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High angular momentum states in odd-otftlb were populated through théNi(32S,30n) reaction at 135
MeV. Recoiling®Nb nuclei were stopped in a thick Ta backing. Prompt multieincidences with evaporated
charged particles were detected using the full array of Gammasphere and the Microball. Mean lifetimes of 51
levels in®Nb 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 2B, which would correspond to quadrupole
deformationsB, of 0.10 to 0.27 in a rotational model. Comparison with Hartree-Fock-Bogoliubov cranking
calculations suggests triaxial to oblate shapes.

PACS numbsfs): 23.20.En, 23.20.Lv, 21.10.Re, 27.5@

[. INTRODUCTION and 4 in this figure are the yrastgg,® vge, band pair
whose characteristics are discussed in R&3f.The negative-
The shapes of nuclei in thiep-g shell often vary rapidly  parity band structure has been rearranged somewhat, based
with Z,N, rotation, the number of quasiparticles, and theon the results of the present work.
orbitals occupied by the quasiparticles. In view of this vari- Mean lifetimes of 36QL00 and 1210200 ps were mea-
ability, it is rather surprising that some aspects of the strucsured for the 6 and 8" states at Laboratorio TANDAR
ture of odd-odd nuclei remain so constant across the shelising the recoil-distance methd@]. These values imply
[1]. Although it is not unexpected that thege,® vgo,, band qwt_e reasona_ble transition strengthsB(E1)=1.2x10°
would remain yrast across the shell, since the unique parityV/eisskopf units(\W.u,) and B(E2)=11 W.u. for the 494.2
gy, Orbital carries the highest angular momentum, it is sur-2nd 274.5 keV decays.

o o . To resolve some remaining uncertainties, the parities of
prising that other characteristics of this band would vary so ’ . :
litle. In particular, the energies of levels in thegg, the 26.4, 274.5, and 494.2 keV states were determined di-

® 1o, bands exhibit a large signature spliting which al- rectly by measuring the linear polarizations of the connecting

avs reverses phase around tHe@ate. A large alternation . transitions in an experiment using a four-crystal “Clover”
ways reverses p u : 9 ! detector at the FSU Superconducting Accelerator Laboratory
also occurs in the strengths of thél transitions between

) 4 . [10]. The results are included in Fig. 1. In conjunction with
the signatures, but there is no sign of the phase reversal seg§l.” agrlier lifetime measuremeli®], they show that the

in the energy splittings. These characteristics continue to apy4g 1 kev decay has a surprisingly weBkM 1) transition
pear in new investigationN®2—6). strength of 1.4 103 W.u.

Although most studies ofrgg,® gy, bands have in- The wide difference in collectivity between the 248.1 and
volved well-deformed nuclei near the middle of thep-g  274.5 keV transitions in bands 3 and 4 leads to more ques-
shell, recent investigations of the odd-odd transitionakions about the deformation and degree of collectivity in
nucleus®Nb have revealed a similar band structure in spite8Nb. Although the energy spacings in bands 3 and 4 follow
of an apparently limited deformation. Possible band structhe characteristic patterns seen in more deformed nuclei, the
tures in®Nb were first identified in an experiment at Dares- apparent mixing with band 2 is unanticipated. Questions also
bury Laboratoryf7]. The level scheme was greatly expandedarise about the degree and variation of collectivity in many
with data from the early implementation of Gammasphere irof the other bands. The energy spacings in bands 2 and 5 do
conjunction with the Microball[8]. The level scheme of not increase regularly at lower spins. Both bands 2 afid 9
8Nb based on this and later work is given in Fig. 1. Bands 3he labeling of Ref[8]) become yrast at higher spins. Are

they more deformed? Do the states at 5027.3 and 5533.1 keV
represent less collective, aligned configurations? The present
*Present address: Department of Physics and Chemistry, Purd@xperiment was undertaken to answer some of these ques-
University Calumet, Hammond, Indiana 46323. tions by measuring the lifetimes of many state$3Nb using
"Present address: GSI, D-64291 Darmstadt, Germany. the Doppler-shift attenuation methéB@SAM).
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FIG. 1. The level scheme &fNb as deduced from Reff8,10]. The vertical scale is reduced by a factor of 2 above an excitation energy
of 8000 keV. The arbitrary numbers above the decay sequences are intended only to facilitate the discussion. Bands 6 and 9 have been
rearranged, as discussed in the text.

Il EXPERIMENTAL PROCEDURE lection of ®Nb events, all matrices were gated on the re-

With beams from the 88-Inch Cyclotron at Lawrence Ber-guirement of two or three protons detected in the Microball.
keley National Laboratory, high spin states $iNb were Then, to remove contamination from the very stroffgr
populated using the fusion-evaporation reactionchannel, 2.1 times the corresponding gated matrices were
%8Ni(%2S,30n) at 135 MeV and a beam intensity of 3.5 par- subtracted. The matrices were also gated on the requirement
ticle nA. The recoil velocity of the reaction products was Of a third coincidenty ray. To select the positive-parity
v/c~0.035. The experiment, optimized for lifetime mea- bands this thirdy ray was required to be one of the following
surements using the Doppler-shift attenuation method, madénes: 248.1, 274.5, 450.3, 466.9, 472.4, 859.8, 1077.6, or
use of a 415ug/cn? thick *®Ni target which was evaporated 1083.1 keV. Separate matrices were sorted to enhance the
on a 10.3 mg/chTa backing used as the stopping materialnegative-parity bands by requiring either the 315.7, 324.6,
for the recoiling nuclei. 393.3,396.1, 427.1, 428.2,494.2, 742.2, 744.1, 789.6, 822.9,

Gamma rays from the reaction were detected with the847.3, or 993.1 keV lines as the third coincidentay.
Gammasphergl1] array. The evaporated charged particles vy rays from any of the detectors were sorted onto one axis
were detected and identified with the MicrobBll2]. This  of the square arrays to allow for a secopgate in selecting
array consists of 95 C@Il) scintillators covering 97% of the the line shapes. Only lines from detectors at approximately
full sphere around the target. The Microball has a protorthe sameé angle were sorted onto the second axis, from
detection efficiency of 84%. which the line shapes to be fitted were obtained. The follow-

The collected data were sorted into differenting pairs of detector rings were combined: 31.72° with
3000% 3000 channel square matrices. To obtain optimum se37.38°, 50.07° with 58.28°, 121.72° with 129.93°, and
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et spectra at each of the four angles, 34.55°, 52.81°, 127.19°,
L |

and 145.45°. The lifetimes giving the best fiowest x?)
000 ' 200 1300 ' 1200 were first determined separately for each angle of observa-
Energy (keV) tion. The uncertainty of individual lifetimes was determined
by finding the lifetime value above and below the best fit
FIG. 2. A comparison of forward (52.81°) and backward value at whichy? increases by one unit. The individual life-
(127.19°) angle spectra generated by addirg+ low-spin gates. times were averaged to determine the accepted values. The
uncertainties listed for the accepted lifetimes are based on
142.62° with 148.28°. These combinations yield weightedboth the standard deviation of the averaged lifetimes and the
average angles of 34.5%eight active detectoys52.81°(15  uncertainties in the individual lifetime fits.
active detectons 127.19°(15 active detectojsand 145.45° As mentioned earlier, the data from pairs of nearby detec-
(ten active detectoysrespectively. tor rings were combined to improve the statistics. These data
With these sorted data it was possible to create spectra byere fitted using the average angle, weighted by the number
adding up many gates set on low-lyiffNb transitions. of active detectors in each ring. This approximation was
These projected spectra provided line shapes for the deterntiested in several cases by addiwgth proper scalingtheo-
nation of lifetimes. Examples of the spectra at forward andetical line shapes calculated separately at each ring angle
backward angles for the same region are shown in Fig. 2. and comparing this to the theoretical line shapes calculated
for the average angle. Figure 3 shows an example of such a
comparison for the detector rings at 121.72° and 129.93°
where the differences in csare greatest. The small differ-
Mean lifetimes for the shorter-lived higher-lying states in ences between the two approaches are well within the statis-
all bandgq(1 to 9 were analyzed by applying the Doppler-shift tical uncertainties in the data.
attenuation method to the experimental line shapes. The Each line shape was first fitted with no feeding correction
DSAM compares the decay time of the recoiling nuclei withto determine the effective lifetime, which represents an upper
their slowing-down time in the target and backing material.limit for the lifetime of the state. Each transition, except for
This comparison was carried out using the computer simulathe highest one in each cascade with adequate statistics for
tion coderiTs [13] which integrates over the thickness of the fitting, was fitted again, taking dire¢known) feeding and
target and determines the distribution of recoil velocities aside (unknowr feeding into account. The direct feeding cor-
the nuclei slow down and decay. In addition the progranrection used the effective lifetime of the state or states im-
corrects for feeding from both known and unknown higher-mediately above, and the lifetimes were varied until the best
lying states as well as for finite detector solid angle andit was obtained. Figure 4 shows the impact of taking known
resolution and for the energy dependence of the reactioand unknown feeding into account for the 1089.9 and 1303.4
cross sections as the beam decelerates through the target.keV line shapes. Due to the inability to correct for the feed-
The theoretical line shapes generatedrbys for a range  ing of the state above, only upper-limit effective lifetimes
of possible mean lifetimes were compared to the coincidenceere determined for the highest fitted state in each band.

Counts
(=]

lll. LIFETIME MEASUREMENTS
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FIG. 4. A comparison of the best fits wifsolid line) and with- FIG. 5. The comparison of the 1218.4 keV transition at 127.19°

out (dashed ling correction for direct and side feeding. Both line gated from abovéGFA) and below(GFB).

shapes are from negative-parity bands. o )
I. The effective lifetimes are the average of values obtained

at the various angles at which lifetimes could be measured.

o : : . L : ‘Corrected lifetimes are listed for each angle along with the
side-feeding times were determined by fitting line Shapesgccepted lifetime which is taken as the average of the indi-

obtained by gating from aboW&FA) the transition of inter-  ~. L ; : X
est to eliminate the contribution of side feeding. These ”fe_wdual lifetimes. In a few cases, it was not possible to obtain
; ! ’ reliable line shapes at a particular angle. These are left as
times, determined separately at each angle, were then h nks in Table .
fixed in fitting the same line shapes gated from be{@kB). 11,4 |ine shapes of the 1514.4 keV transition in band 6 are
Only the $|de—feed|ng I_|fet|mes were allowed to vary until gpo\wn at all four average angles in Fig. 6 as an example of
the best fits were obtained. An example of GFA and GFBine yvariation with angle. Figure 7 illustrates the variation of
line shapes is given in Fig. 5 in the case of the 1218.4 keMpe |ine shapes from a shortest to one of the longest lifetimes
transition. Extracting reliable side-feeding times from themeasured.
negative-parity bands was not successful since the fits were |n most cases it was possible to fit each transition indi-
not sensitive enough to feeding corrections from unknownvidually, without interference from other peaks, by a judi-
states due to smaller side-feeding intensities. cious choice of gates. Where this was not possible, a modi-
The side-feeding times determined were then comparetled version ofFITs was used to fit two overlapping line
with the effective lifetimes of the states immediately above.shapes simultaneously, by comparison with the properly
Although there is some variation, due mainly to statisticalscaled sum of the two theoretical line shapes. Figure 8 shows
variations, the side-feeding times averaged about 35% of than example for the 1083.1 and 1077.6 keV lines in bands 3
effective lifetime above. This average was adopted for all thetnd 4, respectively. This method proved very reliable as can
final fits. The side-feeding intensity was determined from thebe seen from states where lifetimes were measured sepa-
balance of feeding and decay intensities taken from 8f.  rately from both individual lines and from simultaneous fits
of overlapping pairs of lines, e.g., the transition pairs 519.4—
1303.4 and 1371.4-1286.8 keV in Table I.

For a number of transitions in the positive-parity bands

IV. RESULTS

Line shapes were extracted from as many transitions and A. Positive-parity states

angles as possible to measure the lifetimes with the DSAM. In order to get the best statistical results, all low-spin
All lifetimes measured in the present work are listed in Table(<15%) gates in coincidence and below the transition of
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TABLE I. Energies, effective lifetimes, mean lifetimes at each angle, and the accepted lifetiff@¢binThe effective and accepted
lifetimes are the average of all possible angles. Energies and spin assignments were taken ff8in Ref.

Ex I If E, Teft 7 (p9 Tace
(keV) (keV) (s 34.55° 52.81° 127.19° 145.45° (5]

Band 1

10429 (23) (21%) 1827 0.11° 59

8602 (219 (19" 1645 0.53" 322 0.26'9:22 0.529:2% 0.539:22 0.44922

6957 (19) (17" 1424 1.01°548 0.44' 509 0.64°13 105539 0.76°953 0.72°932
Band 2

13568 (27) (25%) 2285 0.09" 3%

13509 (27) (25%) 2226 0.09" 393

11283 (25) 23" 1901 0.19°9%¢ 0.053%  0.10°3%  0095% 016958 0.10°9.55

9382 23 21* 1476 0.46' 039 0.38013 0.40°0713 0.22:915 0.29°93%8 0.32°9%8

7907 21 19* 1261 1.045:28 06491 060731  0645E 072918 0.65'9:33

6645 19 17+ 1337 1.60°5:39 0.76' 028 0.745%% 0.820:08 0.87°932 0.80° 553

5308 17 15" 1320 1.66" 533 0.66" 3% 0.64:%° 0.58'9:%7 0.40°0%2 0.57°51%

3988 15 14* 519 1.76"323¢ 0.31°3%  0.28913 0.32"522 0.31°3%s¢

13* 1303 1.76"9:33¢ 0.38°0%° 0.329:%8 0.26°33° 0.317033¢

Band 3

12014 (25) (23") 1961 0.06" 333

10053 (23) (21%) 1782 0.26"312 0.043% 022038 022058 0.16°3%9

8271 (21) 19° 1548 0.40° 508 0.1897%3 0.12°939 0.15° 0732 0.26°918 0.18°929

6723 19 17t 1448 0.67°313 042919 012733  0169% 036933 0.27°913

5274 17 15 1287 1.15°315¢ 042353 05293 030915 0619335 0.44°335¢

15* 1371 1.15°915¢ 0.46' 0% 0.50°9:9%° 0.30"9:9¢ 0.38" 5% 0.44704c

3903 15 13" 1218 1.67°513 0.47508 0.46' 032 0.56'50¢ 0.48°038 0.49°038

2684 13 11* 1083 2.607938 0.41°31 0.49" 5.3 0.64" 555 0.51° 511

1601 11 9* 877 3.39" 3¢ 04732 0539518 053918 042922 0.49° 515
Band 4

6362 (18) 16 1521 0.43°31¢

4841 16 14* 1373 173538 0.94'939 0.56" 575 0.75°931

3468 14 12+ 1256 1.82°9:3% 04691 03332 06251 05791 0.50'917

2212 12 10* 1078 2.68" 338 0.72" 332 0.62°912 0.67" 555

275 8" 6" 275 1210200°
Band 5

12885 (26) 24~ 2019 0.03°9:%3

10866 24 22° 1802 0.08" 393 0.053% 00659  0.069%  0083% 0.06"9%3

9064 27 20" 1604 0.15° 098 0.05 9% 0.06' %2 0.10°9:%% 0.10°3:%2 0.089%2

7460 20 18 1425 0.34°3%° 015790  0.a33% 02655 021793 0.19°3%¢
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TABLE I. (Continued.

Ex P I E, Te 7 (ps Tace

(keV) (keV) (S 34.55° 52.81° 127.19° 145.45° (5]
6035 18 16 1258 0517998 0.18°9%¢ 0.18°3% 0.19°9% 0.21°9% 0.19"5%
4777 16 15 459  1.207913¢ 041°8%  04893%  049°7%°

14- 1090  120°98° 05838 0493 0.49°5:08°

3687 14 12 908 3.06" 388 1.10'51% 0.90°3%7 1.22518 113798 1.09°338

494 6 6+ 494 360100
Band 6

13416 (27) 25~ 1960 0.06" 3%

11457 25 23" 1728 0.18"5% 0.125%¢ 0.09°29¢ 0.16':%8 0.10°3:%3 0.12°3%
9729 23 21° 1514 0.25°9%% 0.07°55% 0.07°9%3 0.08093 0.08" 593 0.08" 553
8214 21 19 1406 0.38°9%% 0.16"9:%¢ 0.22°9% 0.18"3%4 0.16"9%4 0.18°953
6808 19 17" 1303 0.57°3% 0.27°5%% 0.30°0% 0.2179%2 0.22°3:%3 0.25°3%
5504 17 15 1134 1.06"31%¢ 0.53° 328 0.35°5:%% 0.45' 512 0.39" 5% 0.46"335°¢

15 1187 1.06'513¢ 0.45"939 0.52"3%8 0.68"922 0.34°3%¢ 0.46"5.35¢
4318 15 13° 1016 2.317022 0.98 92 0.58°0% 0.58 002 0.64° 0% 0.69°018
3302 13 12° 523 3.79°058 0.61°515 0.78°933 0.56'00¢ 0.66' 039 0.65° 023
Band 7
8428 (21) (197) 1456 0.23°09°
6972 (19) 17 1367 0.44°913 04391 0.35°9%° 0.29°312 0.36" 398 0.36"9%8
5605 17 15~ 1288 0.69" 331 0.17°922 0.24°0712 0.217918
Band 8
5153 16 15~ 835 1.47°388 0.15"329 0.07° 538 0.36" 5% 0.60" 3% 0.30° 521
4070 14 13 768 2.79' 132 0.56" 333 0.53" 539 1.16'9%2 0.359% 0.65 53
Band 9
9649 (23) 21° 1830 0.33" 535
7819 2T 19 1340 1.30'931 1.14'5% 1.33°524 1.06' 5.3 1.04°512 1.14°337
6479 19 17° 1037 371947 1.56'53 1.42'538 226949 1.98°942 1.81°93%
5442 17 15~ 1071 1.95"935¢ 0.15° 922 0.29°0712 0.13°023 0.217932¢
15 1125 1.95°087¢ 0277357  019'%%  021'9%°
4371 15 13° 993 2.86" 33, 0.907 322 0.78 518 0.96" 518 0.94929 0.90° 513
3377 13 11" 779 3.86'153¢ 0.44°33° 0.46" 523 1.68 33 1.42° 18 0.94"545¢
11° 923 3.86'145¢ 0.96' 958 0.98"938 0.62°921 0.947348¢

@Average of effective lifetimes measured at all possible angles.
bMean lifetime taken from Ref9].
7. and 7, are determined by averaging all available values for both transitions.
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FIG. 6. The 1514.4 keV transition in band 6 fitted individually ] ]
at all four angles. Fits representing the uncertainty limits are shown FIG. 7. Typical fits at 52.81° taken from bands 6 and 9. Top:

with dashed and dashed-dotted lines. The expected position of ai?59.6 keV, one of the shortest-lived states measured in this work
unshifted 1514.4 keV line is indicated with an arrow. (band 6. Middle: the 1303.4 keV from a medium-lived stdteand

6). Bottom: the 993.1 keV transition from a long-lived stéand
interest were generally added together. In some cases ho®). The dipersion for the 1959.6 keV graph is 2.67 keV/channel.
ever, this procedure was not possible due to interference or

contamination and fewer, more selective, gates were Choseﬂncertainties in the lifetimes of the 15and 17 states in

. The highest-lying states in bands_l, .2' 3,and 4 f_or whic and 2. However, there is no doubt that their lifetimes are
line shapes could be extracted and lifetimes determined wer

the 1827 keV (23), 2226 and 2285 keV (27, 1961 keV Shorter than thqt of the 19state, and th_e_lifetime_meas_ure-
(25"), and 1520.8’ keV (18) transitions(levéls}, respec- ments made_usmg t_he 519.4 keV transition confirm this.
tively; thus only effective lifetimes are quoted for these The efiective I_|fet|mes of the 5533.1 and 5027.3 keV lev-
states. The line shapes which were not separable from oth&lS Were determined from the 225, 258.8, and 1124.8 keV
ones and had to be fitted in pairs using the modified versioffansitions at all average angles. It was not possible to correct
of FITs were 1337.1(backward angles only1320.3, 1303.4 for feeding in these states, and the effective lifetimes are
(backward angles only 1548.0 (forward angles only  9diven, indicating upper-lifetime limits. Effective lifetimes of
1448.1(forward angles only 1371.4(all angle$, 1520.8(all  0.97 957 and 1.09 335 ps were determined for the 17and
angles, 1373.0 (forward angles only and 1077.6 keV 16" states, respectively. As can be seen, the states have ef-
(backward angles only fective lifetimes which are comparable to those of thé 17

In most rotational bands, the lifetimes of states decreasstates in bands 2 and 3.
steadily with increasing spins and transition energies. This
reduces the effects of feeding corrections and improves the
accuracy of the DSAM technique. However, this is not the ) ) o
case in the lower part of band 2, where already the nearly Generally, all low-spin £16#) gates in coincidence and
equaly-ray energies indicate a deviation from normal behav elow the transition of interest were added together. For
ior. An examination of Fig. 2 shows rather similar line cases where interference did not allow this procedure, as for
shapes for all those decays. More quantitatively, the effectivéhe pairs 1406.4-1425.2, 1089.9-1071.2, and 1124.5-
lifetimes of the 15 ,17", and 19 states, shown in Table I, 1133.9 keV, fewer gates were added. To increase statistics
are nearly equal, and the corrected lifetimes of thé 4d above the 22 and 23 states in bands 5 and 6, gates in
17" levels are actually shorter than that of the" I8ne. This  coincidence were added starting from lines below the 8¢
“shadowing” by the longer lived 19 states increases the 23~ levels, respectively.

B. Negative-parity states
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For bands 5, 6, 7, and 9 the highest-lying states which 0 —————F 7 T 771 77 171
could be analyzed in the present work were the 2019 keV L .
(267), 1959.6 keV (27), 1456 keV (21), and 1830 keV
(237) transitions(levels, respectively. Only effective life-
times are quoted for these levels, indicating the upper-
lifetime limits. The 1287.6 keV line shape was fitted together
with the 1258.2 keV line shape. Because of unavoidable in-
terference the line shapes of the 84%and § and 1083.1
keV (band 8 transitions could not be analyzed; instead the
lifetimes of their parent states were extracted by using the
line shapes of the 522.8 and 835.2 keV transitions.

The higher-lying states in band 9 are long lived compared
to those in bands 5 and 6. The18tate is a very long-lived
state as calculated from the 1037.4 keV line shape, “shad-2
owing” the lower-lying states. This leads to greater uncer-
tainties for the shorter lifetimes measured for the 1124.5 anc 5000 -
1071.2 keV transitions. -

4000 -

4000 -~ 1077.6 52.81° -

0 H—————+——

Counts

C. Transition strengths
3000

The electric quadrupole transition streng®&E2) were
determined from the accepted lifetimes, transition energies
and branching ratios given in Tables | and Il and were used i
to calculate transition quadrupole momef{s| from the ro- 1000 -
tational model according to -

0||||I|||||||||I||||I||||

0 5 10 15 20 25
Relative Channel Number

2000

16w
Qf:T(IKZOH —2K) " 2B(E2|—1-2). (1) FIG. 8. An illustration of simultaneous fits to the 1077.6 and
1083.1 keV line shapes.

A value of K =6 was used for all bandd to 9. Both quan- the 8" state[9] confirms the highe, values for the lower

tities B(E2) and the transition quadrupole momefsare ~ States. _ _
given in Table II. Comparison with a cranked shell model analysis of the

Most magnetic dipole transition strengtB§M1) were level energie's and .spins shows (.)nly.a Iimitgd correspon-
calculated using a quadrupole-dipole mixing ratio@#0  dence. The kinematic moments of inert&hown in Fig. 4 of
sinceB(M 1) values are rather insensitive das long as itis e [8]) are quite flat in the region wher@ decreases
small. However, a mixing ratio for the 248.1 keV line was Steadily. Then the), _va!%e levels out at approximately the
available from Ref[10] and was used to calculaB{M1) as  Point of a small rise inJ*’. Although the two graphs agree
well asB(E2) for this transition. The magnetic dipole tran- roughly on the point at which a change occurs, the relation is

sition strengths for the positive and negative-parity bands ar@Most opposite to the conventional wisdom that higher mo-
given in Tables IIl and IV, respectively. ments of inertia correspond to greater deformations.

Band 2 appears to follow the same trend as bands 3 and 4,
although it does not extend as far down in spin. There is
certainly no evidence that band 2 is more deformed, as might
be expected since it becomes yrast between tHeahitl 19

A. Positive-parity bands states and exhibits generally higher moments of inertia. The
transition quadrupole moment from the "18tate is divided

The transition quadrupole momer®s determined in the between the 1337.1 keV intraband and the 1113 and 1370.9
present work are shown graphically in Fig. 9. TRevalues  keV interband decays, suggesting significant band mixing.
and hence the quadrupole collectivity in theyg,® vgep,  However, there appears to be no reduction in @hevalues
bands(3 and 4, fall with increasing spin from more than for the 1303.4 and 1320.3 keV transitions even though their
2.5 eb down to about 1eb at spin 1& and then level off. energies do not increase in the regular way expected for rigid
In a rotational model interpretation, this would correspond torotors and the 1303.4 keV decay may be more of an inter-
a decrease of quadrupole deformatj@nfrom about 0.27 to  band rather than intraband transition.

0.11 with increasing spin. Although the lifetimes of the low-  The fewQ, values which could be determined in band 1
est states are too long to be measured with the DSAM, afnot graphetlare smaller than those in the other bands. This
earlier recoil-distance measurement of the mean lifetime ofs consistent with a smaller deformation for a nonyrast struc-

V. DISCUSSION
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TABLE II. Energies, branching ratios, electric transition quadrupole strengths, and electric transition quadrupole morffitis i

Energies, spins, and branching ratios were taken from [Réf.

PHYSICAL REVIEW C 62 024316

E, T E, B B(E2) Q E. 17 E, B B(E2)? Q,
(keV) (keV) (%) (W.u) (eb) (keV) keV) (%) (W.u) (eb)
Band 1 Band 5
10429 (23) 1827 1000 >16.1 >1.09 12885 (26) 2019 1000 >33.7 >1.54
8602  (21') 1645  100.0 6839 o720 | 10866 24 1802 1000 31855 15103
6957  (19) 1649 60.0 24714 ogq0u | 9064 22 1604 1000 42675 1785
1424 40.0 3.4°19 0527013 | 7460 20 1425 100.0 32.4° 18 1.5970:28
Band 2 6035 18 1258 100.0 60.4" 152 2237920
13568 (27) 2285  100.0  >6.4 >0.67 artr 161090 849 4087 L9T'53
13509 (27) 2226 1000  >7.4 >0.72 3687 14 908 36 39.7°31 2.00°533
11283 (25) 1901 100.0 14.6"21 1.02°339 Band 6
9382 23 1476 100.0 16_1ig:421 1.0 78:11 13416 (27) 1960 100.0 >22.7 >1.26
7907 21" 1261 81.5 14.2'53 10402 | 11457 25 1728 1000  19.6°(3 1187518
6645 19 1337 64.9 6.9°2¢ 074912 | 9729 23 1514 1000  56.87i55 20453
1113 9.8 2609  0450% | 8214 2T 1406 1000 3653 1.67°075
1371 25.3 24798 043007 | 6808 19 1303 1000  385; 1.75°013
5308 17 1320 735 11634 100704 | 5504 17 1134 504 212 134013
3988 15 1303 74.8 23295 1.48°0% 1187 429 14333 111707
Band 3 4318 15 1016 64.9 31503 w1721
12014 (25) 1961 1000  >20.8 >1.22 8302 13 847 256 32613 1.90°513
10053 (23) 1782  100.0 12655 09634 Band 7
8271  (21) 1548 100.0 226344 131793 | 8428  (21) 1456 100.0  >24.0 >1.35
6723 19 1448 64.5 13.6112° 10404 | 6972 (19) 1367 1000  21.1'5g 1.30°933
1414 278 6.6°51 073028 | 5605 17 1288 100.0 48.7°33%°  2.04%4%
5274 17 1371 60.8 10325 0.94°3% Band 8
1287 29.1 6817 07609 | 5153 16 1083 427 3453 176054
3903 15 1218 82.7 22,731 1.47°319 Band 9
2684 13 1083 66.3 31.6°%5 18702 | 9649  (23) 1830 1000  >53 >0.63
1601 11 877 360  514'187 276704 | 7819 21 1340 1000  7.3%;F  0.750g
Band 4 6479 19 1037 100.0 16.6"33 115571
6362  (18) 1521  100.0 >103 >0.92 5442 17 1071 430 52637 212733
4841 16 1373 100.0 9.9%7  0.9470% 1125 312 209'%5 16003
3468 14 1256 85.8 10.8'58 14201 | 4371 15 993 818  34.17%] 179673
2212 12 1078 88.1 32851 2027018 | 3377 13 779 348 4687 22805
275 g 275 56.1 107733 253038 923 393 2267%° 1587075

3 W.u. =22.55 e? fm*.
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TABLE IIl. Energies, branching ratios, and magnetic dipole = TABLE IV. Energies, branching ratios, and magnetic dipole

transition strengths in the positive-parity bands. transition strengths in the negative-parity bands.
= I E, B B(M1)? E, 17 E, B B(M1)*

(keV) (keV) (%) (12) (keV) (keV) (%) (%)

7907 21 241 18.5 116279558 5504 17 727 6.8 0.022°3:9%°

6723 19 361 7.7 0.347 5322 5442 17 289 13.9 1.570" 5201

5533 (17) 505 51.1 >0.233 665 12.0 0.111° 3983

259 27.7 >0.940 5153 16 783 27.0 0.107°5:239
225 21.3 >1.099 835 30.3 0.099' 323

5308 17 467 26.5 0.260" 557 4777 16 459 15.1 0.182 592

5274 17 434 10.1 0.160°39% 4371 15 300 18.2 0.426°333%

5027 (16) 1125 100.0 >0.037 4318 15 631 35.1 0.116 5927

3988 15 519 25.2 0.331° 333 4070 14 768 100.0 0.194 537

3903 15 434 17.3 0.246° 353 3687 14 385 26.4 0.242° 5533

3468 14 785 14.2 0.0345:50° 3377 13 598 25.9 0.074°3%5%

2684 13 472 33.7 0.358 3958 3302 13 523 74.4 0.457 5523

2212 12 610 11.9 0.045 557 ®For reference, 1 W.u=1.79u2.

1601 1r 467 64.0 0.732.5%%; arrangement than that of RéB]. Basically the portions of

ms & s oxspp  CA0e 0 olomthe dis upuerd have been e
%For reference, 1 W.u=1.7942. tions are viewed as in-band, rather than the 1124.5 and
bB(M1) multiplied by 100. 1133.9 keV decays, which were considered in-band transi-

tions in Ref.[8]. Of course, the reality is that there is con-
siderable mixing between the 1%@nd 17 states in the two
bands no matter how they are grouped.

Because of the rearrangement in suggested band structure,
e kinematic moments of inerti#?) for the negative-parity

ture. Again, the decay strength out of the*18tate in this
band is divided into twa\l =2 branches.
The B(M1) strengths between signature partner bands %1

and 4, graphed in Fig. 10, confirm the oscillations suggeste ands have been recalculated and are displayed in Fig. 11.
by theB(M1)/B(E2) ratios in Fig. 7 of Ref[8]. Together, Ny the ) values in signature-partner baﬁng and 69are
the t"l’o graphs show an unbroken alternating pattern fromaher similar throughout the entire frequency range. The
the 8_ to the 19 sta_te with no sign of the pha;se reversal weak broad peak a@iw~ 0.75 MeV seen only in odd-spin
seen in the energy dlffel’ences around Splh.l'ﬂ)hls dlffel’- band 6 may resu|t from mixing W|th bands 7 or 9.
ence between the signature splitting patterns of the energies Under the present band interpretation, e values in
and M1 strengths has been seen consistently in théands 5 and 6 are also quite similar throughout the entire
7Qo/2® vggr, bands[1], but still awaits theoretical under- spin range except for the dip at the most strongly mixed 17
standing. state. In contrast, the transition quadrupole moments in band
It is interesting that some of the strong®4tl transitions 9 above the 17 state fall significantly lower than those in
observed (L3) connect bands 2 and 3 with the “extra” bands 5 and 6 and are comparable only to those in band 1.
states at 7666 and 5533.1 keV. On the other handE2o This again represents a reversal of the commonly held ex-
transitions were observed connecting these or the 5027]@ectation that larger deformations are associated with greater
keV state with any of the bands. Limits for the unobservednoments of inertia. Band 9 is yrast in the 1% 23" spin
branches suggeB(E2) strengths less than 0.5 W.u. for pos- range and has larger moments of inertia buQs/alues are
sible decays such as (1y—15" or (16")—14*. Strong Significantly lower.

M1 and weakE2 transitions support the picture of single- ~ The transition quadrupole moments in bands 5 and 6 are
particle or aligned character for these “extra” states. somewhat intermediate between the range of values seen in

positive-parity bands 3 and 4. The overall trend is perhaps a

slow decrease with increasing spin. In a rotational model

interpretation, this would correspond to quadrupole deforma-
The grouping of decay sequences into bands is not alwayons 8, ranging from about 0.22 down to about 0.15.

clear if significant mixing occurs. The behavior of tkg It would have been very interesting to explore the collec-

values determined in the present work suggested a differenivity of the states below 13 because an extrapolation of

B. Negative-parity bands
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FIG. 9. The electric quadrupole momeh@| vs the initial spin FIG. 10. The magnetic dipole transition strengB{$/1) vs the

I; for the positive-parity bands 2, 3, and @op) and for the initial spin|; for the yrast positive-parity band and negative-parity
negative-parity bands 5, 6, and(Bottom). Open symbols corre- band. States in which has ever(odd) spin are shown with open
spond to lower limit values. The lifetime of the 10evel in band 4  (filled) symbols.
is not known, and that for the*8level has been taken frof9].

The deepest minima in most of the total Routhian surfaces
Fig. 9 would suggest increasing collectivity with decreasingcalculated for®Nb correspond to spherical shapes or non-
spin, but the almost constant transition energies between thmllective rotation. They would imply16—19 Q, values of
lower-spin states argue for lower collectivity. Unfortunately zero, in contrast to the observed range of 0.5 to 25 A
their lifetimes could not be measured using the DSAM be-shallow, triaxial to oblate minimum witt8,~0.15 can be
cause their line shapes exhibit almost no Doppler shifting. seen in all four TRS plots in Fig. 12. It leads@ values in

The B(M1) values between bands 5 and 6 generally de-

crease with increasing spin. There is no evidence for alterna- 40— ————1——1——
tions. ! %6 ]
i Nb
. : : 35k N T=— 1
C. Hartree-Fock-Bogoliubov cranking calculations i ! \ ]
Hartree-Fock-Bogoliubov cranking calculatigrisl] were % :;\ |‘. N ]
performed for configurations ifi®Nb using a Woods-Saxon s 30F AI/"Q{'\\ - \t\A j
potential and a short-range monopole pairing force. Total o | “\v\\,\\\
Routhian surfacéTRS) plots in the (3,,7y) plane were gen- }:/ 25k \'.\v}¢—‘\ ]
erated from these calculations. Figure 12 shows four TRS = | Band Sym 4
plots at two different frequencies. At each grid point, the L (L 5 v
Routhian was minimized with respect to the hexadecapole 20r 51 ]
deformation 8,. The quasiparticle labeling scheme was [
taken from Ref[15] with lower (uppe) case letters repre- 1%' A T S S SR
senting proton(neutron configurations. The label “aA” 2 04 06 08 10 12 14
stands for the lowest proton and neutron configuration yield- ho (MeV)

ing overall positive parity and signature=1 (odd spin,
while label “aE” is the lowest two quasiparticle configura-  FIG. 11. Kinematic moments of inertid® as a function of
tion with overall negative parity and even spin. rotational frequency» for the negative-parity bands &fNb.
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- 05 i spleluiaiuiululy states in®Nb. The full Gammasphere array and the Mi-

= 0= ”6 Mev croball were used to detect mufficoincidences with evapo-

TN \\\\\ 03 ?l rated c_harged particles. Since a thick backing material was
\ \ \ 025 used, lifetime measurements of 51 state$9Nb were per-

\ S formed at four detector angles using the Doppler-shift at-
tenuation method. Triple coincidences and charged particle
gates were used to extract clean line shapes. Side-feeding

times were measured directly for some states by comparing
line shapes fitted from spectra gated above and below. Tran-
sition quadrupole momentd, calculated from the lifetimes

in the yrast positive-parity bands decrease from 27 at

low spins to 1.0eb at spin 1% and then remain relatively
constant. This would correspond to quadrupole deformations
B, decreasing from 0.27 to 0.11 in an axial rotational model.
The magnetic dipole transition strengtBéM 1) between the
two signatures show strong oscillations with no sign of the
phase reversal seen in the energy signature splittingsQfhe
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) )))// R values in band 2 are quite similar to those in bands 3 and 4
04 N\ / 01 RYY ] even though the energies of the lower states do not increase
X 7 , LT .
= 2 /) - as expected for a rigid rotor and the higher states become
%?é'////%/w AN 03 AN . yrast.

_ ) The transition quadrupole moments in negative-parity

FIG. 12. Calculated total Routhian surfaces f5Nb in the  phands 5 and 6 average about &b (B,~0.19) with per-
(B2,7) polar coordinate plane for two rotational frequencies andyan5 5 gentle decrease with increasing spin. Those in band 9
two different configurations. The a[laI_E] configuration corresponds_, are comparable at low spins, but decrease considerably
to (m,2)=(+.1) [(=.0)]. The spacing between contour lines is o6 snin 17. A number of interband transitions suggest
250 keV. . . .

considerable mixing between bands 6 and 9, especially for

the 17 states. Based on the similarities and differences
the range of 1 to 2e b and is the best candidate to match theamong theQ; values, the upper portions of bands 6 and 9
experimentally observed structures. have been interchanged.

More minima appear in the TRS at higher rotational fre- Hartree-Fock-Bogoliubov cranking calculations were per-
quencies, but they are too deformed to correspond to thformed to compare with the experimental results. Somewhat
observed states. For example, the prolate minimun8at shallow minima were found in the total Routhian surfaces at
~0.5 appears rather consistently at higher frequencies, butiaxial to oblate shapes with 0s18,=<0.2 which appear to
the Q, values associated with this “superdeformed” shépe correspond to the observed positive- and negative-parity
to 7 eb) are a factor of 2 to 4 larger than those measured ifbands. The measureQ; values clearly rule out both the
the present work. The near prolate shapes Wifk-0.3 im-  spherical and highly-deformed minima in the TRS. Although
ply Q; values of about 3.5 b and do not appear at lower the moderately deformed triaxial to oblate minima appear
frequencies where the highest transition quadrupole moeonsistently over a wide range of rotational frequencies and
ments were observed experimentally. imply Q, values in the range observed experimentally, it is

Therefore the measured lifetimes show that the only strucdifficult to locate the positions of these shallow minima ac-
tures in the TRS which can correspond to the observed bandsirately enough to test whether they can reproduce the ob-
are those with 0&£ 3,<0.2 and—70°<y<—30°. ltis dif-  served variations with spin.
ficult to make a more detailed comparison between the pre-
dicted and observe®; values because these triaxial to ob-
late minima are so shallow an@é soft. Although there are ACKNOWLEDGMENTS

indications of minima in the region at most frequencies, it is ) ) ) )
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VI. SUMMARY
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