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Reinvestigation of the high-spin level structure of *’Nb: Excitations across
the Z = 38 and N = 50 closed shells
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High-spin states in °’Nb have been investigated by using in-beam y ray spectroscopy with the
82Se(1*N, 4n)?’Nb reaction at a beam energy of 54 MeV. The positive-parity decay sequences above the pre-
viously known state 13" have been extended to /™ > (20™) by adding nineteen new y rays. The level structures
in **Nb have been interpreted in terms of the shell model calculations performed in the configuration space
7w (1f5/2, 2p3/2, 2p1)2, 189/2) for the protons and v(2pi,,, 189/, 1872, 2ds)2) for the neutrons. The calculated
results show that the inclusion of proton core excitation relative to the Z = 38 subshell closure and neutron
particle-hole excitation for the N = 50 shell closure are essential to adequately describe the experimental
high-spin states at / &~ (18-20)% with excitation energies above 8.5 MeV.
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I. INTRODUCTION

The excited states of nuclei near the Z~ 38 and N = 50
region have attracted a lot of attention in theoretical and
experimental researches [1-38]. It is well known that the
low-lying levels in the nuclei with Z ~ 38 and N & 50 have
been well described within the shell model framework, by
taking 38Sr as the core and the valence protons occupying
the (2p1/2, 189/2) orbitals [6,12,15,17,39]. Furthermore, the
nuclei in the isotonic N = 51 chain (¥Sr, Y, °'Zr, >Nb,
%Tc, ®Ru, “°Rh) have been investigated up to relatively
high-spin states [2,3,13,19,21,24,40-43]. With one neutron in
the ds, orbital, high-spin states in the N = 51 nuclei can be
understood by the interplay between the (f5/2, p3/2, p12) —
89,2 Proton excitations, gg/» — (ds/2, g7/2) neutron-core exci-
tations or (ds» — g7,2) neutron excitations, and recouplings
of the go/» valence protons.

For the “>Nb nucleus, which has three valence protons
above the Z = 38 subshell closure and one valence neutron
above the N = 50 subshell closure, we expect that the study
of more levels of **Nb can provide us with more rich and
useful information about the single-particle excitations of both
valence protons and neutron as well as the couplings of the
core excitation with valence particles. The low-lying levels
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of “Nb were investigated via reactions 87r("Li, 3n) and
NZr(a,t) [1,3]. The level scheme of **Nb was previously
known up to the 13" state at 3326 keV and the 11~ state
at 2203 keV, and was well described within the spherical
shell model framework using the model space including the
(P12, 89/2) ® vdsy, orbitals [3]. Recently, the low-lying
single-particle states in *>Nb were investigated by Wu et al.
[36] with the reaction '*N + 82Se. However, most positive-
parity states above I = 13/ were not identified in the previous
work. We reanalyzed the data, and here we report newly
identified two positive-parity sequences in the **Nb nucleus
and the comparison with the shell-model calculations.

II. EXPERIMENTS

The experiment was performed at the HI-13 tandem ac-
celerator in the China Institute of Atomic Energy (CIAE).
The high-spin states of “>Nb were populated via the heavy-
ion fusion-evaporation reaction 825e(1*N, 4n)°*Nb at a beam
energy of 54 MeV. The target was a 0.99-mg/cm?-thick iso-
topically enriched 32Se metallic foil with a 8.27-mg/cm? Yb
backing to stop the recoiling nuclei. The y rays emitted from
the evaporation residues were detected with a multidetector
array consisting of nine bismuth germanate (BGO) Compton-
suppressed high-purity germanium (HPGe) detectors, whose
energy resolutions were about 2.0-2.5 keV at 1.33 MeV,
and two planar HPGe detectors with energy resolutions of
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0.6-0.7 keV at 121.78 keV. These detectors were placed
at the forward (40°), 90°, and backward (140°) directions
with respect to the beam direction. All HPGe detectors were
calibrated for energy and efficiency using the standard energy
calibration y lines from the decay of !**Ba and *Eu radioac-
tive sources. A total of 1.5 x 10% y-y coincidence data were
accumulated in event-by-event mode. After energy calibration
and gain matching for different detectors, the recorded y-y
coincidence events were sorted into a two-dimensional £, -E,,
symmetric matrix by selection on the coincidence time win-
dow of 60 ns, and then analyzed using the software package
RADWARE [44]. For further strict inspection on y-y coinci-
dence relationship, a E,, -E,, symmetric matrix with 30 ns time
window was also sorted.

In order to obtain information on the multipolarity of y
rays, two asymmetric matrices were built, with one axis (y
axis) using the y rays detected at all angles, and the other
axis (x axis) using those detected at 40° (or 140°) and those
detected at 90°. The angular distribution asymmetry (ADO)
ratios, defined as Rapo(y) = I,(40°)/I,(90°), were extracted
from the y-ray coincidence intensities observed by the detec-
tors at either 40° (or 140°) and those at 90° by setting gates on
the all-angles axis (y axis). For the present detector geometry,
the typical Rapo value for stretched quadrupole (or Al =0
dipole) transitions was found to be ~1.4, while for stretched
pure dipole transitions it was around 0.7.

III. THE LEVEL SCHEME

The level scheme of *>Nb deduced from the present work
is shown in Fig. 1. The placement of y rays in the level
scheme is based on the y-y coincidence relations and y-ray
intensities. Spin and parity assignments are on the basis of
y-y directional correlations and deexcitation modes, or are
taken from Ref. [3]. The energies, relative intensities, ADO
ratios of y rays, and the spin and parity /™ assignments of
levels are summarized in Table I. The typical coincidence
y ray spectra gated on the transitions of *’Nb are shown in
Figs. 2 and 3. Some detailed experimental results are given
below.

For sequences 1, 2, and 4 as well as the low-lying part of
the level scheme, most of the y rays reported in the previous
works [3,36] were confirmed, but the 90-, 123-, 150-, 164-
, 194-, 254-, and 357-keV transitions between low-energy
levels established by Brown et al. [3] were not observed in
the present work. From the analysis of the present data, the
negative parity sequence 1, which was reported in Ref. [36] to
feed into the 11~ 167 ns isomer state, was carefully checked in
the present analysis. By selecting different coincidence time
windows, as shown in Fig. 2(a), the impact of the 167 ns
isomer in the coincidence spectrum gated by the 2210-keV
y ray is clearly shown by comparison of the relative inten-
sity of 1720.4- and 2086.9-keV transitions; i.e., the relative
intensity increases for the prompt 1720.4-keV transition and
decreases for the delayed 2086.9-keV transition when the time
window becomes narrow. In addition, we have made three
major corrections to the negative parity sequence reported in
Ref. [36]. First of all, based on the newly identified 597.9-keV
transition and the coincidence relationship between 327.8-

and 2210.2-keV transitions, as shown in Figs. 2(a) and 3(a),
the order of two cascade transitions 1720 — 2210 keV turned
out to be reversed. Second, since the 1332.7-keV transition
could not be observed in the y-ray coincidence spectrum
gated on 514.9- and 675.7-keV transitions but it could be
seen from that gated on the 580.7-keV transition, as shown
in Fig. 2(b)-2(d), the 1332.7-keV transition was changed to a
linking transition between the 7323.8- and 5991.8-keV levels.
As can be seen from Fig. 2(d), the 1304.9-keV transition
could not be observed from the y-ray coincidence spectrum
gated on the 675.7-keV transition and vice versa. This is
also true for the relationship between 628.8- and 1304.9-keV
transitions. Therefore, given the coincidence relationship and
energy balance between 628.8- and 675.7-keV transitions
with the 1304.9-keV transition, the negative parity sequence
was modified, as shown in Fig. 1. The newly deduced Rapo
values and the transition selection rules suggest that the
spin and parity of 5504.0- and 5991.8-keV levels may be
(147) and (157), respectively. Furthermore, the 628.8- and
1304.9-keV transitions are in coincidence with the 327.8-keV
transition but not coincidence with the 1550.5-keV transi-
tion. Consequently, there should be a transition or several
cascade transitions between 5504.0- and 3325.4-keV levels,
but the expected transition was not observed in the present
experiment. Thus, these two levels were connected with a
dashed line in the present level scheme. Compared with the
results reported in Refs. [3,36], the level scheme of 92Nb was
extended significantly in the present work. Nineteen new y
rays were identified and assigned in the present level scheme.
Particularly, two new positive-parity decay sequences, 3 and
4, were established.

The new sequence 3, built upon the 13% state at 3325.4
keV, was established up to the I > (207) level at 10.74 MeV.
This sequence includes twelve transitions. It feeds mainly
into the 117 state via the 327.8-keV transition. Based on the
dipole character of the 269.3-, 322.2-, 737.9-, 1555.6-, and
1628.5-keV transitions and the quadrupole character of the
2175.6- and 2356.7-keV transitions, the assignments of the
I = (15%), (15%), (16™), (171), (18%), (18™), (191), and
(20%) for the 5501.0-, 5682.1-, 6004.3-, 7632.8-, 7668.7-,
8370.7-, 9926.3-, and 10195.6-keV levels, respectively, were
proposed for sequence 3. In addition, the spin of the level
at 10736.7 keV was not assigned due to the weak intensity
of the 541.1 keV transition and the contaminant y rays. As
shown in Fig. 3(a) and 3(b), the members of this sequence, i.e.,
the above-mentioned transitions and a 541.1-keV transition
as well as two Al =1 transitions with energies of 503.5
and 1664.4 keV, are clearly indicated. Besides, several pre-
viously known low-lying transitions with energies of 148.2,
711.2,762.5, 2086.9, and 2286.6 keV are also clearly visible
in Figs. 3(a) and 3(b). All of the transitions belonging to
sequence 3 are visible in Fig. 3(c), especially two weak
Al = 2 transitions with energies of 2257.9 and 2293.2 keV.
In Fig. 3(d), which is gated on the 1628.5-keV transition,
most observed transitions are the same as those in Fig. 3(c)
except for two parallel transitions with energies of 2257.9 and
1664.4 keV.

Three new crossover linking transitions with energies
of 490.6, 625.2, and 806.5 keV between sequence 2 and
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FIG. 1. The level scheme of ®’Nb established from the present work. New y rays are marked with asterisks.

sequence 3 were identified. One can see these three newly
identified linking transitions in Fig. 3(a), but only the 806.5-
keV transition can be seen in Fig. 3(b) due to their coincidence
relationship. In addition, a new crossover linking transition
of energy 1003.9 keV was observed to feed the (15T) state
with an energy of 5682.1 keV in sequence 3, and another
two new y transitions with energies of 353.0 and 1262.3 keV
belonging to sequence 4 were assigned. On the basis of the
dipole and quadrupole character of the 1262.3- and 1003.9-
keV transitions, respectively, I” = (141) and (17") for the
4587.7- and 6686.4-keV states were assigned, respectively.

As shown in Fig. 1, there are several y transitions with
high energy of about 2 MeV. This is an indication of the
excitation of nucleons across a large energy (shell) gap. The
observed 1664.4-keV y ray, (177) (7668.7 keV) — (16™)
(6004.3 keV), may be caused by neutron core excitation
of a neutron from the 1gg/, orbit to the 1g7,, orbit. Other
high energy y transitions, such as (137) (3923.1 keV) —
117 (2202.7 keV), (157) (6133.2 keV) — (137) (3923.1
keV), (15%) (5682.1 keV) — 131 (3325.4 keV), and (15%)
(5501.0 keV) — 13T (3325.4 keV) could be attributed to
the excitation of protons across the Z = 38 subshell gap.
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TABLE 1. Energies, relative intensities, ADO ratios, and initial and final state spin-parities of y-ray transitions assigned to >Nb from the
present work.

E, (keV)* Lb E; — E; (keV) Rapo(Al = 2) Rapo(AI = 1) IF 17
1158 30.9(6) 2202.7 — 2086.9 1.41(20) 11-—9-
1422 1.9(4) 2086.9 — 1944.7 9~ (77)
148.2 88.7(9) 2235.1 — 2086.9 0.72(4) 109 — 9~
269.3 5.4(3) 10195.6 — 9926.3 0.78(13) (20%) — (19*)
3222 18.6(4) 6004.3 — 5682.1 0.84(5) (16%)— (15%)
327.8 128.7(8) 3325.4—2997.6 1.50(4) 13* - 11+
353.0 2.9(4) 4940.9 — 4587.7 (15%) — (14%)
490.6 4.9(3) 5991.8 — 5501.0 0.68(21) (15%)— (15%)
500.9 6.9(3) 500.9 — 0.0 6t — 7+
503.5 6.8(4) 6004.3 — 5501.0 0.96(18) (16%) = (15%)
514.9 8.4(12) 7323.8 — 6808.9 0.91(17) (177)— (167)
541.1 4.2(4) 10736.7 — 10195.6

550.3 3.9(2) 9064.7 — 8514.4 0.69(11) (207)— (197)
580.7 7.1(10) 7904.5 — 7323.8 0.75(3) (187)— (17°)
597.9 1.4(3) 3923.1 — 3325.4 (137)— (13%)
609.9 5.7(3) 8514.4 — 7904.5 0.75(13) (197)— (187)
625.2 2.3(2) 5501.0 — 4875.9 1.07(21) (15%)— (147)
628.8 1.1(5) 6133.2 — 5504.0 (157)— (147)
675.7 5.6(5) 6808.9 — 6133.2 0.56(17) (167) = (157)
711.2 51.1(5) 2997.6 — 2286.6 1.61(13) 11+ — 9+
720.2 2.002) 9784.9 — 9064.7

737.9 2.7(4) 8370.7 — 7632.8 0.69(20) (18+) = (17+)
762.5 89.1(5) 2997.6 — 2235.1 0.84(4) 11 = 10~
794.9 2.002) 2997.6 — 2202.7 1t —11-
806.5 1.302) 5682.1 — 4875.9 (15+) — (14%)
1003.9 4.0(3) 6686.4 — 5682.1 0.77(18) (16+) = (15%)
1095.3 1.5(3) 7904.5 — 6808.9 (187)— (167)
1115.9 6.0(3) 5991.8 — 4875.9 0.71(12) (157)— (147)
1190.5 2.9(2) 7323.8 — 6133.2 (177)— (157)
1190.7 1.7(2) 8514.4 — 7323.8 (197)— (17°)
1256.9 3.3(5) 6133.2 — 4875.9 1.0(4) (157)— (14%)
1262.3 5.0(7) 4587.7 — 3325.4 0.81(19) (14+) — 13+
1304.9 2.3(3) 6808.9 — 5504.0 1.25(34) (167)— (147)
1332.7 3.3(3) 7323.8 - 5991.8 1.45(30) (177)— (157)
1443.7 1.8(3) 1944.7 — 500.9 (77)— 6+
1550.5 20.2(2) 4875.9 — 3325.4 0.70(5) (14+) — 13+
1555.6 1.3(3) 9926.3 — 8370.7 0.69(38) (19+) = (18%)
1586.2 3.5(2) 2086.9 — 500.9 9~ 6*
1615.5 11.03) 4940.9 — 3325.4 1.54(25) (15%)— 13+
1628.5 7.2(3) 7632.8 — 6004.3 0.94(22) (17+) = (16%)
1664.4 4.6(2) 7668.7 — 6004.3 0.69(38) (17%) = (16%)
1720.4 4.9(7) 3923.1 — 2202.7 1.32(18) (137)— 11~
1745.5 2.9(2) 6686.4 — 4940.9 (16%) = (15%)
1810.1 2.9(2) 6686.4 — 4875.9 1.62(26) (16%) = (14+)
1944.8 1.2(3) 1944.7 — 0.0 (7)— 7+
2086.9 100.0 2086.9 — 0.0 1.42(8) 9 7+
2175.6 10.03) 5501.0 — 3325.4 1.57(20) (15%)— 13+
2210.2 4.4(6) 6133.2 — 3923.1 1.74(19) (157)— (137)
2257.9 1.7(2) 9926.3 — 7668.7 (19*) = (17%)
2286.6 46.3(6) 2286.6 — 0.0 1.85(21) 9+ 5 7+
22932 0.5(1) 9926.3 — 7632.8 (19+) = 17+
2356.7 23.4(3) 5682.1 — 3325.4 1.77(18) (15+)— 13+

*Uncertainties are between 0.2 and 0.5 keV depending upon their intensity.
*Intensities are normalized to the 2086.9-keV transition with 7, = 100.
°Excitation energies of initial E; and final E states.
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FIG. 2. Representative y-y coincidence spectra gated on (a) 2210.2-, (b) 514.9-,(c) 580.7-, and (d) 675.7-keV transitions under selection
on the 60 ns time window. The inset in (a) shows the same gated spectrum but selected on the 30 ns time window. Two different vertical scales
were used for low- and high-energy y rays. The main coincidence y rays are labeled with energies in keV.

Each of these larger gaps appears to represent a change in
the intrinsic structure. To check this hypothesis, calculations
were performed by incorporating both the above-mentioned
configurations originating from the proton excitation across
the Z = 38 gap and the neutron excitation across the N = 50
shell closure.

IV. DISCUSSION

The calculations for the low-lying states in the N = 51
isotones 3°Sr [19], °Y [21], >Nb [3,45], #*Tc [42], *Ru
[13], by taking 8Sr as the core and the valence nucleons
occupying the (2pi,2, 1g9/2) configuration space, were quite
successful. However, the calculated energies of the states
with higher spins are not in very good agreement with ex-
perimental results, and the description of states with higher
spins is improved with an extended model space including the
higher-lying neutron orbitals 1g7,, and 2ds,, as well as core
excitation of the 1g9/, neutron across the N = 50 shell closure
into the 1g7,, orbital [13,19,21,42]. Consequently, a model

space that encompasses a large proton space and also allows
for the excitation of a neutron across the N = 50 core would
be expected to adequately describe the states with higher spins
in these nuclei.

To interpret the decay sequences in °*Nb, spherical
shell-model calculations were performed with the code
NUSHELLX [46]. The GWB model space and GWBXG
interaction are adopted in the code, and the model space
includes four proton orbits (1f5/2, 2p3/2, 2p12, 189,2) and
six neutron orbits (2p1/2, 1g9/2, 1g7/2, 2d5/2, 2d3/2, 381/2)
relative to an inert ®*Ni core. According to the reports in
Refs. [18,20,47—-49], the single-particle energies relative to
the %°Ni core were set as 8’17),5/2 = —5.322 MeV, Egm/z =
—6.144 MeV, &7, = —3.941 MeV, &7, = —1.250 MeV,
851)1/2 = —0.696 MeV, s‘l’gg/z =—2597TMeV, ¢, =
5.159 MeV, 8‘2}d5/2 = 1.830 MeV, 5‘2’d3/2 = 4.261 MeV, and
8§s1/2 = 1.741 MeV. These single-particle energies and
the corresponding values of the strengths of the residual
interactions were used to calculate level energies.
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FIG. 3. Representative y-y coincidence spectra gated on (a) 327.8-, (b) 322.2-, (c) 269.3-, and (d) 1628.5-keV transitions under selection
on the 60 ns time window. Two different vertical scales were used for low- and high-energy y rays. The main coincidence y rays are labeled

with energies in keV.

The nucleus *>Nb has 13 valence protons and 13 valence
neutrons in the considered configuration space. Due to the
large dimensions of the valence space, truncations were em-
ployed in our calculations for *’Nb. The valence protons
are allowed to move freely among the 1fs5,2, 2p32, 2p1,2,
and 1gg,, single-particle orbitals. Simultaneously, only one
neutron was allowed to be excited from the low-energy orbital,
1g9/2, into the higher-energy 1g7,» and 2ds,, orbitals, as in
the studies of 3°Sr [19], *°Y [21], **Tc [42], *Ru [13],
and so on. In addition, the valence neutron was allowed to
be lifted from the 2ds,, orbital to the 1g7,, obital, but no
neutrons were allowed to be excited to the 2d3/, and 3s;/, or-
bitals. The configurations of these higher-angular-momentum
states are dominated by a neutron particle-hole excitation v
(lgg/lz, 1g7/2) coupled to the valence proton states in fpg

subspace. Calculated level energies in °*Nb are compared with
experimental ones in Figs. 4 and 5. To investigate the structure
properties of positive-parity and negative-parity sequences,

the main partitions of the wave functions for each state are
presented in Table II, characterized by two or three main
configurations with larger contributions.

The high-spin states in >Nb observed in the present work
can be principally generated via four different mechanisms:
(a) a proton pair excitations from the completely filled 2p;,
orbits into the 1gg,, orbits; (b) proton excitations from the
completely filled 1f5,2, 2p3/2, 2p1/2 subshells into the 1g9/»
orbit. (c) valence neutron excitation from the 2ds,, orbit
into the 1g7/, orbit; and (d) neutron particle-hole excitation
(lg;/lz, 1g7/2) across the N = 50 shell closure. Each of these
excitation mechanisms has been used to interpret the observed
states of *°Nb.

The I™ = 71 ground state is predominantly generated by
the coupling of one 1gg,, proton to one unpaired neutron
in the 2ds;, orbital. The calculated excitation energies for
the states with spin I = 9%, 11F, 13*, 14", 15", and 16"
have reasonable agreement with the experiment results. The
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EXP (3) SM

10737
21710432
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9* 2287
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FIG. 4. Comparison of experimental excitation energies in **Nb
(mr = +) with shell-model predictions with the model space GWB
for proton orbits (1f5/2, 2[73/2, 2p1/2, 1g9/2) and neutron orbits (2]71/2,
192, 18772, 2ds2).

only point of disagreement is that the observed first 16
state at energy of 6004 keV lies above the third 15 state
at energy of 5682 keV, but the calculation shows opposite
results. The dominating contributions to the 97, 11}, and
137 states obtained in shell model arise from three protons at
the 1g9,, orbital coupling to one neutron at the 2ds,, orbital.
The contribution of the 7 ( 1g9/2)3 ® v(2ds /2)1 configuration
up to the 13} state is consistent with the calculated results
of Ref [3]. The calculations predict that the yrast 147 state
has the same proton configuration as the 91, 11}, and 137
states; however, this yrast 147" state also includes excitation
of one neutron from the 2ds,, into the 1g7,, orbital. The yrare

EXP (1,2) SM SM
21710352 215 10423
9785 _
20~ 9489 207 9595
(207) 9065 195 9007
19r 8803
(197)8514
185 8213
(1877905
(177)7324 187 7274 1537
(167)6809
177 6551 16 6520
(157)6133 167 6414 155 6380
1553991 150 5779
514*35504
147 5224
130 4183
(137)3923
10- 2235 01 238065
11=———=2203 1,—
9~ ———2087 1072036
7= 1945 T 2026

FIG. 5. Comparison of experimental excitation energies in **Nb
(m = —) with shell-model predictions with the model space GWB
for proton orbits (1f5/2, 2p3/2, 2[)1/2, 1g9/2) and neutron orbits (2[)1/2,
19,2, 1872, 2ds)2).

147 level at an energy of 4875.9 keV may correspond to the
calculated state at an energy of 4834 keV, i.e., the 14, which
has the same neutron configuration as that of the 13} state but
involves proton excitation from the 1f5,, and 2p3, orbitals to
the 2p, orbital.

The 15], and 157 states include the excitation of one
proton over the shell gap at Z = 38 and into the 2p/, orbital.
Consequently, a gap of about 2.1-2.5 MeV is predicted be-
tween the 13} state and 15 and 157 states, respectively. Ex-
cept for the 157, the main configuration of the states from 157
to 171 is w[(1f52) ' 2p1/2)' (189/2)*1 ® v(1g7/2/2ds)", as
shown in Table II. The 16, 167, and 17; states include the
same proton configuration as the 15;r and 15; states; however,
these states are predicted to contain one neutron excitation
from the ds; orbital to the g7, orbital. The 172+ state involves
excitation of one proton from the 1f5/, orbital to the 2p;,»
orbital. The experimentally observed state (18%) with an
energy of 8370.7 keV is well described by the configuration
7T(1g9/2)3 X U[(]gg/z)_l (1g7/2)1 (2d5/2)1 ]. Thus this state in-
volves the neutron-core excitation v[(1g92)~'(1g7/2)']. The
197,207, and 217 states may correspond to the experimental
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TABLE II. Main partitions of the wave functions for °*Nb
within the GWB model space. The wave function for a particu-
lar angular momentum state would be composed of several parti-
tions. Each partition is of the form p = 7 [p(1), p(2), p(3), p(4)] ®
v[n(l), n(2), n(3), n(4)], where p(i) represents the number of va-
lence protons occupying the 15,5, 2p3/2, 2p1/2, and 1gy,, orbits, and
n(j) represents the number of valence neutrons in the 2p; /s, 1892,
1g7,2, 2ds, orbits. One neutron was allowed to be excited from 1gy,>
to the g7/, and ds, orbitals, and no neutrons were allowed to be
excited to the 2d3/, and 3s, , orbitals in these calculations.

V& Eexp) Ecan Wave function Seniority  Partitions

(h) (keV) (keV) TV v (%)
7 0 0 642121001 2 37
6403®21001 2 21
9F 2287 1926 6403®21001 4 30
4423®21001 4 20
117 2998 3046 6403®21001 4 43
4423®21001 4 17
137 3325 3109 6403®21001 4 45
4423®21001 4 13
147 4588 4649 6403®21010 4 48
4423®21010 4 11
6313®21010 6 10
147 4876 4834 5413®21001 6 51
5323®21001 6 22
157 4941 5214 5413®21001 6 61
5323®21001 6 21
155 5501 5572 5413®21001 6 69
157 5682 6004 6313®21001 6 47
4423®21001 6 15
167 6004 5859 5413®21010 6 73
5323®21010 6 11
16; 6686 6729 5413®21010 6 61
5323®21010 6 20
177 7633 6874 5413®21010 6 75
5323®21010 6 11
175 7669 8063 4423®21001 6 44
4405®21001 6 16
185 8371 8505 6403®2911 6 38
4423®2911 6 16
197 9926 9552 6403®2911 6 34
4423®2911 6 13
207 10196 9670 6403®2911 6 34
4423®2911 6 18
217 10737 10432 5413®2911 8 70
53232911 8 18

levels at 9926.3, 10195.6, and 10736.7 keV, respectively. The
high-energy positive parity states located above 10 MeV are
linked by low-energy transitions. The calculation predicts that
the 197, 207, and 21} states have the same neutron-core
excitation v[(1g92)"'(1g7/2)'] as the 18] state. In addition,
the 217 state also involves excitation of protons from the 1fs,
or 2p3, orbital to the 2p , orbital.

Regarding the negative states, the lowest-lying 77,
9y, 10y, and 11 states are well reproduced, with
w[(2p; /2)1(1g9/2)2)] ® v(2ds)»)" configurations contributing
maximally. The calculated 97 state is predicted to be 344

TABLE II. (Continued.)

I E(exp) Ecan Wave function Seniority  Partitions

(h) (keV) (keV) TRV v (%)
N 1945 2026 6412®21001 4 67
97 2087 2380 6412®21001 4 41
6322®21001 4 33
107 2235 2036 6412®21001 4 65
6322®21001 4 18
117 2203 2268 6412®21001 4 74
137 3923 4183 5404®21001 4 34
542221001 4 29
147 5504 5224 5404®21010 4 41
5422®21010 4 8
5314®21010 6 7
157 5992 5779 5404®21001 6 49
4414®21001 6 15
5314®21001 6 15
157 6133 6380 5404®21010 6 44
441421010 6 16
5314®21010 6 14
167 6809 6414 5404®21001 6 49
5314®21001 6 15
165 6520 5404®21010 6 47
5314®21010 6 15
441421010 6 15
177 7324 6551 5404®21001 6 58
5314®21001 8 16
441421001 6 4
175 7379 5404®21001 6 55
5314®21001 8 20
4414®21001 6 5
187 7905 7274 5404®21010 6 59
5314®21010 8 23
185 8213 4414®21001 8 53
432421001 8 24
197 8514 8803 4414®21001 8 43
5314®21001 8 15
195 9007 5404®2911 6 41
54222911 6 16
207 9065 9489 441421010 8 75
432421010 8 13
205 9595 5404®2911 6 45
5422®2911 6 13
217 9785 10352 5404®2911 6 42
54222911 8 14
215 10423 54042911 6 52
5314®2911 8 17

and 112 keV higher than 10] and 117 states, respectively;
however, the experimental 9~ level lies 148 and 116 keV
lower than 10~ and 11~ levels. This calculated result is
different from that of Ref. [3], in which the 10~ state is
predicted to be higher than the 9~ and 11 states. The 137
state is generated by lifting two protons over the shell gap at
Z = 38. Accordingly, a gap of about 1.9 MeV is predicted
between the calculated 11; and 137 states, comparable with
the energy of observed 1720.4-keV y ray. The observed 14~
level at an energy of 5504.0 keV may correspond to the
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calculated state at an energy of 5224 keV, i.e., the 14, which
has the same proton configuration as that of the 13 state but
involves neutron excitation from the 2ds,, orbital to the 1g7/,
orbital. There are two 15~ states observed experimentally.
The yrast 15~ state at an energy of 5992 keV could be
described as a coupling of the unpaired 2ds,, neutron with
breakup a 1f5,, proton pair and lifting one proton from the
1f52 and 2p;,, orbitals to the 1gg/, orbital, leading to the
configuration 7w [(1 f5/2) ' (1g9/2)*] ® v(2ds)2)". According to
the calculation, the yrare 15~ state at an energy of 6133.2 keV
is predicted to have the same configuration as that of the 147
state.

As shown in Fig. 1, from I =16, to I" =207, just
one level is observed for each /™. However, to better un-
derstand the structures of these high-spin negative par-
ity states, two calculated states for each I” are given in
Fig. 5 and Table II. The experimental (167) state decays
directly to the yrare (157) state at 6133.2 keV, which is
predicted to have the same intrinsic structure as the cal-
culated 16; state, i.e., N[(lfs/z)_l(1g9/2)4] ® U(1g7/2)1 like
the 157 state. In fact, the energy of the 16, state is 6520
keV, closer to the energy of the observed level than the
calculated 16 state. From the calculated results listed in
Fig. 5 and Table II, the energy of the 17, state is very
close to the energy of the experimental level at 7323.8
keV; the difference is only 55 keV. So the 17~ state could
be dominated by n[(1f5/2)’1(1g9/2)4] ® v(2d5/2)1, mixing
with [(1f52)"' 2p3/2) "' (2p1/2)' (189/2)*1 ® v(2ds)2)" and
7 [(1fs52)72(189/2)*1 ® v(2ds)2)", the same as the yrast 15~
state. Experimentally, a y transition with an energy of
1332.7 keV connecting these two levels has been ob-
served. Similarly, the 18; state may correspond to the I* =
(187) state at 7904.5 keV. This 18, state is dominated
by the 7[(1f52)"2(1p1)2)'(1892)"] ® v(2ds)2)" configura-
tion involving excitation of one proton from the 15/, orbital
to the 1p/, orbital. Although the calculated 197 and 207
states are about 290 and 424 keV higher than experimental
ones, respectively, the energy difference of the calculated
207 and 197 states is 686 keV, which is close to the energy
of the observed 550.3-keV y ray. The energy difference
of the calculated 21} and 20; states is 863 keV, which
is close to the energy of observed 720 keV y ray. Thus,
the calculated 197, 207, and 21 states might correspond
to the experimental states at 8514.4, 9064.7, and 9784.9
keV respectively. Consequently, the 19~ state is also mainly
dominated by the same configuration as that of the 18 state.
The 20~ state involves mainly one neutron excitation from
the ds/, orbital to the g7/, orbital, i.e., a configuration of
JT[(1f5/2)72(2p1/2)1(1g9/2)4] & U(1g7/2)1. The level at 9784.9
keV, corresponding to the 217 state, could be interpreted
as the neutron-core excitation coupled a proton excitation,
m[(1f52) 7' (1892)*1 ® v[(1g9/2) " (1g7/2)" (2ds)2)'].

The overall agreement of the observed states with those
predicted by shell model calculations suggests that the ex-
citations across the N = 50 shell gap do not play any sig-
nificant role up to I =~ 18%4. However, the higher-spin levels
above [ ~ 185 are dominated by the neutron core excitation
(1 g§/12, 1g7/2) and excitation of the protons over the shell gap
at Z = 38 and into the 2p /> and 1g9,> orbitals. In addition, for
the lower-spin levels I < 187 in 92Nb, inspection of the wave
functions reveals that the contribution of excitations from the
proton 1fs, and 2p3/, orbitals across the Z = 38 subshell
cannot be ignored. It should be noted that the structure of
sequence 1 at higher spin states shows features of collective
motion. This is a possible reason for the poor agreement of
observed states above 157 in this sequence with calculated
states.

V. SUMMARY

High-spin states of **Nb were populated via the reaction
828e(!N, 41)”>Nb at a beam energy of 54 MeV. The pre-
viously reported level scheme of “’Nb has been extended
considerably by adding nineteen new y rays and two new
positive-parity decay sequences. Excited states in *>Nb were
interpreted in the framework of the shell model. The cal-
culations were performed in a model space including the
(1f5/2, 2p3s2. 2p1/2, 1g9s2) orbitals for the protons and the
(2p]/2, lgg/z, 1g7/2, 2d5/2) orbitals for the neutrons. It is
found that, to obtain a more appropriate description of the
observed high-spin level structures, large-basis shell model
calculations are necessary. The experimental high-spin levels
could be interpreted by the configurations dominated by (i)
the excitation of the protons over the Z = 38 proton core into
higher orbitals, and (ii) the excitation of the neutron across
the N = 50 neutron core into the next major oscillator shell.
A detailed study of electromagnetic transition probabilities is
required to give further insight into the exact nature of wave
functions of these states.
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