigated.
es
er

th

ha

e
e
f the
and labeled 13 in Fig. 2! is built on the9
2

1 isomer that lies
only 3 keV above the12

2 ground state. Its energy graph ris
rapidly indicating a moment of inertia significantly small
than that of the reference. The slope drops at the21

2
1 state

and then returns to nearly its original value at the25
2

1 state,
suggesting a change in structure.

The yrast line bends sharply away from band 13 at
17
2

1 state, to a structure~band 11! with a significantly larger
moment of inertia, close to that of the reference. This
03431
e

s

been attributed to ag9/2 neutron alignment at the21
2

1 state
~band 11! based on the relatively smallg factor of
10.41(13) and shell-model calculations in the (g9/2,p1/2)
model space@8#. It is consistent with the expectation that th
lowest protong9/2 alignment would be Pauli-blocked. Th
CNS approach is not applicable to these states because o
importance of pairing at lower spins.

The shape of the calculated energy curve for the@3,8#1

configuration is similar to that of band 11 up to about the33
2

1
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TABLE IV. B(M1) strengths inferred from the measured lif
times assuming mixing ratiosd of zero, grouped by the bands be
tween which the decays occur.

Ex ~keV! I i
p Eg ~keV! B(M1) (mN

2 )

1 ⇔ 3
8931 41

2
2 568.9 0.42520.065

10.094

8362 39
2

2 718.2 0.11020.018
10.020

7644 37
2

2 673.4 0.09920.030
10.051

6971 35
2

2 529.9 0.34120.115
10.110

5774 31
2

2 475.0 0.74520.183
10.319

1 ⇔ 5
3218 21

2
2 a 313.6 0.20020.029

10.040

3 ⇔ 4
10456 45

2
2 616.3 1.10820.208

10.332

9840 ( 43
2

2) 908.8 0.07220.011
10.013

7644 37
2

2 902.4 0.07420.023
10.038

2 ⇔ 6
2411 17

2
2 a 136.0 0.10820.008

20.010

2275 15
2

2 a 299.4 0.04020.004
10.006

1602 11
2

2 a 434.6 0.00620.001
10.003

838 7
2

2 a 505.4 0.00720.002
10.003

3 ⇔ 5
8931 41

2
2 399.3 0.69420.107

10.154

4 ⇔ 5
9840 ( 43

2
2) 1308.1 0.02420.004

10.004

8532 41
2

2 282.0 2.27920.290
10.389

8250 39
2

2 1028.0 0.00620.001
10.001

7222 37
2

2 480.2 0.51020.068
10.093

6742 35
2

2 705.0 0.20020.025
10.034

6037 33
2

2 446.8 1.71020.219
10.295

5590 31
2

2 582.0 0.32220.058
10.092

Misc. p52

6742 35
2

2 351.3 0.35720.045
10.061

3218 21
2

2 a 637.9 0.00320.001
10.001

3218 21
2

2 a 231.5 0.17420.025
10.035

8 ⇔ 12
8426 41

2
1 369.6 0.75720.102

10.139

11 ⇔ 12
7134 37

2
1 329.3 1.00620.123

10.163

6805 35
2

1 968.8 0.05620.007
10.009

5836 33
2

1 219.8 0.51020.121
10.120

4588 29
2

1 a 291.1 0.51520.129
10.257

3443 25
2

1 a 226.5 1.17420.090
10.107

3217 23
2

1 a 728.3 0.17420.035
10.058

12 ⇔ 13
3217 23

2
1 a 358.1 0.09320.019

10.031

2858 21
2

1 a 370.2 0.62020.228
10.867

Misc. p51

9509 43
2

1 641.1 0.19320.059
10.096

499.6 1.31920.406
10.659

7614 37
2

1 808.9 0.12320.021
10.021

aB(M1) strength determined using lifetimes from prior work@4#.
03431
state. The change in slope of the experimental curve ab
this suggests a configuration change. The@3,6#1 configura-
tions, which are predicted to become yrast at about the29

2
1

state, are candidates for the high-spin portion of band
The exact crossing point is sensitive to the single-part
energies used in the model. The two variants of the@3,6#1

configurations stem from a second minima in the poten
energy surface in the CNS approach and may be interpr
as one configuration@3,6#a

1 terminating atI 5 53
2

1 with the
two proton holes coupling toI 54, and another@3,6#b

1 ter-
minating atI 5 45

2
1 with the two proton holes coupling toI

50. The existence of two variants of the@3,6#1 configura-
tion with similar energies may account for band 8, as well
so, the observed termination at the53

2
1 state is somewha

more unfavored than predicted. Both the@4,7#1 and @5,6#1

configurations~or some mixture of them! are candidates for
band 7. Both theoretical bands terminate at61

2
1, the last spin

observed in band 7.
Although the moment of inertia is small, the transitio

quadrupole momentsQt between the lowest states in ban
13, shown in the bottom panel of Fig. 7, are the strong
ones which have been observed in87Nb. Band 11 has a
significantly higher and relatively constant moment of ine
tia, but curiously itsQt values are lower. There is no overla
between the present and previous lifetime measurements
the inferredQt values appear to join smoothly. A change
slope does occur in theQt graph for band 11 about where th
energy graph changes slope, indicating a band crossing.
last threeQt values drop significantly and follow relativel
well the predictions for the@3,6#b

1 configuration. This sup-
ports the suggestion from the energy graph that band 11

0.0

0.5

1.0

1.5

2.0

2.5

B
(M

1)
 (

µ N
2 )

10 15 20 25

 1 ⇔ 3

 3 ⇔ 4

15 20 25

Spin (h- )

 4 ⇔ 5

15 20 25

 11 ⇔ 12

 Estimate

FIG. 6. B(M1) transition strengths between the indicated ban
plotted at the spin value intermediate between those of the in
and final levels. Filled~open! symbols represent values based
lifetimes measured in this work~measured previously!. The esti-
mated values are discussed in the text.
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LIFETIME MEASUREMENTS AND TERMINATING . . . PHYSICAL REVIEW C67, 034316 ~2003!
resents the terminating portion of the@3,6#b
1 structure. The

Qt values in band 8 lie somewhat below those predicted
the @3,6#a

1 configuration and could not be measured hi
enough in spin to test the predicted falloff towards termin
tion.

Among the signaturea52 1
2 levels, the graph of band 9

in Fig. 8 exactly parallels that of the lower portion of ban
13 in Fig. 7 with an offset~signature splitting! of about 700
keV. This is quite consistent with the systematics of la
signature splitting inpg9/2 bands in this region@15#. This
relation and the existence ofDI 51 decays connecting band
9 and 13, thus suggesting that they are signature partn
Band 9 could not be observed to higher spins, probably
cause the large signature splitting makes it energetically
favored. In fact, no19

2
1 state is known in87Nb.

A number ofDI 51 transitions connect bands 11 and
up to the 37

2
1 level and their energy graphs are relative

E
-E

ld
 (

M
eV

)

1 
M

eV

Theory
 [3,6]+a

 [3,6]+b

 [3,8]+

 [4,7]+

 [5,6]+

↑

↓|_
|
|
|
|
_

-1.0

-0.5

0.0

0.5

1.0

E
-E

ld
 (

M
eV

)

Experiment  7  8
 11  13

π = +, α = +1/2

0.0

0.5

1.0

1.5

2.0

Q
t (

eb
)

0 5 10 15 20 25 30 35

Spin (h- )

[3,6]+b

[3,6]+a

[3,8]+

[4,7]+

[5,6]+

π = +, α = +1/2

FIG. 7. In the top panel, the results of CNS approach calcu
tions for p51, a51

1
2 configurations are plotted against sp

with the energy of a ‘‘standard’’ rigid rotor subtracted to remove t
dominant quadratic dependence on spin. The same energy win
is shown in Figs. 8–10. In the middle panel, the observed st
with the same combination of parity and signature are plotted in
same manner.Qt values for the transitions between these states
plotted against the spin value intermediate between those of
initial and final levels in the bottom panel along with CNS approa
predictions. Filled ~open! symbols represent values based
present~previous! work.
03431
r
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e
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e-
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similar. Thus, band 12 is likely the signature partner of ba
11 over this range, with significantly less signature splitti
of about 300 keV. An alternating pattern can be seen in
M1 strengths between bands 11 and 12~see Fig. 6!, although
two of the lifetimes are not known. The missingB(M1)
values can be estimated by assuming that the in-bandE2
decays haveQt values similar to those of their neighbo
~;0.5eb!. These estimates are shown with ‘‘3 ’’ symbols in
Fig. 6. Even though the estimate may be uncertain by
much as a factor of 2, it does confirm the alternatingB(M1)
pattern. The strongB(M1) values, which reach almos
single-particle strength, occur among the low-energy tran
tions from band 11 to 12, while the higher-energy transitio
from band 12 to 11 have the much weakerB(M1) values.
Such alternations have been seen in a number of band
A;80 nuclei, including the neighbors86Nb @2# and 86Zr
@32#. They are generally correlated with signature splitti
and can be understood in both the particle-rotor model@33#
and the Interacting Boson Fermion Model@32#.

The shape of the@3,8#2 energy curve is similar to the
lower-spin portion of band 12. As in thea511/2 case, the
crossing with the@3,6#2 configuration may explain the
change in slope of band 12 at the31

2
1 state. At the highest

spins, the@4,7#a
2 configuration becomes yrast and termina

at the59
2

1 level, the highesta521/2 level observed experi
mentally.
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FIG. 8. Same as Fig. 7, but for thep51, a52
1
2 states.
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J. PAVAN et al. PHYSICAL REVIEW C 67, 034316 ~2003!
Most of the measuredQt values follow those predicted
for the @4,7#2 configurations very well, including the fal
towards termination. This could be explained if the@4,7#2

configurations were somewhat lower relative to the@3,6#2

one due to small variations in the single-particle energies
any event, the falling experimentalQt values definitely sup-
port a band termination interpretation.

In summary, the band structure of the positive-par
states in87Nb becomes more complex above the17

2
1 level.

The CNS approach calculations provide a reasonable in
pretation in terms of a number of competing configuratio
which become yrast in different spin ranges. Signatu
partner theoretical structures can generally account for
signature-partner experimental bands. Small adjustmen
the model parameters would probably lead to better ag
ment by changing somewhat the relative energies of the c
figurations. The measured transition quadrupole momentQt
in bands 11 and 12 fall significantly towards the high
spins in agreement with theoretical predictions and stron
support a band termination interpretation.

C. Negative-parity structures

The relative energy graphs for the lowest negative-pa
bands~2 and 6! ~middle panels in Figs. 9 and 10! rise rapidly
with spin with about the same slope~and hence moment o
inertia! as the lowest positive-parity bands. They also app
to be signature partners, but with essentially no signa
splitting, resulting from small splitting of the low-j N53
orbitals. This is in contrast to the positive-parity case wh
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FIG. 9. Same as Fig. 7, but for thep52, a51
1
2 states.
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the large splitting between bands 9 and 13 reflects the la
splitting of the g9/2 signature-partner orbitals and possib
deformation effects~as follows from theQt values for these
bands!. This, too, is consistent with theA;80 systematics.
The transition quadrupole momentsQt are much smaller
than the corresponding ones in band 13 and mostly la
than the one measuredQt value in band 9, possibly indicat
ing that vibrations can play an important role in their stru
ture. It has been proposed that the lowest1

2
2 and 5

2
2 states

are based on different Nilsson configurations (@301# 1
2

2 and

@303# 5
2

2) because of the low collectivity of the 333 ke
transition between them, which is nearly two orders of ma
nitude lower than that predicted in (g9/2,p1/2) shell-model
calculations@6#. The kink in the energy curve for band 6 a
this point may be consistent with a configuration change
alternatively, with vibrational effects. Perhaps this is anot
indication that a wider basis shell-model calculation
needed atN546. Also, the risingQt trend in band 6 con-
trasts sharply with the falling pattern ofQt in band 13.

Clearly a change occurs in the band structure and m
ments of inertia at about 2.4 MeV, where three quasipart
~qp! structures become energetically favored. The 2411 k
17
2

2 state has been assigned a dominantp(g9/2)9/2
^ n(g9/2p1/2)4 structure on the basis of similarities of it
weak, opportunistic decay pattern with shell-model pred
tions. The limited (g9/2, p1/2) model space may explain th
difference between the predictedg factor of 10.44 and the
measured@8# value of 10.82(10). Theg factor of the 29

2
2

state in this band has been measured to be10.56(16) @10#.
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FIG. 10. Same as Fig. 7, but for thep52, a52
1
2 states.
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TABLE V. Calculated configurations in87Nb. Configuration labels are given in the first column. T
detailed structure of the terminating states of these configurations~relative to a spherical80Zr core! is given
in the second column and the calculated maximum spinsI max

p are given in the last column.

Configuration I max
p (\)

(p51,a511/2)
@3,6#a

1 p(g9/2)10.5
3 ( f 5/2)4

22
^ n(g9/2)12

6 26.5

@3,6#b
1 p(g9/2)10.5

3 ( f 5/2)0
22

^ n(g9/2)12
6 a 22.5

@3,8#1 p(g9/2)10.5
3 ( f 5/2)4

22
^ n(g9/2)8

8( f 5/2)4
22 26.5

@4,7#1 p(g9/2)12
4 ( f 5/2)4

22(p3/2)1.5
21

^ n(g9/2)10.5
7 ( f 5/2)2.5

21 30.5
@5,6#1 p(g9/2)12.5

5 ( f 5/2)4
22(p3/2)2

22
^ n(g9/2)12

6 30.5
(p51,a521/2)

@3,6#2 p(g9/2)9.5
3 ( f 5/2)4

22
^ n(g9/2)12

6 25.5
@3,8#2 p(g9/2)9.5

3 ( f 5/2)4
22

^ n(g9/2)8
8( f 5/2)4

22 25.5
@4,7#a

2 p(g9/2)12
4 ( f 5/2)4

22(p1/2)0.5
21

^ n(g9/2)10.5
7 ( f 5/2)2.5

21 29.5
@4,7#b

2 p(g9/2)11
4 ( f 5/2)4

22(p3/2)1.5
21

^ n(g9/2)10.5
7 ( f 5/2)2.5

21 29.5
(p52,a511/2)

@2,6#a
1 p(g9/2)8

2( f 5/2)2.5
21

^ n(g9/2)12
6 22.5

@2,6#b
1 p(g9/2)8

2(p3/2)1.5
21

^ n(g9/2)11
6 20.5

@3,7#1 p(g9/2)9.5
3 ( f 5/2)4

22
^ n(g9/2)10.5

7 ( f 5/2)2.5
21 26.5

@4,6#1 p(g9/2)12
4 ( f 5/2)4

22(p3/2)0.5
21

^ n(g9/2)12
6 28.5

(p52,a521/2)
@2,6#2 p(g9/2)8

2( f 5/2)2.5
21

^ n(g9/2)11
6 21.5

@3,7#2 p(g9/2)10.5
3 ( f 5/2)4

22
^ n(g9/2)10.5

7 ( f 5/2)2.5
21 27.5

@4,6#2 p(g9/2)12
4 ( f 5/2)4

22(p3/2)1.5
21

^ n(g9/2)12
6 29.5

a@3,6#b
1 is the second minima in the energy surface of@3,6#a
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Above the one qp region, two bands of each signat
occur at relatively similar energies and cross around47

2 .
Bands 1 and 3 and bands 4 and 5 are connected by a nu
of DI 51 transitions suggesting that these pairs form sig
ture partners. An alternating pattern is seen in theB(M1)
strengths of the transitions connecting bands 4 and 5
would be expected for the pair exhibiting the larger signat
splitting. Several of theB(M1) values are comparable with
or exceed, the single-particle estimate. The weaker ‘‘stro
B(M1) value occurs at the change in slope of the ene
graph for band 4. Above this, the energy curves of b
bands 3 and 5 fall faster than those of bands 1 and 4.

In theoretical calculations for thep52 and a511/2
states, a less collective yrast configuration,@2,6#a

1 is pre-
dicted. The lack of a corresponding observed band could
explained by the difficulty of populating such a weakly co
lective structure in a fusion-evaporation reaction. Oth
more collective, configurations are better candidates
identification with the experimentally observed bands. T
best choice for most of the band 5 appears to be the@3,7#1

configuration, since it is closer in structure to what was p
viously proposed for the17

2
2 state. Experimentally, band

merges with band 3 at the49
2

2 state and has not been o
served to termination. In addition, the analysis of kinema
and dynamic moments of inertia in band 5 indicates tha
I .20, either its structure changes or an interaction with
other configuration or aligned state takes place, as see
Fig. 11. The@4,6#1 configuration may be the best match f
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band 3, although it is possible that the low-spin part of t
band is built on another configuration, maybe@5,7#1 or a
second@3,7#1, although these are energetically too high w
the present parameters and not considered in the presen
proach. This is because the structure change is seen in
band viaJ(2) and J(1) at I'22 in Fig. 11. In any case, the
observed61

2
2 state must belong to another structure, sin

the @4,6#1 configuration terminates at the57
2

2 state. The two
highest Qt values in band 3 fall towards termination an
agree well with the predictions for the@4,6#1 configuration.
The Qt values for band 5 lie between the predictions for t
@2,6#1, @3,7#1, and @4,6#1 configurations. Their behavio
~which is consistent with that ofJ(2) andJ(1)) suggests sev-
eral structural changes with spin.

The @2,6#2, @3,7#2, and @4,6#2 configurations are
graphed in Fig. 10 for comparison with experiment. The
are the signature partners of the ones discussed above
their signature splitting is defined both by splittings of t
low-j N53 orbitals and deformation differences. The@3,7#2

configuration, which is a signature partner of the@3,7#1 one,
is a candidate to represent band 4, which is the signa
partner of band 5. The@3,7#2 energy graph rises towar
termination at the55

2
2 level, and band 5 also rises toward

the last, tentative, state at55
2

2, although not as steeply. Like
wise, the@4,6#2 configuration may represent band 1 like i
signature partner@4,6#1 and band 3. Although the energ
curve for band 1 starts rising towards the highest obser
spin in 55

2
2, no counterpart has been observed for the ter
6-13
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nating state at59
2

2 as seen in the calculations.
The experimentalQt values generally lie within the rang

predicted for the three theoretical configurations, but it w
not possible to measure them close to the predicted term
tions. At lower spins, theQt values in band 1 drop as i
approaching a termination at39

2
2. This may indicate some

change in microscopic structure, although there is onl
slight irregularity in the energy graph.

Overall, there is a reasonable agreement between the
approach calculations and experiment for the negative-pa
states. The measured transition quadrupole moments
within the range predicted theoretically, but the detai
agreement is not as good as for the positive-parity ban
Several of the energy graphs suggest band terminations
one of these is confirmed by theQt values. The variations o
the Qt values hint at a number of microscopic structu
changes, which in many~but not all! cases correlate with
changes seen in the dynamic and kinematic moments o
ertia. This might explain why the experimentalQt values
~extracted fromB(E2) values! are a factor of 2 smaller tha
predicted ones in a number of cases. This is because
matrix elementB(E2) of the E2(I→I 22) transition de-
pends on the wave functions of theI and I 22 states, which
in the band crossing region may differ considerably. On
other hand, the calculation of theQt values in the CNS ap
proach within the rigid rotor limit is based on the assumpt
that the difference in the wave functions of theI and I 22
states is small. Thus, it is not surprising that the calculati
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FIG. 11. The kinematicJ(1) and dynamicJ(2) moments of iner-
tia plotted against spin. Some points are off the range.
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overestimate the experimentalQt values in the regions o
structure change.

V. SUMMARY

The high-spin structure of87Nb was investigated in two
experiments usingGAMMASPHERE and theMICROBALL after
production in the58Ni( 32S,3p) reaction at 135 MeV. The firs
experiment, using a thin, self-supporting58Ni target, led to a
considerable expansion and refinement of the energy l
scheme and to the firm assignment of many spins from
DCO ratios. A backed target was used in the second exp
ment to measure the mean lifetimes of many states in
sub-picosecond range with the DSAM. Particle-gated tri
g coincidences gave clean line shapes in most cases.
shapes were fitted independently at four angles of obse
tion, then compared and averaged. Approximate Dopp
shift correction for the high-energy lines made it possible
gate above a number of transitions and obtain line sha
that are independent of the uncertainties of side feeding
comparison of these fits with line shapes gated from be
led to an estimate of side-feeding lifetimes in this react
for use with the line shapes that could not be gated fr
above.

The results of this work confirm that the transitional n
ture ofN546 87Nb extends up to the highest spins observ
Sequences of states are observed which increase in ener
rotational bands with moments of inertia both smaller a
larger than the typical reference value of\2/2Jrig

518.9 keV. However, abrupt changes in the moments
inertia, indicating structural changes, occur repeatedly in
decay sequences. The lifetimes imply a rather modest a
age deformation ofb2;0.1, but with considerable variatio
from state to state, reflecting those changes in many ca
Strong alternations were observed in theB(M1) strengths of
transitions between some pairs of bands.

Calculations were performed within the cranked Nilsso
Strutinsky approach to provide a framework for understa
ing the rather complex behavior of both the energies a
lifetimes. A general characteristic of these calculations is t
the energies, relative to a rigid rotor, fall with increasing sp
and then level off and rise approaching the fully aligned,
terminating, state. The pattern slides to higher spins for c
figurations with more particles promoted fromf -p orbitals to
the unique-parityg9/2 orbital. There is evidence for this pa
tern in the irregularities observed in all the yrast lines,
though it is clearest in thep51, a52 1

2 and p52, a
51 1

2 states. In a number of cases, the bands have b
observed up to the terminating states.

Further evidence for band terminations comes from
transition quadrupole momentsQt inferred from the lifetimes
measured in the present work. At high spin, with a few e
ceptions, measuredQt values fall with increasing spin, re
flecting an approach to band termination. Configuratio
with larger numbers of particles excited from theN53 shell
to the g9/2 subshell start from higher values ofQt ~more
deformed! and fall to zero at higher spins. The measuredQt
6-14
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values in bands 3, 11, and 12 do fall rapidly with increas
spin, in strong support of the band termination interpretati

The picture is not perfect, however. Some of the com
cations in comparing theory with experiment arise from
relatively large number of possible configurations in this o
A nucleus. Small changes in the model parameters~for ex-
ample, Nilsson potential parameters! can change the qualita
tive appearance of the calculated yrast line. In spite of th
difficulties, the comparison of the measured level sche
and lifetimes with the CNS approach calculations does ill
trate rather clearly how the underlying microscopic sh
structure leads to the configuration changes along the y
line and plungingQt values as individual configurations ap
proach band termination.
,
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