
PHYSICAL REVIEW C 105, 034344 (2022)
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Excited states of the 93Nb nucleus are produced through the fusion-evaporation reactions 82Se (14N, 3n) 93Nb
and 82Se (16O, 1p4n) 93Nb. On the basis of new experimental data, the previously known level scheme is
extended. Level structure is discussed in comparison to a shell-model calculation. The calculation results
demonstrate that the low-lying states can be interpreted as the excitation of the protons from the 1p1/2 orbit,
through the Z = 40 subshell closure, to the 0g9/2 orbit. The moderate-spin states involve not only the proton
excitation through the Z = 38 or 40 subshell (0 f5/21p3/21p1/2 → 0g9/2), but also the neutron excitation through
the N = 56 subshell (1d5/2 → 0g7/2). For the high-spin states above 9.1 MeV, the neutron excitation across the
N = 50 closed shell plays a dominant role.
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I. INTRODUCTION

The level schemes of nuclei in the proximity of Z = 38
(Z = 40) subshell gap and Z = 40 shell gap have been widely
studied in both experiments and theories [1–14]. These re-
searches provide the opportunities to understand and explore
the effects of Z = 38 (Z = 40) subshell gap and N = 50 shell
gap on the level structures, particularly at high spins. For
example, 92Zr, 93Nb, 94Mo, 95Tc, and 96Ru possess a few va-
lence nucleons above Z = 38 (Z = 40) subshell and N = 50
closed shell. The low-lying states can be described by the shell
model with a 78Ni core in which the valence protons are in
the p3/2 p1/2 f5/2g9/2 orbits. For the states with high spins or
high excitation energies, the core breaking of the N = 50 shell
closure is an essential in generating angular momentum.

However, up to present, there has been relatively little
experiment information on the level structures of nuclei with
52 � N � 54 at high spins. Hence, the investigations of high
spin states would provide new information important for un-
derstanding the mechanisms responsible for the generation of
additional excitations. For example, neutron excitations from
d5/2 orbit, through the N = 56 subshell, to g7/2 orbit coupled
to the proton excitations within the p3/2 p1/2 f5/2g9/2 orbitals
play a critical part in interpreting the level structures of these
nuclei [1,5,6].

The level structure of 93Nb has been investigated by dif-
ferent kinds of experimental measurements, such as β decay
of 21/2+ Mo, 90Zr(α, pγ ), 91Zr(α, d), 93Nb(n, n′γ ), the
94Zr(p, 2nγ γ ) 93Nb and the nuclear resonance fluorescence
method [15–19]. In Ref. [16], the 156-, 385-, 541-, 573-, 689-,
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845-, 950-, 1262-, and 1418-keV γ rays were confirmed in the
present paper. The 950-keV 13/2+ level has been observed in
90Zr (α, pγ ). The 1335-keV 17/2+ level was known to decay
by a single 385-keV γ ray, and the 1491-keV 15/2+ level
was known to be depopulated by a 541-keV γ ray. Levels of
93Nb have also been studied by the 82Se (16O, p4n) reaction
[20], and the level scheme was extended up to the state at
about 11 MeV [20]. Notwithstanding, the information on the
structure of the 93Nb nucleus is relatively lacking, in contrast
to the detailed studies on high-spin states in the neighboring
Z = 41 isotopes 90–92Nb and the N = 52 isotones 92Zr and
94Mo [1,2,5,6,13,14].

The study of the high-spin states of 93Nb is a follow-
on effort to systematically study the level structures at high
spins of nuclei in A ≈ 90 (Z ≈ 38, N ≈ 50) mass region. One
might expect that the further investigation on levels of 93Nb
would offer more rich and useful information about the proton
Z = 38 (Z = 40) and neutron N = 50 (N = 56) core breaking
mechanisms. Moreover, one finds the Nb isotopes evolve from
spherical to deformed shapes as the neutron number increases.
It is, therefore, the purpose of this paper to revisit 93Nb by the
fusion-evaporation reaction.

II. EXPERIMENTS AND RESULTS

Levels in 93Nb were populated using a 82Se (14N, 3n) 93Nb
reaction at an incident beam energy of 54 MeV. The 14N beam
was delivered by the HI-13 tandem accelerator at the China
Institute of Atomic Energy in Beijing. The target consisted
of a 0.99-mg/cm2 foil of 82Se (isotopically enriched to 96%)
evaporated on a 8.27-mg/cm2 natural Yb backing. The de-
excitation γ rays from the reaction residues were detected
with an array comprising nine Compton-suppressed HPGe
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FIG. 1. Level scheme of 93Nb obtained from the present paper, the energies are labeled in keV. Newly observed transitions are marked with
black asterisks. The widths of the arrows denote the observed intensities.

detectors and two planar HPGe detectors centering around
the target chamber. The energy and efficiency calibration of
the detectors were performed using the standard radioactive
sources of 60Co, 133Ba, and 152Eu placed at the target position.
The total of 150×106γ -γ coincidence events were recorded.
Events corresponding to γ rays emitted from the decay of ex-
cited nuclear states were sorted offline into two-dimensional
symmetrized Eγ -Eγ coincidence matrices and two asym-
metrized angular distribution from oriented (ADO) matrices
(γ -ray angular distribution from oriented nuclei). The asym-
metrized matrices were created by sorting the detectors at
all angles (y axis) against those lying at θ1(40◦ and 152◦)
and θ2(90◦)(x axes). Coincidence data were recorded when,
at least, two signals from HPGe detectors were generated
in 60 ns. For the level spin and parity assignments we used

ADO ratios with the definition Iγ (θ1)/Iγ (θ2). Here the Iγ (θ1)
and Iγ (θ2) correspond to the γ -ray intensities observed by
detectors at either θ1 or θ2 obtained from the asymmetrized
matrices respectively. With this definition, the ADO ratios
for the stretched quadrupole or �I = 0 dipole radiations and
stretched pure dipole transitions are found to be ≈1.4 and
0.7, respectively, which are confirmed by the known γ -ray
multipolarities. The states of 93Nb were also populated by
the 82Se (16O, p4n) 93Nb reaction. The target thickness is
2.5 mg/cm2 with 90% enriched 82Se evaporated on the
500-μg/cm2-thick Au backing.

The level scheme of 93Nb constructed from the present
experiments is shown in Fig. 1. The placement of γ rays in
the level scheme is based upon their coincidence relation-
ships, energy sums, and intensity balances. Spin and parity
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FIG. 2. Representative prompt γ -γ coincidence spectra of 93Nb by using the 82Se (16O, 1p4n) 93Nb reaction. (a) Gating on 942.2 keV
[the energies with single asterisks are contaminations from the reaction channel 82Se (16O, 4n), 94Mo]; (b) gating on 694.0 keV [the energies
with single asterisks, black circles, or black squares are contaminations from the reaction channel 82Se (16O, 4n) 94Mo, 82Se (16O, 3n) 95Mo or
82Se (16O, 5n) 93Mo, respectively].

assignments are on the basis of γ -γ directional correlations
and deexcitation modes. Relative intensities, γ -ray energies,
ADO ratios, and suggested spin-parity assignments are listed
in Table I. The typical coincidence γ -ray spectra gated on the
transitions of 93Nb are shown in Figs. 2–4.

The cascade of γ rays labeled A in Fig. 1, two new tran-
sitions 234.0 and 1238.4 (234.0 +1004.8) keV belonging to
93Nb were identified. The 1238.4-keV transition is in coinci-
dence with the 1467.8-, 1039.4-, 759.6-, and 1271.6-keV tran-

sitions but not coincidence with the 1004.8- and 234.0-keV
transitions. The 234.0- and 1238.4-keV γ rays were placed on
top of the 39/2(−) state at 8375.6 keV and the 35/2(−) state at
7370.8 keV as shown in Fig. 1.

As for transitions in group B, the 942-, 393-, 497-, 615-,
and 486-keV transitions, reported in Ref. [20], are also
observed in the present experiments. In addition, the new tran-
sitions 694.0 and 302.2 keV were placed above the 39/2(−)

state at 8375.6 keV. The transitions 694.0 and 302.2 keV were

FIG. 3. Representative prompt γ -γ coincidence spectra of 93Nb by using the 82Se (16O, 1p4n) 93Nb reaction. The energies with single
asterisks or black squares are contamination from the reaction channel 82Se (16O, 4n) 94Mo. γ rays are labeled with their energies in keV.
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FIG. 4. Representative prompt γ -γ coincidence spectra of 93Nb by using the 82Se (14N, 3n) 93Nb reaction. (a) Gating on 906.4 keV (the
energies with single asterisks or black squares are contamination from are contamination from the reaction channel 82Se (14N, 5n) 91Nb or
82Se (14N, 4n) 92Nb, respectively); (b) gating on 503.5 keV (the energies with single asterisks, black circles, or black squares are contamination
from the reaction channel 82Se (14N, 4n) 92Nb, 82Se (14N, p2n) 93Zr or 82Se (14N, 5n) 91Nb, respectively). γ rays are labeled with their energies
in keV.

found to be in coincidence with the 942.2-, 1530.7-, 1039.4-,
and 1271.6-keV transitions, whereas the 694.0-keV transition
is not in coincidence with 302.2 keV. As can be seen from
Figs. 2(a) and 3, the 694.0- and 302.2-keV transitions can
be observed from the γ -ray coincidence spectra gated on the
942.2- and 1039.4-keV transitions and the known transitions
759.6-, 942.2-, 949.9-, 1039.4-, 1271.6-, and 1497.5-keV
transitions can be also observed from the 694.0-keV γ -ray
coincidence spectrum. It is important to note that there are
several strong peaks (i.e., 773.8, 849.1, 870.8, 902.2, 983.0,
1037.0, and 1060.1 keV) in the 694.0-keV γ -ray coincidence
spectrum. From the analysis of the present data, we found
that the 773.8-, 849.1-, 870.8-, 902.2-, 983.0-, 1037.0-, and
1060.1-keV γ rays from 94Mo are also coincidence with
695.0-keV γ rays, although they were not observed in Ref.
[6].

In group C, a newly observed 1434.7-keV γ ray is assigned
to feed the 37/2− state (7433.7-keV level). In the spectra
gated by the 1039.4-keV γ ray, the 1434.7-keV γ ray is
observed, but in the spectra gated by the 942.2-keV γ ray,
the 1434.7-keV γ ray is absent. After careful analyses, we
confirmed that 1434.7-keV γ ray is assigned to 93Nb.

Moreover, in the present paper the multipolarities of 942.2-
and 1004.8-keV γ rays are assigned as �I = 1 and �I=2,
respectively, which are different from what was proposed
in Ref. [20] where the 942.2- and 1004.8-keV γ rays were
assigned as �I= 0 and �I= 1, respectively. We tentatively

proposed the energy level 8375.6 keV as 39/2(−), which is 1h̄
larger than that from Ref. [20].

The low-lying part of the level scheme labeled D, in Ref.
[15], the 156.1-, 845.2-, 572.9-, 1417.9-, and 1262.4-keV
transitions are confirmed in this paper, although they were
not observed in Ref. [20]. The new transitions 476.2 and
1049.5 keV belonging to 93Nb are added. In Ref. [2], the
503.5 keV is added to the level scheme of 93Nb feeding
into the 17/2− (2180.4-keV level), however, the 503.5 keV
is assigned to feed the (29/2−) (4402.5-keV level) in our
paper. In the coincidence spectrum gated on the 906.4-keV
transition [shown in Fig. 4(a)], the known transitions 385.0,
541.4, 689.1, 586.9, and 728.8 keV as well as the transition
503.5 keV are observed. As shown in Fig. 4(b), the 385.0-,
541.4-, 586.9-, 689.1-, 728.8-, and 906.4-keV transitions are
displayed in the gated spectrum of the 503.5-keV transition.
From the analyses of intensity balance and the coincidence
relationships with 541.4-, 586.9-, 689.1-, 728.8-, and 949.9-
keV transitions, the 503.5-keV transition is placed on top of
the 29/2(−) (4402.5-keV level).

In addition, the new 331.0-, 485.2-, 748.2-, 902.2-,
1233.4-, and 1734.5-keV γ rays belonging to 93Nb are identi-
fied and found to be in coincidence with the 1271.6-, 1497.5-,
385.0-, and 949.9-keV transitions, but not with the 759.6- and
1039.4-keV transitions. These γ rays are placed on top of the
25/2+ state at 4104.0 keV as given in Fig. 1.
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TABLE I. γ -ray energies, relative intensities, ADO ratios, initial,
and final state spins, and initial and final Eγ , of transitions assigned
to 93Nb in the present experiment.

Eγ
a Iγ b RADO Eπ

i Eπ
f Jπ

i Jπ
f

156.1 4.03(40) 0.97(30) 1491.3 1334.9 15/2+ 17/2+

223.7 4.40(85) 9921.2 9697.5 43/2(−) (41/2−)
234.0 8609.2 8375.6 (39/2−) 39/2(−)

302.2 7.05(85) 8677.8 8375.6 39/2(−)

331.0 5337.2 5006.2 (29/2+) (27/2+)
385.0 100 1.87(23) 1334.9 949.9 17/2+ 13/2+

393.0 7.43(92) 1.08(28) 7826.7 7433.7 (39/2−) 37/2−

419.7 7.93(43) 1.09(20) 4104.0 3684.5 25/2+ 23/2(+)

476.2 6.47(81) 3229.3 2753.1 (21/2−) 19/2(+)

485.2 5337.2 4852.2 (29/2+) (27/2+)
486.2 4.34(47) 9425.8 8939.6 (45/2−) (43/2−)
496.7 6.74(46) 8323.4 7826.7 (41/2−) (39/2−)
503.5 5.42(63) 1.38(28) 4906.0 4402.5 (33/2−) (29/2−)
522.2 4.20(29) 2832.4 2310.7 21/2+ (19/2+)
541.4 19.83(86) 0.81(16) 1491.3 949.9 15/2+ 13/2+

572.9 8.80(85) 2753.1 2180.4 19/2(+) 17/2−

586.9 14.74(83) 1.47(26) 3673.7 3086.8 25/2(−) 21/2(−)

616.2 6.74(46) 8939.6 8323.4 (43/2−) (41/2−)
689.1 18.71(91) 0.96(24) 2180.4 1491.3 17/2− 15/2+

694.0 9069.6 8375.6 (41/2−) 39/2(−)

728.8 6.45(83) 4402.5 3673.7 (29/2−) 25/2(−)

748.2 4852.2 4104.0 (27/2+) 25/2+

759.6 106.2(2.4) 1.36(19) 4863.6 4104.0 29/2+ 25/2+

788.1 4.73(94) 9921.2 9132.9 43/2(−) 41/2(−)

835.0 5687.2 4852.2 (31/2+) (27/2+)
845.2 13.80(93) 1.51(17) 2180.4 1334.9 17/2− 17/2+

852.1 12.10(63) 0.92(16) 3684.5 2832.4 23/2(+) 21/2+

902.2 5006.2 4104.0 (27/2+) 25/2+

906.4 25.42(100) 1.55(22) 3086.8 2180.4 21/2(−) 17/2−

942.2 11.23(97) 0.67(8) 8375.6 7433.7 39/2(−) 37/2−

949.9 155.10(500) 1.68(27) 949.9 0 13/2+ 9/2+

975.6 4.09(35) 0.81(21) 2310.7 1334.9 (19/2+) 17/2+

1004.8 11.20(120) 1.86(19) 8375.6 7370.8 39/2(−) 35/2(−)

1033.0 10954.2 9921.2 (45/2−) 43/2(−)

1039.4 77.20(200) 1.53(18) 5903.0 4863.6 33/2+ 29/2+

1049.5 3229.3 2180.4 (21/2−) 17/2−

1233.4 5337.2 4104.0 (29/2+) 25/2+

1238.4 8609.2 7370.8 (39/2−) 35/2(−)

1262.4 2753.1 1491.3 19/2(+) 15/2+

1271.6 87.40(2.4) 1.31(21) 4104.0 2832.4 25/2+ 21/2+

1404.0 9779.3 8375.6 39/2(−)

1417.9 3.05(63) 2753.1 1334.9 19/2(+) 17/2+

1434.7 8868.4 7433.7 (39/2−) 37/2−

1467.8 13.26(93) 0.80(13) 7370.8 5903.0 35/2(−) 33/2+

1480.6 7.17(72) 1.25 (24) 5154.3 3673.7 29/2(−) 25/2(−)

1497.5 77.40(230) 1.59(31) 2832.4 1334.9 21/2+ 17/2+

1530.7 37.86(400) 1.83(22) 7433.7 5903.0 37/2− 33/2+

1699.2 7.58(120) 9132.9 7433.7 41/2(−) 37/2−

1734.5 7421.7 5687.2 (35/2+) (31/3+)
2263.8 < 2 9697.5 7433.7 (41/2−) 37/2−

aThe uncertainty in strong γ -ray energies is less than 0.4 keV; for
weak γ -ray energies, it is about 0.7 keV.
bIntensities are corrected for detector efficiency and normalized to
100 for the 385.0-keV transition.

III. SHELL-MODEL CALCULATIONS AND DISCUSSION

The 93Nb isotones 90Sr [21], 91Y [10], 94Mo [6], 95Tc
[22], and the isotopes 91,92,94Nb [3,13,23] were investigated
systematically by the shell model. These studies demon-
strate that promoting protons from the 1p0 f orbits into
the 0g9/2 orbit is sufficient to describe the low-spin states.
For high-spin states, the neutron core excitation through the
N = 50 shell closure is proposed to be considered. In this
paper, we consider 93Nb in the π0 f5/21p3/21p1/20g9/2 and
ν1p1/20g9/21d5/2g7/2 shells in our shell-model calculation.
The NUSHELLX code is used with the GWBXG effective in-
teraction [24]. In our calculations, the single particle energies
(SPEs) (in MeV) corresponding to the model space were
set as επ

f5/2
= −5.322, επ

p3/2
= −6.144, επ

p1/2
= −3.941, επ

g9/2
=

−1.250, εν
p1/2

= −0.696, εν
g9/2

= −2.597, εν
g7/2

= +5.159, and
εν

d5/2
= +1.830.

One sees about a 4.0 (2.7)-MeV SPE gap between the
f5/2 (p1/2) and the g9/2 orbits for the valence protons, which
indicates the possible Z = 38 (40) subshell. For the valence
neutrons, the SPE gap of the N = 50 shell closure is 4.4 MeV
and that between the d5/2 and g7/2 orbits is 3.3 MeV, which
might support the existence of the N = 56 subshell.

We truncate the shell-model space of 93Nb with both proton
and neutron particle-hole excitations across the 90Zr core, i.e.,
the valence proton holes are in the lower f5/2 p3/2 p1/2 orbits,
the valence proton particles are in the upper g9/2 orbit, the
valence neutron holes are in the lower p1/2g9/2 orbits, and the
valence neutron particles are in the upper d5/2g7/2 orbits. The
proton particle-hole excitation across the Z = 40 subshell is
up to 2p2h, and, at most, one neutron in the lower g9/2 orbit is
permitted to be excited into the upper d5/2g7/2 orbits.

Figure 5 compares the level energies from experiments
and the shell-model calculations. Dominant configurations
of the wave functions are presented in Table II. As shown
in Fig. 5, the calculated results are in good agreement
with the experimental data. Let us begin our discussion
with the positive-parity states. From Table II, the 9/2+
ground state mainly stems from a g9/2 proton. The 13/2+,
15/2+, and 17/2+ states are predicted to contain both the
π (p1/2)−2g3

9/2 ⊗ νd2
5/2 and the πg9/2 ⊗ νd2

5/2 configuration
components. The observed 15/2+ (1491-keV level) state lies
above 17/2+ (1335-keV level) state, and our shell-model cal-
culation well reproduces this phenomenon. The states with
2300 < Eexp < 6000 keV (except for the 29/2+

2 state) mainly
involve the configuration π ( f5/2 p1/2 p3/2)−2g3

9/2 ⊗ νd5/2g7/2

in which a valence neutron from the d5/2 orbit is excited
across the N = 56 subshell to the g7/2 orbit. The 29/2+

2 state
originates from the promotion of one neutron pair from the
d5/2 orbit to the g7/2 orbit, leading to the main configuration
π p−2

1/2g3
9/2 ⊗ νg2

7/2. For the state with 35/2+, the main config-

uration in the wave functions is π ( f −1
5/2 p−1

1/2g3
9/2) ⊗ νg2

7/2.
Now we come to the negative-parity states. The dom-

inant configuration in the 17/2− and 21/2−
1 states is

π p−1
1/2g2

9/2 ⊗ νd2
5/2. The calculated 21/2−

2 state includes

mainly the configuration π p−1
1/2g2

9/2 ⊗ νd5/2g7/2. Most of
the 25/2− � Jπ � 37/2− states are interpreted by the
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FIG. 5. Comparison of the experimental levels and the calculated levels of 93Nb.

configuration π ( f5/2 p3/2 p1/2)−3g4
9/2 ⊗ νd5/2g7/2, The 39/2−

1

and 39/2−
2 states are characterized by proton excitation

from the f5/2 p3/2 p1/2 orbits to the g9/2 orbit coupled a
neutron pair excitation from the d5/2 orbit, through the
N = 56 subshell, to the g7/2 orbit, viz., configuration of
the form π ( f −1

5/2 p−2
1/2)g4

9/2 ⊗ νg2
7/2. The states with 8600 <

Eexp < 9000 keV are characterized by proton excitation from
the f5/2 p3/2 p1/2 orbits to the g9/2 orbit coupled a neu-
tron excitation from the d5/2 orbit, through the N = 56
subshell, to the g7/2 orbit, i.e., configuration of the form
π ( f5/2 p3/2 p1/2)−3g4

9/2 ⊗ νd5/2g7/2.
For the 41/2−

3 , 41/2−
4 , 43/2−

2 , and 45/2−
2 states, whose

excitation energies are larger than 9100 keV, the particle-hole
excitation across the N = 50 shell closure plays a signifi-
cant role, and the main configuration in the wave function is
π ( f5/2 p3/2 p1/2)−3g4

9/2 ⊗ νg−1
9/2d5/2g2

7/2. The neutron core ex-
citation of the N = 50 shell closure appears first at 41/2−

1
(9132.9 keV). At this level energy, it is more favorable for
93Nb to generate angular momentum by breaking the N = 50
neutron core than by exciting more protons to the g9/2 orbit.

IV. THE SYSTEMATIC FEATURES
WITH NEIGHBORING NUCLEI

Figures 6(a) and 6(b) exhibit the systematics of the 0+
1 ,

2+
1 , and 4+

1 states in the even-even Zr isotopes and the 9/2+
1 ,

13/2+
1 , and 17/2+

1 states in the odd-A Nb isotopes, respec-
tively. The resemblance of the level schemes between the

odd-A Nb isotopes and the neighboring even-even Zr isotopes
is conspicuous, up to the 4+

1 state. For example, the 13/2+
1

and 17/2+
1 states in 93Nb, at 949.9 and 1334.9 keV, are close

in energies to the 2+
1 and 4+

1 states at 935 and 1496 keV in
the 92Zr core. This may be interpreted by the weak coupling
model.

In the simplified weak coupling model, low-lying states
of an odd-mass nucleus are described by a single nucleon in
a single- j orbit moving outside an even-even core. We use
ψ

†
I |0〉 to denote the wave function of the low-lying I+

1 state of
the core, whose energy is denoted as EI . By coupling ψ

†
I |0〉

with the single nucleon a†
j , one obtains the so-called multiplet

states with spin J for the odd-mass nucleus,

(ψ†
I a†

j )J |0〉, (1)

where J = |I − j|, |I − j| + 1, . . . , I + j. We use EJ (I, j) to
denote the excitation energy of the multiplet states. The rela-
tion between EI and EJ (I, j) is given by

EI =
∑

J (2J + 1)EJ (I, j)
∑

J 2J + 1
. (2)

The configuration πg9/2 ⊗ (2+
1 , 92Zr) could produce mul-

tiplet states with 5/2+
1 (809 keV), 7/2+

1 (744 keV), 9/2+
2

(1083 keV), 11/2+
1 (979 keV), and 13/2+

1 (950 keV) in 93Nb.
Using Eq. (2), we obtain that the excitation energy of the 2+

1
state in 92Zr is 934 keV, which is in excellent agreement with
the experiment result (934.5 keV) [1].
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TABLE II. Main partitions of the wave functions for 93Nb. The
wave function for a particular angular momentum state would be
composed of several partitions where each partition is of the form
p = {π [p(1), p(2), p(3), p(4)] ⊗ ν(n(1), n(2), n(3), n(3), n(4)]},
where p(i) represents the number of protons occupying the ( f5/2,
p3/2, p1/2, g9/2) orbits, and n( j) represents the number of neutrons in
the (p1/2, g9/2, g7/2, d5/2) orbits, respectively. In these calculations
two neutrons from the d5/2 orbit are allowed to be excited to the g7/2

orbit.

Iπ E(exp) E(cal) Wave function Partitions
(h̄) (keV) (keV) π ⊗ ν (%)

9/2+ 0 0 6 4 2 1 ⊗ 2 10 0 2 29.30
6 4 0 3 ⊗ 2 10 0 2 17.47

13/2+ 949.9 923 6 4 0 3 ⊗ 2 10 0 2 21.92
6 4 2 1 ⊗ 2 10 0 2 20.70

15/2+ 1491.3 1544 6 4 2 1 ⊗ 2 10 0 2 43.81
6 4 0 3 ⊗ 2 10 0 2 16.08

17/2+ 1334.9 1426 6 4 2 1 ⊗ 2 10 0 2 53.81
6 4 0 3 ⊗ 2 10 0 2 14.09

19/2+
1 2310.7 1987 6 4 0 3 ⊗ 2 10 1 1 29.84

6 4 2 1 ⊗ 2 10 1 1 17.84
4 4 2 3 ⊗ 2 10 1 1 9.65

19/2+
2 2753.1 2948 5 4 1 3 ⊗ 2 10 1 1 28.13

6 4 0 3 ⊗ 2 10 1 1 14.89
5 3 2 3 ⊗ 2 10 1 1 9.24

21/2+
1 2832.4 3007 5 4 1 3 ⊗ 2 10 1 1 39.22

5 3 2 3 ⊗ 2 10 1 1 10.40
5 4 1 3 ⊗ 2 10 2 0 7.91

23/2+ 3684.5 3581 5 4 1 3 ⊗ 2 10 1 1 28.78
6 3 1 3 ⊗ 2 10 1 1 24.30

25/2+ 4104.0 3929 5 4 1 3 ⊗ 2 10 1 1 36.28
6 3 1 3 ⊗ 2 10 1 1 11.57

27/2+
1 4852.2 4616 6 4 0 3 ⊗ 2 10 1 1 36.04

5 4 1 3 ⊗ 2 10 1 1 14.79
4 4 2 3 ⊗ 2 10 1 1 13.14

27/2+
2 5006.2 4978 5 4 1 3 ⊗ 2 10 1 1 43.25

5 3 2 3 ⊗ 2 10 1 1 15.74
29/2+

1 4863.6 4973 5 4 1 3 ⊗ 2 10 1 1 68.83
29/2+

2 5337.2 5199 6 4 0 3 ⊗ 2 10 2 0 23.59
6 4 0 3 ⊗ 2 10 1 1 16.08

31/2+ 5687.2 5593 5 4 1 3 ⊗ 2 10 1 1 54.09
33/2+ 5903.0 5741 5 4 1 3 ⊗ 2 10 1 1 72.09
35/2+ 7421.7 7082 5 4 1 3 ⊗ 2 10 2 0 39.05
17/2− 2180.4 2311 6 4 1 2 ⊗ 2 10 0 2 65.07

5 4 2 2 ⊗ 2 10 0 2 6.97
21/2−

1 3086.8 3375 6 4 1 2 ⊗ 2 10 0 2 55.35
6 3 2 2 ⊗ 2 10 0 2 10.89

21/2−
2 3229.3 3535 6 4 1 2 ⊗ 2 10 1 1 52.24

25/2− 3673.7 3654 5 4 0 4 ⊗ 2 10 1 1 33.88
4 4 1 4 ⊗ 2 10 1 1 16.79
5 3 1 4 ⊗ 2 10 1 1 14.25

29/2−
1 4402.5 4441 5 4 0 4 ⊗ 2 10 1 1 39.31

5 3 1 4 ⊗ 2 10 1 1 14.44%
29/2−

2 5154.3 5341 5 4 0 4 ⊗ 2 10 1 1 28.83%
6 3 2 2 ⊗ 2 10 1 1 21.44
5 4 2 2 ⊗ 2 10 1 1 7.66

33/2− 4906.0 5329 5 4 0 4 ⊗ 2 10 1 1 33.26
5 4 2 2 ⊗ 2 10 1 1 21.03
4 4 1 4 ⊗ 2 10 1 1 11.34

TABLE II. (Continued.)

Iπ E(exp) E(cal) Wave function Partitions
(h̄) (keV) (keV) π ⊗ ν (%)

35/2− 7370.8 7093 4 4 1 4 ⊗ 2 10 1 1 33.04
5 4 0 4 ⊗ 2 10 1 1 17.59
4 3 2 4 ⊗ 2 10 1 1 11.96

37/2−
1 7433.7 7309 5 4 0 4 ⊗ 2 10 1 1 34.76

4 4 1 4 ⊗ 2 10 1 1 18.04
5 3 1 4 ⊗ 2 10 1 1 18.01

39/2−
1 7826.7 7787 5 4 0 4 ⊗ 2 10 2 0 39.09

5 3 1 4 ⊗ 2 10 2 0 19.57
5 4 0 4 ⊗ 2 10 2 0 10.62

39/2−
2 8375.3 8096 5 4 0 4 ⊗ 2 10 2 0 26.75

4 3 2 4 ⊗ 2 10 2 0 15.58
5 3 1 4 ⊗ 2 10 2 0 14.62

39/2−
3 8609.2 8626 4 4 1 4 ⊗ 2 10 1 1 44.10

4 3 2 4 ⊗ 2 10 2 0 12.72
39/2−

4 8868.4 8734 5 3 1 4 ⊗ 2 10 1 1 42.39
4 4 1 4 ⊗ 2 10 2 0 16.41

41/2−
1 8323.4 8542 4 4 1 4 ⊗ 2 10 1 1 58.86

4 4 1 4 ⊗ 2 10 2 0 10.10
41/2−

2 9069.6 9103 4 4 1 4 ⊗ 2 10 1 1 43.78
4 3 2 4 ⊗ 2 10 2 0 16.14

41/2−
3 9132.9 9206 5 4 0 4 ⊗ 2 9 2 1 32.33

5 3 1 4 ⊗ 2 9 2 1 10.94
41/2−

4 9697.5 9535 5 4 0 4 ⊗ 2 9 2 1 34.15
4 4 1 4 ⊗ 2 9 2 1 23.98

43/2−
1 8939.6 8924 4 4 1 4 ⊗ 2 10 1 1 55.97

4 3 2 4 ⊗ 2 10 1 1 27.24
43/2−

2 9921.2 9995 5 4 0 4 ⊗ 2 9 2 1 33.38
4 4 1 4 ⊗ 2 9 2 1 24.27

45/2−
1 9425.8 9514 5 3 1 4 ⊗ 2 10 2 0 38.90

5 3 1 4 ⊗ 2 10 1 1 36.80
45/2−

2 10954.2 10511 5 4 0 4 ⊗ 2 9 2 1 36.42
5 3 1 4 ⊗ 2 9 2 1 16.00

Similarly, the configuration πg9/2 ⊗ (2+
1 , 94Mo) produces

multiplet states with 5/2+
1 (627 keV), 7/2+

1 (336 keV), 9/2+
2

(1213 keV), 11/2+
1 (975 keV), and 13/2+

1 (882 keV) in 95Tc
[22,31]. Using Eq. (2), one obtains that the excitation energy
of the 2+

1 state in 94Mo is 848 keV, which is also very close
to the data (872 keV) [12]. We note that the 13/2+

1 and 17/2+
1

states in 99Nb have not been observed, but Ref. [28] reports
the 2+

1 (1224-keV) and 4+
1 (1843-keV) states in 98Zr. Based

on the the weak coupling model, one would expect that the
13/2+

1 and 17/2+
1 states of 99Nb can be observed at about 1.2

and 1.8 MeV, in future experiments.
Figure 6(c) compares the energy levels in the N = 52

odd-A and even-even isotones. The yrast 13/2+ and 17/2+
states in 93Nb, 95Tc, and 97Rh are close in energies with the
yrast 2+ and 4+ states in 92Zr, 94Mo, and 96Ru, respectively
[5,29,11–14]. The above results can be also interpreted by the
weak coupling model, i.e., a valence nucleon coupled to the
low-lying state of the neighboring even-even core. It is worth
mentioning that high-spin states do not follow the scenario
of the weak coupling model, for example, the 25/2+

1 state in
93Nb and the 8+

1 state in 92Zr are not close in energy. The
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FIG. 6. (a) Comparison of the low-energy levels in the Zr iso-
topes [23–27]; (b) the same as (a) but for Nb isotopes [7,28–33];
(c) the evolution of the 0+

1 , 2+
1 , 4+

1 , 6+
1 , and 8+

1 states in the even-even
Zr isotones and the 9/2+

1 , 13/2+
1 , 17/2+

1 , 21/2+
1 , and 25+

1 states in
the odd-A Nb isotones [5,29,11–14].

reason is that the intrinsic nucleon excitations in high-spin
states of the even-even core cannot be ignored, and config-
uration mixing becomes important.

In Figure 6(a) one sees the excitation energy ratio between
the 4+

1 and the 2+
1 states in 90–98Zr is smaller than 2, which

indicates the stability of the Z = 40 subshell in these isotopes.
In 100Zr the excitation energy of the 2+

1 drops significantly,
and the low-lying spectrum follows the rotational behavior,
which indicates the deformation onset in Zr isotopes with the
increasing of neutrons beyond N = 58. We find the energy gap
between the ground state and the first excited state is relatively
larger in 90Zr, 96Zr, 91Nb, and 97Nb, which is a consequence
of the N = 50 and 56 (sub)shell effect.

Figures 7(a) and 7(b) show the excitation energies of the
9/2+, 1/2−, 3/2−, and 5/2− states in 89–101Nb as well as
91–103Tc isotopes. The level structures from N = 48 to 60
change rapidly. The large energy gaps between the 9/2+

FIG. 7. (a) Comparison of the energy levels 1/2−, 3/2−, and
5/2− states in Nb isotopes [13,18,31–36]; (b) the same as (a) but
for Tc isotopes [21,32–34,37–39].

andthe 5/2−, 3/2− states in 91Nb as well as 97Nb indicate the
stability of the Z = 38 (40) subshell at N = 50 (56).

In the Nb and Tc isotopes, the ground states show an abrupt
change from 9/2+ to 5/2+ at N = 60, which suggests the
onset of deformation in 101Nb and 103Tc due to the sudden
disappearance of the Z = 40 subshell for nuclei with N �60.
Reference [40] reported that 101Nb has a deformed shape
with ε2 ≈ 0.37 and γ ≈ −12◦, and the ground-state band can
be interpreted by the 5/2+[422] configuration in the Nilsson
model.

V. SUMMARY

High-spin states of 93Nb were populated via the reactions
82Se (14N, 3n) 93Nb and 82Se (16O, 1p4n) 93Nb. The level
scheme of 93Nb was extended by adding 13 γ transitions.
The observed states were interpreted using the shell model by
considering the particle-hole excitation of the Z = 38 (40) and
N = 56 (50) (sub)shell closures. According to the calculated
results, the low-lying states can be interpreted as the excitation
of the valence protons from the p1/2 orbit, across the Z = 40
subshell, into the g9/2 orbit. The medium spin states, even
high-spin states involve not only the proton excitation across
the Z = 38 (40) subshell ( f5/2 p1/2 p3/2 → g9/2), but also the
neutron excitations across the N = 56 subshell (d5/2 → g7/2)
and N = 50 shell closure (g9/2 → d5/2, g7/2).

We study the systematics of low-lying states in the odd-A
Nb and Tc isotopes, the even-even Zr isotopes, and the N =
52 isotones. We find that the low-lying states of the odd-A nu-
cleus can be regarded as the coupling of a valence nucleon and
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its neighboring even-even core. The Zr and Nb isotopes with
N � 58 are nearly spherical nuclei, which are affected by the
Z = 40 (or 38) subshell. The nuclei with N � 60 are not af-
fected by the Z = 40 subshell, and, thus, lead to deformation.
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