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The high-spin structure of odd-odtiNb was studied with the early implementation of GAMMASPHERE
using 36 Compton-suppressed Ge detectors and the MICROBALL, a 95-element full-sphere charged-particle
detector array. High-spin states were populated using®ii >2S,3pn) reaction at 135 MeV with beams from
the 88-Inch Cyclotron at Lawrence Berkeley National Laboratory. A number of bands were observed up to
spins as high as (3). The yrast positive-parity band shares many characteristics witlrggg® rgo,, bands
in other odd-oddf-p-g shell nuclei. These similarities include the behavior of the moments of inertia, the
magnitude and phase of the signature splitting and its phase reversal near'trstaf) and the strong
alternations in th&(M1)/B(E2) strengths. The moments of inertia in the lowest pair of negative-parity bands
start out with a sharp upbend and then gradually fall back to the rigid-body value. New positive- and negative-
parity bands appear in the quasiparticle alignment region and eventually become yrast. Some additional
positive-parity states around spinfil@re candidates for fully or nearly fully aligned shell-model-like configu-
rations.[S0556-281@7)04607-4

PACS numbsgs): 23.20.En, 23.20.Lv, 25.70.Gh, 27.5@&

[. INTRODUCTION theoretical challenges they present. However, several studies
in the last few years have shown the existence of rotational
Nuclei in the A~80 region of deformation where both bands in odd-odd nuclei which are at least as regular as those
protons and neutrons fill the sanfigp-g shell show strong in the neighboring nucldil—11]. In particular a strong simi-
collective properties with ground-state deformatighisex-  larity has been seen among the yrast positive-parity bands
ceeding 0.4 in some cases, yet are very sensitive to the pp12]. They appear to be based on the configuration
larizing effects of individual particles. They provide an ex- mgg;»® vgg, Which provides the maximum intrinsic spin
cellent laboratory for studying the interplay between single-available from two quasiparticleg p’s) in the f-p-g shell:
particle and collective excitations. The roughly equal protor®@%. Changes that occur in the signature splitting and mo-
and neutron numbers also mean that proton and neutron queents of inertia around spin#9 have been interpreted
siparticle alignments can compete on a nearly equal basis.[6,8,13 as a transition from realignment of the intrinsic an-
Odd-odd nuclei in this region have not been investigatedyular momentum to collective rotation. Regular negative-
as well until recently because of the greater experimental angarity bands have also been observed, but their systematics
are less clear.
The regular band structures have mostly been observed in
*Present address: Department of Physics, University of Notrénore deformed nuclei with neutron and proton numbers not

Dame, Notre Dame, IN 46556. far from midshell. The behavior of transitional odd-odd nu-
TPresent address: Los Alamos National Laboratory, Los Alamosglei with particle numbers approaching shell closure remains
NM 87545. an open question. The odd-odd nucle®f\b, only five
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neutrons away from the shell closureN#= 50, provides an  88-Inch Cyclotron at Lawrence Berkeley National Labora-
opportunity to investigate such a transitional case. Lightetory. The target was &Ni foil enriched to 99.7% in>®Ni
nuclei closer to midshell generally exhibit rotational bandswith an effective thickness of 24kg/cm?. Gamma rays
while heavier nuclei witiN=47 have been successfully de- from the reaction were detected with the early implementa-
scribed with shell-model calculationgl4—-16. Therefore tion phase of GAMMASPHERE[22] consisting of 36
Strong Competition between Single-particle and collective beCOmpton_Suppressed HPGe detectors. The evaporated
havior might be expected ifA*Nb. _ ~ charged particles were detected and identified with the M-
Only one study{17] has been reported on the high-spin cROBALL [23], an array of 95 C4T) scintillators covering

86 i i i
structure of ™Nb from an in-beam experiment. This Work ggos of the full sphere around the target with a proton detec-
established 18 new states in two separate decay sequencggy, efficiency of 84%.

?Ath?[\lljvgh the spr)]ms of th? ds:]at;esé) anéj :hfmriilagv?wpcr)smc;ns ?f A total of 4.2x 10° raw events with three or morg rays
€ Wo sequences cou ot be dete ed. More Experk, -,incidence were collected. Events with exactly three pro-
mental work was clearly needed before the structure o

8Nb could be placed in the context of other odd-odd nuclei. ons and na part_icles were sprted _intc_) both_a t_riangular and
In addition to the in-beam work. several studies of the® Sduarey-y matrix for analysis. Pairwise coincidences were
B*l(electron capture(EC) decay of%Nb to states in®zr also sorted into one of two additional triangular matrices if

[18—21 provide information on the parent stateNb, and ~ the third member of g triple were any of about six low-
one investigatiofi21] on theg* /EC decay off®Mo to states lying t_ransmons in _each of thg two major decz_:ly ‘sequences.
in 8Nb establishes four low-spin states in the daughterThe triangular matrlce_E24] which are symmetric in all the
nucleus. detectors were used in constructing the level scheme and
The present investigation was begun to provide a moréletermining the relative intensities. Gamma rays from any of
comprehensive picture of the high-spin structuré®b us-  the six detectors located at 90° relative to the beam were
ing the resolving power of the early implementation of sorted onto one axis of the square array, while those from
GAMMASPHERE with the reaction channel selectivity of any of the 30 detectors at angles of 17.275° — 37.38° and
the MICROBALL to explore the competing roles of single- 142.62° — 162.725° were sorted onto the other axis to allow
particle and collective modes in this transitional odd-oddthe determination of directional correlation of oriented nuclei
nucleus. (DCO) ratios. For most lines, the DCO ratios were deter-
mined from several nearldy2 gates and averaged. The DCO
Il. EXPERIMENTAL PROCEDURE ratios used here were calculated according to

High-spin states in®Nb were populated using the
8Ni(%2S,3pn) reaction at 135 MeV with beams from the

R _I(yy at 17° to 38° or 142° to 163° gated by, at 90°) !
pco Y1:Y2)= {5, "t 90° gated byy, at 17° to 38° or 142° to 163° @

The y detectors were calibrated by least-squares fittingsuppressed Ge detectors. The second experiment was a re-
the energies of lines if°Co, &Y, and °%Eu to a third-order measurement of thg decay of ®Nb using a pulsed beam
polynomial (cubid function of the channel numbers of the and the FSU array.
centroids of the corresponding peaks. A four-parameter fit
was made to the relative efficiencies of the detectors using IIl. RESULTS

the lines from **u. The resultingy-ray energies, intensi-  The level scheme established in the present work is
ties, and DCO ratios are listed in Tables | and Il for all theshown in Fig. 1. The numbers placed above each major de-
transitions placed in th€°Nb level scheme. The intensities cay sequence are intended to facilitate the discussion and do
listed represent averages over all the angles of observatiaibt represent any theoretical interpretation. This level
without any further adjustments for angular correlation ef-scheme generally confirms the previous wfik], and the
fects. presence of the lines in thep®a particle-gated matrix
Two follow-up experiments[25] were performed at along with known lines fromP’Nb confirms the assignment
Florida State University to resolve questions concerning théo 8Nb. Several connecting transitions fix the relative posi-
low-lying level structure off®Nb. Both experiments used the tions of the two strongest decay sequences. The question of
same reaction as was used in the primary experimenthe position and spin of the lowest state will be discussed
%8Ni(%2S,3pn), with 135 MeV %S beams from the FSU Su- below.
perconducting Accelerator Laboratory. First a search was
made for low-energyy transitions down to 12 keV using a
low-energy photon spectrometdrEPS both alone and in The identification of the ground state is nontrivial in odd-
delayed coincidence with the FSU array of five Compton-odd nuclei in this region because states of substantially dif-

A. Ground state
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TABLE I. Energies, relative intensities, and DCO ratios of tran- ferent spin often lie close to the ground state ghdecay

sitions among the positive-parity states®fitNb. The relative inten-

sities are normalized to the 859.8 keV line.

E, (keV) I7 17 E, (keV) l, Roco
26.4 7 6" (26.4)
274.5 8" 7 248.13) 49.615 0.593)
6"  27453) 63515 0.824)
724.8 9 8"  450.33) 20.312 0.485)
1134.3 10 9%  409.43) 557  0.455)
8"  859.84) 100  0.918)
1601.3 1T 10"  466.93) 27.112 0.434)
9"  876.54) 15§10 0.959)
2211.7 12 11" 61034  9.311)
10" 1077.66) 69.020) 0.948)
2684.2 13 12" 472.43) 13518 0.424)
11" 1083.15) 26.620) 0.979)
3468.3 14 13" 78485  7.0(19
12¢  1256.46) 42.325) 0.979)
3902.5 15 14"  434.05 5312 0.4710)
13" 1218450 25.414) 0.997)
3987.6 15 14"  51944) 10713 0.489)
13" 1303.44) 31.818 1.007)
4841.3 16 14" 1373.q100 104) 1.038)%
5027.3  (16) 15" 1124.88) 5.315)
5274.2 17 16" 4341) 3(1)
15"  1286.86) 8.612 0.999)
15" 13714100 186) 1.038)%
5308.1 17 16"  467.27) 9.516)
15°  1320.37) 26.420) 0.979)
5533.1  (17) 17"  225.4)  2.007)
17" 258.84)  2.608)
(16') 505.18)  4.810)
6362.1  (18) 16" 1520.815 6.310)
6645.2 19  (17°) 111320  3.18)
17¢  1337.15 20.520) 1.0011)
17¢  1370.9100 8(3)  1.038) %
6722.5 19 18"  360.644)  1.303)
170 141420 4712
17" 1448.110) 10.915)
6957 (19) (17)  14242) 8(3)
17" 16493) 1203
7666 (20) (19') 707.49)  1.24)
19"  1020.612) 6.118) 0.5014)
7906.6 2T  (20") 240.98)  3.39 05212
19"  1261.414) 14.520) 0.979)
7966.1  (20) (18) 1604.015 5.612)
82705  (21) 19" 1548.G415 11.518)
8602 (1) (19%)  16453) 6(2)
9382.1 23 21" 1475514 10.020) 0.9915)
9774 (22) (20') 18082  6.520)
10052.8  (23) (21') 1782.317) 5.7(18
10429 (23) (21")  18273) 4(2)
11283 (25) 23" 19012)  6.020)
12014 (25) (23") 19613)  3.7(15)
(12407  (25") (23%) (1978
13509 (27) (25') 22263)  2.08)
13568 (27) (25') 22853)  1.67)

&Combined DCO ratio of the triplet.

independently. Several radioactivity studi@8—2Q have es-
tablished the3*/EC decay pattern from a state #iNb with

a half-life of 881) s. Since®Nb was populated in those
studies with heavy-ion fusion-evaporation reactions similar
to the present one, this 88 s state most likely corresponds to
the lowest one in Fig. 1.

A recent measuremeni2l] of the 8"/EC decay of
8Mo revealed ay-decay sequence among four new low-spin
states in®Nb (1™ = 0 — 2™) which does not involve any
of the y rays shown in Fig. 1. This confirms the expected
coexistence of low-lying low-spin and high-spin states built
on different quasiparticle configurations. The lack of any ob-
servedy transitions between the two sets of levels leaves
unanswered the question of which lies lower and forms the
ground state.

In nearby odd-odd?Y [6] y decays between the low- and
high-spin states show that the 4tate lies 401 keV above
the 1" ground state. A low-lying 6 state[10] and 1" state
[26] are known in®¥Y, and recent work27] shows that the
17 state lies just above the'6one. In the isobaf®Y [28,29
the 8" state lies 218 keV above the 4ground state. Based
on B end-point energie$30] the (47) level lies 40 keV
above the (8) ground state in the isotop&Nb, but the
uncertainties do not preclude the opposite ordering. Again,
the 4~ level in °*Nb lies 125 keV above the'8ground state
[31].

Thus there is ample systematic evidence among the
nearby odd-odd nuclei that low-spin and high-spin states co-
exist at low excitation energies. However, the relative order-
ing varies and no definite conclusion can be drawn about
whether the 8 state is the ground state 8f\b. To simplify
the discussion in this paper, we will use the term “ground
state” for the lowest level in Fig. 1.

The spin and parity of th&Nb ground staté¢lowest level
in Fig. 1) are restricted to 5, 6%, or 7* by the observation
[20] of an allowed(log ft = 5.76) B decay to the known
6" state in®Zr. A spin parity of 5" was suggestef®20] for
the ®Nb ground state because of the 10.B%lecay branch
to the 4" state in®%Zr (log ft = 6.47). However, the authors
were concerned that the lar@hc of 8.15 MeV would per-
mit B branches to even higher-lying states which they could
not detect due to the decreaseyirdetection efficiency with
increasingy energy. Such undetectgbranches would then
decay to the lower-lying states ffZr by unobserved rays
and lead to an overestimate of the dirgttfeeding of the
lower levels.

A better knowledge of the systematics of odd-odd nuclear
structure in this region, which has been acquired since that
B-decay work, clearly shows that the spin parity of the
ground state off®Nb is 67. All of the lowest “high-spin”
states in the neighboring odd-odd nuclei have even spin
(6" or 8") as listed above. It will be shown in the following
discussion that the yrast band built on the ground state has all
the characteristic§12] of the mwgg,® vge, bands in other
nuclei if it starts with a state of spin parity'6and not 5" or
7.

To resolve the discrepancy between the spin assignments
of 5 suggested20] from B decay and 6 from well-
established systematics, the two follow-up experiments de-
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TABLE Il. Energies, relative intensities, and DCO ratios of transitions among the negative-parity stéffdb.iThe relative intensities
are normalized to the 859.8 keV line in the positive-parity band.

E, (keV) I IT E, (keV) I, Rpco E, (keV) 7 I E, (keV) I, Rpco
494.2 6 6" 494.33) 80.915) 0.926) 14~ 1089.96) 34.930) 0.989)
887.5 7" 6~ 393.33) 36.0(14) 0.425) 5153.1 16 15~ 783.18) 2.44)
12837 g 7  396.13) 14.212) 0.475) 15~ 835.28) 2.7(5)
6~ 789.64) 33.215 1.009) 14~ 1083.19) 3.87)
14982 g- g-  217.75) 2.5(9) 5441.8 17 16  288.714) 6.0(15) 0.5410)
7" 610.55) 6.309) 0.51(10) 16~ 664.67) 5.2(9) 0.489)
17105 o 8~ 427.15) 10(3) 0.485) 2 15~ 1071.28) 18.627) 1.0411
7- 822.93) 23.214) 1.1011) 15~ 1124.58) 13.516) 1.131)
g+  1436.38)  6.47) 5504.3 17~ 16 7272 1.84)
2026.1 10~ 9~  315.13 15.05) 0.475) 15~ 1133.98)  13.415) 1.049)
8~ 742.24) 35(8) 0.958) 15~ 1186.58) 11.414) 0.959)
10t 892.46) 3.34) 0.9810) 5605.2 17 15~ 1287.¢100 5.0(10 0.8911)
2209.4 (10) 8~  711.29) 4.7(8) 6035.1 18~ 17- 5942 2.1(4)
24545 11~ 10-  428.26) 10(3) 0.4g5) @ 16~ 1258.28) 23.520) 0.91(9)
9~ 744 .1(7) 15(4) 0.928) 6479.2 19 18 (444
10" 1320.87) 9(3) 17 1037.48) 26.722) 1.1%14)
2599.0 11~ 10~ 573.05) 6.8(10) 0.579) 6807.7 19~ 17 1303.49)  20.620) 1.01(9)

27793 12~ 11~ 324.63) 22.1(15) 0.4913) 69723 (197) 17 1367.110) 5.912
100 753.25) 33.525) 1.0213) 74603 90~ 18 1425.29)  21.920) 1.06(10)

11+ 1178.56)  8.310 7819.2 21~ 19 1340.q9) 15819 1.0415)
3065.2 (127) (107) 855.810  4.1(10) 8214.1 21~ 19 140649  20.320) 0.989)
33020 13- 12~ 522.84) 19.915) 0.5410) 8428 (217) (197) 14562) 1.8(5)
11~ 847.35) 6.8(10) 9064.4 9>~ 20~ 1604.1100 14.215) 1.1412)
33774 13~ 12~ 597.97) 9.7(12) 0.629) 9649 (23) 21~ 18303 5.5(10)
11~ 778.77) 13.013) 1.0421) 97285 923~ 21~ 15144100 15.616) 1.11(15)
11~ 922.88) 14.714) 1.1017) 10866.1 24~ 22~ 1801.712 9.6(12) 0.91(10)
3687.1 14~ 13 385.34) 16.715) 0.5210) 11456.8 25~ 23~  1728.311) 11.213 0.9913)
12 907.15) 46.520) 1.068) 12885 (267) 24~ 20193) 2.87)
4069.9 14~ 13- 767.64) 6.89) 134164 (277) 25  1959.614) 8.313)
4317.6 15 14~ 630.55) 10.820) 0.496) 15094 (287) (267) 22093) <2
13~ 1015.89) 20(4) 0.91(7) 15661 (297) (277) 22453 4(1)
43705 15 14~ 300.39) 5(1) 0.6217) 18057 (317) (297) 23963 <2
13~ 993.47) 22425  0.928) (20786 (33) (317) (2729
47769 16~ 15  459.15) 6.2(7) 0.649)

& Combined DCO ratio of the doublet.

scribed in Sec. Il were performed at FSU. One possibility B. Positive-parity states

considered was that a low-energyray connects the lowest

6" state in Fig. 1 with a 5 state just below it. Even after The decay scheme of Fig. 1 is naturally divided into two

taking into account internal conversion, such a decay shouldpproximately equal and almost independent halves. Most of
be clearly visible because all of tfNb y-decay strength the states on the left half are connected to the positive-parity
should proceed through it. No candidates were observeground state through transitions with DCO ratios near unity

down to the lower limit of 12 keV. This makes the doublet ;4 presumabNE2 character. Moreover, band8) and (4)
hypothesis much less likely, although a smaller energy sepay,, o 4 the characteristi¢such as generally yrast nature,
ration is still possible. The second follow-up experiment, a

y-v coincidence measurement of tBedecay of%®Nb [25] reversal of signature splitting, and alternatidd. strengths
shows a considerably extendgidecay scheme consistent of the yrast positive-parity bands in other odd-odd nuclei.

with a spin and parity assignment of or the ground state The decay scheme strongly suggests that almost all the states
of 8Nb. on the left side have positive parity and related configura-
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FIG. 1. The level scheme &fNb as deduced from the present work. The question of whether the lowest state shown is the ground state
is discussed in the text. Note that 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.

tions. An example of the particlg-y-y coincidence spectra likely in view of the available evidence, but the question is
of transitions among these states is shown in Fig. 2. not yet fully resolved.

The lower parts of band$) and(4) correspond to one of The placements of the 1256.4-1261.4 keV doublet and the
the decay sequences reported in RafZ]. The 26.4 kev 1370.9-1371.4-1373.0 keV triplet are clear, although their
transition was well below the energy thresholds in theexact energies, relative intensities, and DCO ratios are harder
GAMMASPHERE experiment, although it was seen in theto determine. There is evidence for a second 434 keV decay
LEPS in the FSU experiment in weak coincidence with thePetween the 17 and 16" levels, but the gates which could
248.1 keV line. The weak coincidences suggest a long lifeClearly separate it are part of the unresolved triplet. The

time for the 26.4 keV state, perhaps on the order of a micro1645-1649 keV doublet in band) is also unresolved and

lﬁeads to uncertainties in determining the energies, intensities,

248.1 keV transitions has been reversed relative to tha?nd DCO ratios of those lines. Several weak, but clear, low-

. - . energy lines show the presence of three “extra” levels at
shown in Ref[17]. Although coincidences between lines att5027_3, 5533.1, and 7666 keV.

248 and 782 keV, which suggested the ordering given in Ref. Another decay sequence begins with the 1303.4 keV line
[17], were seen in the present work, no additional coinci-and several decays between this bé2idand banc{3). show
dences could be found in spite of much higher statistics. It i$onsiderable mixing between them. No evidence was seen
possible that a different 248 keV line is involved in the co-t5r gther corresponding decays, such as from the 5308.1 keV
incidences with the 782 keV line. For the level ordering |eyel to the 3902.5 keV state or from the 2%&tates to the
shown in Fig. 1, transition strength arguments suggest tha§pposite 19 ones. The 2226 and 2285 keV lines are clearly
the 26.4 keVI =7 state may not have the same structure asn coincidence with other transitions in this sequence, as can
the other states in band8) and(4) and could have negative be seen from Fig. 2. Within the somewhat limited statistics at
parity. A search was made for transitions from otherthe top of the band they do not appear to be in coincidence
negative-parity states to the 26.4 keV level, but none weregvith each other. The grouping of states within each band is
found. In summary, the level ordering shown is the mostclear from the stronge§t2 branches, except for the forking
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FIG. 2. The spectrum o¥ rays in coincidence with three pro- FIG. 3. The spectrum of rays in coincidence with twe gates,

tons and nax particles and two othey rays. One of they gates  one on the 315.7, 324.6, 393.3, 396.1, 427.1, 428.2, 494.2, or 789.6
was the 1475.5 or 1901 keV line in baf@) and the othery gate  line and another on the 1303.4, 1406.4, 1514.4, or 1728.3 keV line
was the 248.1, 274.5, 450.3, 466.9, 472.4, 859.8, 1077.6, 1083.1n band(9). Note that the vertical scale increases by a factor of 2 at

1218.4, 1256.4, 1261.4, 1303.4, 1320.3, 1337.1, 1370.9, 1371.2200 keV.

1373.0, 1475.5, or 1548.0 line.

cause of interconnecting transitions, the grouping of levels

which occurs at the 2684.2 keV state. The placement show . . .
keeps band3) as the yrast one up to about 6.6 MeV, has thel'?no bands(6) and(9) is not unique. The assignments shown

. . in Fig. 1 provide that largest number afl =1 decays be-

mostM1 branches between signature partners and gives the b ide th lar si

most uniform signature splitting curve. Wween I_a_nd$5) and(6) and provide the most regular signa-
The DCO ratios in Table | cluster around the expecteuIure splitting pattern.

: Many of the negative-parity lines, but not those lowest in
values of about 0.5 and 1.0 for predominarthl. andE2 . the level scheme, were seen in the matrix gated by low-lying

transitions, respectively, and are consistent with the spin ositive-parity transitions. Four connecting transitions were

shown in the level scheme. Parentheses are used for the sp find between the otherwise separate positive- and negative-

g;;tates which could not be determined from the DCO ra'parity decay sequences. The energy relations involving the

connecting transitions clearly show that the 494.2 keV decay
leads to the same '6level as do the 248.1 and 274.5 keV
lines on the positive-parity side.

The states on the right half of the level scheme in Fig. 1 The DCO ratios of the 494.2 and 892.4 keV lines are
form a decay group almost completely separate from that ofonsistent with either stretchesll =2 or | —1 decay. The
the positive-parity levels. Both from systematic and theoretformer possibility is extremely unlikelyfg2 decay for these
ical grounds these states are expected to have negative parityies would imply that all of the states observed in the ex-
Their structures typically involve at least ogg, and one periment have the same parity, in contradiction to all other
(fp) quasiparticle. An example of the-y-y coincidence nuclei in this regionM2 decay is also extremely unlikely
relations among these transitions is shown in Fig. 3. since a number of much faster competiBd decays are

The lower parts of band®) and(6) generally correspond possible for these levels, but none have been observed. An-
to group(A) in Ref.[17] although the 324.6 and 753.2 keV other strong argument against=2 decay is that it would
lines have now been placed somewhat higher in the decayake the states on the right yrast while the strongest decay
scheme. The placement of the two unresolved doublets atensities are seen on the left side of the level scheme. The
427.1-428.2 and 742.2-744.1 keV is clear, although their exether possibility offl —1 E1 decay fits all the observed sys-
act energies, intensities, and DCO ratios are more difficult tdéematics. TheM1 possibility would also mean that no
determine. No difference could be measured between the enegative-parity states were seen in the experiment. The spin
ergies of the 1303.4 keV 15-13" and 19 —17 transi- changes are generally well determined by the DCO ratios
tions, but their coincidence relations are quite distinct. Be-except for the weakest lines. Spins which could not be

C. Negative-parity states
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clearly determined from the DCO ratios are shown in paren- 0
theses. ‘

sk
IV. DISCUSSION r

A. Positive-parity yrast band 3k

Decay sequenceg8) and(4) are yrast up to 6 MeV. The
regular increase in energy differences and other similarities
with established rotational bands in nearby nuclei suggest i L |%ve ]
rotational nature, even thougiNb with 45 neutrons is ex- wl |sava .
pected[32] to be only moderately deformed. The rotational 1
hypothesis can be tested by comparing the moments of inel 15—
tia inferred from the experimental energies and spins with i A
those of the yrast bands of nearby odd-odd nuclei. The kine
matic moments of inertid™® for bands(3) and(4) fall from
high values at low spins and then level off to about the
rigid-body value[ (20 — 29%2%/MeV] above a rotational fre-
guency ofiw~0.4 MeV, as shown in Fig. 4. This behavior
is quite similar to that in nearby odd-odd nuclei, both those \
shown in Fig. 4 $Nb [17], 84y [10], and 82y [6-9]) and N by M A
other lighter one$12,33. The relatively constant values of wf
JM for Aw> 0.4 MeV strongly suggest a collective rota- :
tional interpretation for states above' 9 Gentle rises in .
JM) and modest peaks in the dynamic moments of inertia ’ ’ ' ' '
J®@) shown in Fig. 5 aroundiw~0.7 MeV indicate agqp
alignment for both band&) and(4). Similar alignments can
be seen in®38%  although the critical frequency varies
somewhat.

Bands (3) and (4) appear to be signature partners con-

151
T
-

Zi

JU (B? | MeV)

[ )
f.
j

) \\ |

301

5

JD (H? [ MeV)

h o (MeV)

FIG. 4. Kinematic moments of inerti#® as a function of ro-
tational frequencyiw for positive-parity bands in odd-odéfNb,
84Nb [17], 84Y [10], and 2y [6—9]. The ®Nb graphs are based on

o . a value of 8 for the variablé in Fig. 5 of Ref.[17] suggested by
nected by a number okl =1 transitions. The behavior of . o o .
the signa}t/ure splitting can best be observed by graphing th?Stemat'cs' In the upper panel the solid circles, up-pointing tri-

lized diff b f - angles, and down-pointing triangles correspond to bagays(3),
normalized energy differences between states as a unc“%d (4) in Fig. 1, respectively. The two highest-frequency points

of spin, as in Fig. 6. The alternating pattern indicates signafepresent the two parallel states at the top of b@d
ture splitting which increases with spin fiNb. The pattern

reverses, however, below the 18tate. A rather similar be- other cases, includin§®Nb. The change in the behavior of
havior can also be seen f8fY [10] and ®%Y [6—9] in Fig. 6.  J@ at about the same frequencid~0.4 MeV) is further
In fact this pattern has been seen in the yrast bands of advidence for this transformation in structure.
odd-oddf-p-g shell nuclei for which sufficient information Another aspect of signature splitting involves the
exists[12]. Above spin 1@ the phase of the alternations B(M1) strengths of transitions between the signature part-
shows that the odd-spin states € 1) are relatively lower in  ners[35]. The variations in theM1 strengths can be esti-
energy than the even-spin ones € 0) and are thus favored. mated from the branching ratios of thel =1 andAl=2
This agrees with the theoretical expectation that odd-spiintraband transitions. The following analysis has assumed
states should be favored for rotational bands built on thehat M1 transitions dominate thAl =1 decays, as is indi-
T09,2® vJgsp configuration, which provides the highest spin cated by the measured DCO ratios. TREM 1) to B(E2)
possible for two quasiparticles in tHep-g shell. ratios implied by the measured branching ratios are shown in
A rather similar phase reversal in signature splitting wasFig. 7 and compared with those ffY [10] and 82y [6,9].
predicted near the 9 state in “°Br from a 2qp-plus-rotor  Large alternations, with amplitudes of roughly an order of
calculation[13]. Recent 2g p-plus-triaxial-rotor calculations magnitude, can be seen B(M1)/B(E2) for all these nu-
[6] also show a change in the signature splitting at about thelei. In fact, similar alternations occur in the yrast bands of
9* state in®2Y. In these calculations the change in signatureall the lighter odd-odd-p-g shell nuclei for which adequate
splitting represents the onset of collective rotation above thinformation is availabld12]. The amplitude of the alterna-
maximum spin available for two unlikgg, qp’s, namely, tions varies from case to case, but they always occur with the
97%i. At low spins the increase in spin up the band comesame phase.
mainly from recoupling of the twayp’s, while collective Since the intrabandB(E2) strengths usually vary
rotation dominates above the transition. This single-particlesmoothly with spin, the alternations in Fig. 7 can be attrib-
to collective transition has been mapped out by measuringted to alternations with even and odd spin in B@V1)
the E2 transition strengths if?Y [34], which increase rather values. This has been proved in cases sucf?¥s[6,9,34
smoothly in the spin range a6 — 10):. Because of the where the lifetimes have been measured. The
observed similarities among the yrast bands of odd-bdd 2-qp-plus-triaxial-rotor calculation§6] were able to quali-
p-g shell nuclei, similar conclusions probably apply to thetatively reproduce théd(M1) alternations in®2Y. In this
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FIG. 5. Graphs similar to those in Fig. 4 for the dynamic mo- (o ]

ments of inertial@.

model M1 transitions from an odd-spin state to the lower 0 5 10 15 0 2 0
even-spin one are strong because they involve only a change L (h)

in the qp-core coupling, while those from even to odd spin

states are much weaker because they involve changes of the FiG. 6. Normalized energy differenceE; E; _,)/2I; between
core rotational states. The contributions to Mé transition  adjacent states in the yrast bands*®fib, 8%y [10], and ®Y [6-9]
rates from the odd neutron and odd proton alternate with thas a function of the spin of the upper state For clarity, points
same phase, although which contribution dominates dependgth even(odd I; are shown with closetbpen circles.

on the triaxiality parametey. This may explain why all the

observed oscillations have the same phase. The alternatiopsenergy, almost 1 MeV below the more strongly populated
in energy splittings and1 1 strengths shown in Figs. 6 and 7 (1g+) |evel in band(4). It is more likely that the 5533.1 keV
are rather similar, but a careful comparison shows that thetate represents a fully aligned nonrotational shell-model-like
M1 alternations do not exhibit the phase reversal at lovgiate[36]. The most likely spin for this state (17 is the

spins seen in the energy splittings. maximum spin possible for six particles outside the filled
3 _ (N=3) shell coming from the configuration
B. Other positive-parity structures m(Jor2) 552 ¥(9or) 32 5. (Note that this notation indicates par-

A third decay sequendé?) in Fig. 1] starts at the 3987.6 ticles relative to a filled N=3] shell, rather than quasipar-
keV level and becomes yrast at the 6645.2 keV state. Since ficles relative to the®'Zr vacuum as has been used for the
appears at about the frequency of the band crossing in ban@grlier configuration descriptionsThe 5027.3 keV (16)

(3) and (4) and exhibits significant mixing with these bands level might be the related, not quite fully aligned
in the spin range of 15— 19", it is probably also based on  7(9g/) 3 ® ¥(Jg) 31 5 State.

a 4 gp structure. The moment of inertia of bar@) starts At the expense of additional energy a maximum spin of
with a sharp rise ak w~0.6 MeV in Fig. 4 and slowly drops 27" can be generated with two holes in thid=3] shell
back to the rigid-body value. with the configuration 7 N=31,%(dg/2) 3052 ¥(Je12) 32 5.

A clear signature partner has not been observed for ban@here appears to be some change in the band structure at the
(2). The 5027.3 keV (16) and 7666 keV (20) states are (27") states. The calculations of Afanasjev and Ragnarsson
possible candidates for energetically unfavored signaturbave provided strong evidence for fully aligned shell-model-
partners, but no candidate was seen for thé 4&te and no like states in the nearby nucle§&r [25].

M1 decays were observed between bé&2dand the 5027.3 The unresolved 1645-1649 keV doublet prevented firm
keV (16") state. Although firm spin assignments cannot bespin determinations in bar(d). However, it is unlikely to be

made for these weakly populated states, the 5533.1 keV levéhe signature partner of bari@) because no states were seen
is unlikely to be the missing I'8state because it lies too low below the 6957 keV level and even spins are unlikely for
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backbend occurs dw~ 0.5 MeV, but only in thea=1
FIG. 7. Ratios oM1 to E2 strengths inferred from the branch- 0dd-spin band. Quite surprisingly the curve for the=0
ing ratios of Al=1 and Al =2 transitions in the positive-parity €V€N-Spin band is very smooth in this region. The moments
yrast bands off®Nb, 84y [10], and 82y [6,9]. For clarity, points ~ Of inertia for the corresponding lowest negative-parity bands
with even(odd I; are shown with close@pen circles. in 82y [6,7,9 and 3% [10] are also shown in Fig. 8 for
comparison. The behavior df) in 84Y for Aw> 0.3 MeV

band(1). The only possible even spin for the 6957 keV statelS quite similar to that for the isotzpn@Nb. Both rise quickly
would be (18) but this would imply that either the 240.9 or from about 2@/MeV to about 3¢/MeV and then gradually
707.4 keV transition had | =2. Such relatively low energy fall- This comparison suggests that an extendgdalign-
E2 decays would not be likely to compete with the availableg;ﬁlrk‘)t may be occurring in the spin range of 6- 12" in

M1 and higher energf2 decay modes. . .
Bands (5) and (6) appear to be signature partners with

many connectingAl=1 transitions. Their signature split-
tings are compared with those of comparable bands in two
The lowest negative-parity decay sequen¢sand(6),  odd-odd Y isotopes in Fig. 9. The graph f8i\Nb appears
do not show the increasing energies fdf=2 transitions divided into three regions. The first three points show wide
expected for good rotors below the 128tate. This low-spin  energy spacings, but little signature splitting. This is the low-
behavior may result from the transitional nature®éib. Al spin region where transition energies change little and the
the observed decays to the positive-parity bands occur in thiginematic moments of inertia rise vertically. The middle re-
low-spin region, indicating perhaps weaker intrabd@®  gion from 10 to 18 shows a consistent and moderate sig-
transition strengths and/or more configuration mixing. nature splitting with even spins or the=0 signature ener-
Above the 12 state, the energy spacings do follow the getically favored. The magnitude of the signature splitting is
characteristic rotational pattern. The kinematic moments ofibout a factor of 2 less than in the positive-parity yrast band
inertiaJ*) inferred from bandg5) and (6) assuming a rota- and has the opposite phase. However, the signature splittings
tional interpretation are shown in Fig. 8. On this graph thehave the same phase in the negative-parity bands of all three
initial rise inJ®) atZw~ 0.35 MeV (corresponding to states nuclei, at least in the middle spin region.
below 127) looks like agp alignment. The moment of iner- In the third region above 18 the phase of the signature
tia then gradually falls from the peak value ofZ@0MeV  splitting in ®Nb reverses and the magnitude increases by
toward the rigid body value of20—-25%2/MeV. Another  about a factor of 2. This transition from regidg) to (3)

C. Negative-parity bands(5) and (6)
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corresponds to the sharp backbend observed in the signature
a=1 band and presumably to a transition from agp to a
4 qp structure. A reversal in the phase of the signature split-
ting is also observed iA%Y, but it occurs at a lower spin and
the phase of the splitting above the reversal corresponds to
the middle, rather than upper, region of signature splitting in

86N b.

) . FIG. 10. Calculated total Routhian surfaces for the indicated
D. Negative-parity bands(7), (8), and (9) configurations(convention of Ref[38]) and rotational frequencies
Somewhat in analogy with bar{@) on the positive-parity ~ for 8Nb. The spacing between contour lines is 150 keV for the
side, band9) starts at about 2.6 MeV and eventually carriesMiddle and top panels and 250 keV for the bottom panel.

much of the negative-parity decay strength. The trend fron~(9) and bandg5) and (6) indicate considerable mixing be-
the energies of lower states and the fact that b@chas  nyeen the structures in the range from the 1tb the 17
been observed to the highest sp[{81°) and tentatively states.

(337)] suggest that it becomes yrast above the B3el, the The states shown under the lalig) in Fig. 1 form two
last state known in banB). Figure 8 shows that ban®  decay sequences. The 4069.9 keV 14nd 5153.1 keV
appears just above the upbend in baf}sand (6) and its 16~ states may be signature partners for bé®d since two
kinematic moment of inertia parallels that of ba&l. There  connectingM 1 transitions were observed. If so, they indicate
is a small peak inN® atZw~ 0.75 MeV which does not much more signature splitting than in bar{®$ and(6), and
occur in band5), but it is much smaller than the backbend their position as rather energetically unfavored may explain
seen only in ban@6). Strong decay intensities between bandwhy they are so weakly populated. The positions of the three
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lower states at 1498.2, 2209.4, and 3065.2 keV suggest thperiments were performed at Florida State University to con-
they might also be signature partners for bg®dl and a firm the spin-parity assignment of‘6for the ground state of
continuation of the upper decay structure. However, no con®Np, The two sets of previously known decay sequences
vincing evidence was found for decays between the 4069.@ere generally confirmed and greatly extended. Decays be-
keV 14~ and 3065.2 keV (12) levels for M1 transitions  tween these bands established their relative positions for the
between the three lower even-spin states and i@nd first time. A number of new bands were discovered. Some of
A third odd-spin band7) begins with the 5605.2 keV  them compete with the lower-lying bands and eventually be-
17" state, but it is populated rather weakly and only a fewgome yrast.
members were seen. Bands(3) and (4), built on the 6" ground state, are yrast
_ _ up to 6 MeV and show many similarities with the yrast bands
E. Hartree-Fock-Bogolyubov cranking calculations of other odd-odd-p-g shell nuclei: Their moments of iner-
Hartree-Fock-Bogolyubov cranking calculationg37]  tia fall from high values down to the rigid-body values at
were performed for configurations ifPNb using a Woods- #w~ 0.4 MeV and then level off. Their signature splittings
Saxon potential and a short-range monopole pairing forcereverse phase at about the™1@vel. Above this the signa-
Representative total Routhian surfac€SRS'9 in the  ture splittings are rather large and show that odd-spin states
(B2,7v) plane are shown in Fig. 10. At each grid point, the are energetically favored. TH&(M1)/B(E2) strengths os-
Routhian was minimized with respect to the hexadecapolgillate by as much as an order of magnitude, with those from
deformationg,. The label “bA” (see Ref[38]) represents odd- to even-spin states much stronger than vice versa. All of
the lowest proton and neutron configuration with overallthese characteristics are consistent with an intrinsic
positive parity and odd spin, while “aE” is the lowest ;4 . 1q, structure in which angular momentum comes
2 qp configuration with overall negative parity and odd first predominantly from increasingp alignment and then

spin. iy . from collective rotation at higher spins.
Although the positive-parity TR8abeled "bA") shows Significant differences are also seen compared to the

considerables softness, a moderately deformed, almost Ob'lighter, generally more deformed, odd-odd nuclei. A new

late shape of3,~0.2 andy~ —50° is predicted for band o : .
e . . positive-parity band appears Bi~4 MeV, mixes strongly
(3). A similar shape is predicted for bartd) from the TRS with the yrast band in the region of its backbend, and then

for the “aA” configuration. At higher rotational frequencies b : "
. . X ecomes yrast itself. Some additional weakly populated
an additional highly deformed prolate shape wir~0.45 is states are also seen which may be fully and nearly fully

prgdlcted, similar to that shown at thg bottom of Fig. 10'aligned shell-model-like states with configurations such as
This shape may correspond to baiy which becomes yrast 1 5 . ) -
at higher spins or, perhaps, to some more weakly populateg(gg’2)4-5® v(Qor2) 125 relative to a filled N=3] core.

! ' The lowest negative-parity bands start with a sharp up-

band, not yet observed. . L
L : . bend in the moment of inertia &tw~ 0.35 MeV analogous
Triaxial shapes with moderate deformatig,(-0.23 and to the upbend in the isoton&Y. At higher frequencies a

y~—30°), such as that shown in the middle panel of Fig. . )
. ae pree for he ey b o s, K0T cxcrs oy e L snatre e
tional frequencies. Presumably, these represent b@ndsd which roughly parallels that of the=0 band. The new band

(6). At higher rotational frequencies, additional more
strongly deformed prolate shapes are predicted WitH’:\pparently becomes yrast at about 10 MeV and could be

B,~0.33 and 0.46. Band9), which was observed to the observed up to a tentative (3B level. This new band also

highest spins, may correspond to one of these more strongﬂ?'xes strongly with the lowest bands in a limited spin range.
deformed shapes.
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