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Excited states of *>Nb were investigated using the reactions $2Se('*N, 4n) and **Y(°Li, 1p2n). Based on these
experimental results, the level scheme was extended abundantly. The structures of both the positive and negative

parity states have been compared with shell model calculations using the SNET interaction. Potential energy
surface calculation using the configuration-constrained method was performed to study a rotational-like band in
92Nb, and possible configuration of the band head has been discussed. The calculation indicates that it may be

an oblate collective rotational band.

DOLI: 10.1103/PhysRevC.108.044301

I. INTRODUCTION

Nuclei near the Z = 38 subshell and the N = 50 closed shell
are thought to be near-spherical and can be well described
by the shell model [1-11]. Plenty of reactions were analyzed
in this region and their level schemes have been extended
to high excitation energies. Level structures of these nuclei
are interpreted via single- or multiparticle excitations. Proton
excitations play a vital role towards the generation of the low
and moderate spin states. For the high spin states, the contri-
bution of the proton gg,, orbit becomes essential and neutron
excitations come into the picture to a suitable description of
the nuclear structure.

Collective rotational structures have been reported in sev-
eral nuclei in this region. A regular dipole band with enhanced
M1 transitions was observed in %°Zr and thought to rep-
resent rotation of nucleus about the long axis [12,13]. An
oblate collective rotational band was discovered in >Nb [14].
These observations lead our interest to study the emergence
of collectivity for nuclei near *°Zr. To generate higher angular
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momentum, more particles are excited and high-j orbits such
as the proton gg/» and neutron Ay, , orbits are possibly occu-
pied. The occupation of shape driving orbits will increase the
probability for the appearance of regular band structure.

The *Nb nucleus has several valence particles outside the
Z = 38 submagic and N = 50 magic shells and is expected
to be spherical. Shell model calculation was carried out to
interpret partial structure of °*Nb in this work. A rotational-
like band from the 14~ to 20~ states consisting of strong
M1 and weak crossover E2 transitions was observed in **Nb
based on the 32Se('*N, 4n) reaction. An irregular multiplet-
like structure is the remarkable feature of nearly spherical
nuclei. So it is unusual to observe such a band. The structure
indicates weak collectivity and thus a small deformation. With
the aim to have a better understanding of the appearance of
collectivity in nuclei close to 907r. this band is discussed
emphatically.

II. EXPERIMENTAL DETAILS

Two reactions were used to construct the level scheme
of ®Nb displayed in this work. The first reaction is the
4N + 32Se experiment. High spin states of >Nb were pop-
ulated at a beam energy of 54 MeV by the HI-13 tandem
accelerator in the China Institute of Atomic Energy (CIAE).

©2023 American Physical Society
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The target consisted of a 0.99 mg/cm? layer of *Se and
evaporated on a 8.27 mg/cm? thick Yb backing. The y
rays emitted from the reaction residues were detected by a
multidetector array consisting of nine Compton-suppressed
high-purity germanium (HGPe) detectors and two planar
HPGe detectors. The energy resolution of a Compton-
suppressed HGPe detector is 2.0-2.5 keV at 1332.5 keV
(6OC0), and for a planar HPGe detector, it is 0.6-0.7 keV at
121.78 keV ('3?Eu). These detectors were placed at the for-
ward (40°), 90°, and backward (140°) directions with respect
to the beam direction. A total of 1.5 x 10% y-y coincidence
events were accumulated. The recorded data were sorted into
a two-dimensional Ey-Ey symmetric matrix. To obtain mul-
tipolarity information of y rays, two asymmetric coincidence
matrices were built, with one axis using the y rays detected
at all angles, and the other using those detected at 40° (or
140°) and those detected at 90°. The gamma ray angular
distribution from the oriented nuclei (ADO) ratio is defined as
Rapo = 1,(40°)/1,,(90°), which is extracted from the intensity
of y rays observed by detectors at 40° (or 140°) and 90° in
the coincidence spectra by setting gates on all detectors. The
typical ADO value for stretched quadrupole or Al = 0 dipole
transitions was found to be 1.4. For stretched pure dipole
transitions, it was 0.7.

The second reaction is the °Li+ %Y experiment. It was
performed at the Tandem-XTU accelerator at LNL-INFN in
Italy. The target consisted of 550 pug/cm? %Y and was en-
riched on a 340 ug/cm? '2C foil. It was bombarded by the
®Li** beam at a beam energy of 34 MeV and with an average
intensity of 1.0 enA. The gamma rays were detected by the
GALILEO array, which is made of 25 Compton-suppressed
high-purity germanium (BGO-HPGe) detectors. The detectors
were distributed on four rings, ten at 90°, five at each of the
following angles, 119°, 129°, and 152°. A two-dimensional
Ey-Ey symmetric matrix was constructed for offline analy-
sis. About a total of 1.4 x 107 y-y coincidence events were
accumulated. The multipolarity information of y rays was
also determined by ADO ratios [Rapo = 1,,(152°)/1,,(90°)].
The typical ADO value for stretched quadrupole or Al =0
dipole transitions was found to be 1.6. For stretched pure
dipole transitions, it was 0.9.

III. EXPERIMENTAL RESULTS

Level structure of °’Nb has been investigated by the di-
rect 2Zr(CHe, 1) charge-exchange reaction and the 8sr("Li,
3n), %2Zr(*He, p2n), and **Zr(p, n) reactions [15-17]. These
reactions mainly concentrated on the low-lying states. Re-
cently, some new research results about *>Nb were reported
[10,18,19]. It is worth noting that our work is based on the
same data with Zheng et al. [10] and Lv et al. [19]. The
82Se (14N, 4n) reaction was beneficial to populate the high spin
states of “’Nb. It has great significance to study a number
of interesting nuclear phenomena in high excitation energies.
The °Li** beam used in our work brings lower excitation
energy to the compound nucleus and is in favor of populating
the low spin states. It provides opportunity to enrich the level
structure with low excitation energy. Almost all transitions
between low-energy levels established by Brown and Fossan

[15] can be observed by the °Li+ %Y experiment. However,
the 163, 357, and 501 keV transitions in the level scheme were
not analyzed completely in Ref. [19].

The result deduced from our work is shown in Fig. 1. Typ-
ical prompt y-y coincidence spectra are shown in Figs. 2—4.
The energies, relative intensities, ADO ratios of y rays, and
spin and parity assignments of levels are summarized in Ta-
ble I. There are a few points to be noted. Almost all transitions
in Ref. [10] are displayed in Fig. 1. Relative intensities of
these transitions except the 142, 501, 1444, 1586, and 1945
y rays can refer to Ref. [10]. For the intensities of the y rays
observed in the °Li 4 #Y experiment and not listed in Table I,
see Ref. [19]. That means that data given in Table I are mainly
composed of two parts: the first is y rays which are connected
with the 163, 357, and 501 keV transitions and identified
by the ®Li+ %Y experiment; the second is new transitions
observed by the 32Se('*N, 4n) reaction.

There was a 1507 keV transition decaying from the 1647
to 136 keV level reported in Ref. [16]. However, the en-
ergy difference between two levels is 1511 keV. There is no
transition observed decaying into the 1648 keV level (which
corresponds to the 1647 keV level in Ref. [16]) in our exper-
iment. We could not confirm if there is a linking transition
between the two levels.

The structure built on the 357 keV transition and 136 keV
level was independent in the scheme of 92Nb in Refs. [15,16].
Several transitions were added which could connect them
together. For example, a 1066 keV y ray can be seen in the
spectrum gated on the 501 keV transition as shown in Fig. 2.
The 1210 keV transition is found to be coincident with the
357 keV transition. Thus, the level 1567 keV is constructed.
Two transitions with energies of 190 and 1020 keV are also
observed, whose sum is 1210, which coincide with each other
and the 357 keV y ray. On the spectrum gated on the 190
keV transition, a new transition with energy of 1377 keV
is identified. The newly observed 426, 1122, and 1548 keV
transitions are assigned to feed on the 357 keV level and
lead to the identification of the 1479 and 1905 keV levels.
In addition, the 426 keV y ray is also found to be coincident
with the 163 and 1089 keV transitions.

The '*N + 82Se experiment populated the high spin states
beneficially. Some linking transitions, such as 742, 1641 keV
y rays, are identified. However, a transition whose energy is
above 2605 keV could not be observed based on this data. A
2679 keV transition decaying from the 6005 keV towards the
3326 keV level is found according to the SLi+ Y experi-
ment.

IV. DISCUSSION

A. Shell model calculations

Different interactions in the framework of the shell model
have been used to interpret the microscopic structure of *>Nb.
The GWB model space (which is a standard model space
in the shell model code NuShellX [5,23]) without the Ay,
orbit has been used in Ref. [10]. However, according to the
calculations of several N = 51 isotones, the excitation of ds»
neutron across the N = 56 subshell closure into the high-j
hi12 orbit has great significance [20,21]. So a model space
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TABLE I. y-ray energies, relative intensities, ADO ratios, initial and final E,,, and initial and final spin states of transitions in 92Nb.

E,* E; E,
keV L Rano keV keV Jre Jre
89.8(5) 0.90(10) 480 390 4+ 3"
91 - - 227 136 2- 2+
122.5(3) 6.00(41) 1.28(18) 480 357 4+ 5+
141.92) 3.10(15) 1.81(40) 2087 1945 9- 7-
143.3(3) 2.77(22) 0.99(21) 501 357 6+ 5+
149.6(3) - 1.00(8) 286 136 3+ 2+
163.42) 18.6(26) 0.99(21) 390 227 3- 2"
189.7(3) 1.44(15) 1.50(40) 1567 1377 (6 (61)*
194.0(3) - 0.97(7) 480 286 4+ 3+
266.9(4) 1.07(12) 0.82(36) 624 357 (61 5+
287.0(4) - - 7956 7669 - (17%)
336.5(3) 0.70(12) 0.77Q27) 2514 2177 (7+)* (6+)*
351.1(3) 0.44(6) 1.08(41) 2296 1945 - 7"
356.7(3) 35.9(28) 1.52(26) 357 0 5+ 7+
425.5(3) 1.66(17) 0.71(23) 1905 1479 (©6)* (57
486.1(5) - - 2431 1945 - 7-
500.8(3) 23.82(25) 0.92(17) 501 0 6+ 7+
569.1(3) 0.45(9) 1.12(36) 2514 1945 (7+)* 7-
650.4(4)" - - 11386 10736 - -
742.0(9)" - - 5683 4941 (15%) (15%)
802.7(5) - - 1089 286 - 3+
861.8(5) - - 9926 9064 (19%) (207)
873.4(5) 0.73(10) - 1374 501 - 6+
877.4(5)° - - 8781 7904 - (187)
881.4(5) - - 8514 7633 (197) (17%)
906.4(7) 3.30(27) 1.02(21) 1407 501 5+ 6+
919.0(4) 8.41(59) 0.76(14) 1309 390 4- 3-
932.3(4) - - 1412 480 - 4+
1019.6(3) 6.79(53) 0.88(19) 1377 357 (6+)* 5+
1030.1(6)° - - 9544 8514 - (197)
1031.3(4) 4.41(37) 0.55(15) 1421 390 4- 3-
1058.1(6) - - 1344 286 - 3+
1065.7(3) 4.19(33) 1.66(31) 1567 501 (6+)* 6+
1089.3(3) 6.0(12) 1.40(30) 1479 390 (57 3"
1121.7(4) 5.42(26) 1.42(38) 1479 357 (57 5+
1126.2(3) - - 1412 286 - 3+
1129.9(2) 0.80(15) - 1487 357 - 5+
1143.9(4) - - 9926 8781 (19%) -
1146.9(4) 1.36(16) 0.45(14) 1648 501 5+ 6+
1209.7(5) 3.20(29) - 1567 357 (61)* 5+
1330.9(6) 3.29(33) 1.07(37) 1721 390 4y 3-
1377.2(3) 9.9(14) 0.95(40) 1377 0 (61)* 7+
1443.5(3) 6.16(47) 0.97(18) 1945 501 7- 6+
1531.0(3) 0.85(13) - 2032 501 - 6+
1544.2(6) - - 4870 3326 - 13+
1548.4(4) 1.60(22) 1.07(56) 1905 357 (6)* 5+
1585.9(4) 3.74(24) - 2087 501 9- 6+
1625.7(6) 2.51(25) 0.71(31) 2127 501 (7+)* 6+
1641.0(4) - - 7324 5683 (17°) (15%)
1769.9(5) 0.98(20) - 2127 357 (7+)* 5+
1819.6(7) 3.64(40) 0.97(35) 2177 357 (61)* 5+
1951.2(8) 3.58(41) 0.88(39) 2308 357 (6+)* 5+
2086.9(2) 100 1.40(6) 2087 0 9- 7+
2114.8(8) - - 5441 3326 - 13+
2678.9(4) 1.27(16) - 6005 3326 (16%) 13+

Transitions marked with ‘a’ are observed by the '*N + #Se reaction and information of them comes from the same experiment. Information
of the rest y rays is according to the °Li 4+ %Y reaction.

"Intensities of transitions are normalized to the 2087 keV y ray.
¢J” labeled with * are determined by ADO ratios measured this time.
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FIG. 1. Level scheme of *’Nb established in the present work. New transitions and levels are marked in red.

named SNE containing the /1y, orbit is adopted. The model interactions available in the NuShellX code [22,23]. Actually,
space contains eight proton orbits (f5,2, p3/2, P1/2, 89725 87/25 the SNE model space was used in Ref. [19] to interpret the
ds;2, ds )2, $1/2) and nine neutron orbits (fs/2, P32, P12, 89725 structure of *>Nb, but the authors just calculated the low-lying
8172, dsy2, d3y2, $172, hi12). The corresponding interaction is states. In the present calculation, at most four protons are
called the SNET interaction, which is one of the standard allowed to excite across the Z = 38 subshell. And a neutron at
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FIG. 5. Comparison of the experimental and calculated energy
levels for both positive and negative parity states in *>Nb.

the go/ orbit is allowed to cross the N = 50 shell closure.
Comparisons between the experiments and calculations are
shown in Fig. 5. The corresponding configurations of the
positive and negative parity states are shown in Tables II and

I1I, respectively.

The results reproduce the states up to 143L well for the
positive parity states. Major contribution for these states stems
from proton excitations except 14, The 14] state is domi-
nated by n[p}/zgg/z]@)v[hu/z]. The 157 state at an energy of
4941 keV is not well reproduced in the calculation, and this
state is not included in Table II. The 15, 167, 17}, and 187"
states, at 5501, 6005, 7633, and 8371 keV excitation ener-
gies, mainly arise from 7'[[f;/ng/zp?/2g3/2]®v[h11/2]. When
it comes to 151, 16, 171, they could be interpreted by
the configuration of 7r[f5'5/2p‘3‘/2p11/2g39/2]®v[(d5/2/g7/2)1]. For
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TABLE II. Main components of the wave functions and their
partitions for the positive parity states in ’Nb. 7 ® v represents

7 (f523/2P1/289/2) @ V(8oy2ds/287/2M11)2).

J" Eeyp E.a Wave function
h keV keV TRV Partitions
2+ 136 251 642110100 31.7%
- - 6403®10100 34.7%
3+ 286 284 6421®10100 29.9%
- - 6403®10100 36.8%
4+ 480 390 6421®10100 30.7%
- - 6403®10100 36.0%
57 357 315 642110100 32.8%
- - 6403®10100 36.2%
55 1407 1698 6403®10100 48.0%
57 1648 1786 6403®10010 46.1%
6 501 344 6421®10100 25.5%
- - 6403®10100 38.9%
65 1377 1140 6403®10100 42.5%
6; 1567 1708 6403®10010 46.3%
6 2177 2158 6421®10100 38.1%
- - 6403®10100 24.6%
6; 2308 2402 6403®10100 43.5%
T 0 0 6421®10100 33.8%
- - 6403®10100 34.6%
7 2127 2293 6403®10100 46.9%
75 2514 2583 6403®10010 46.7%
9t 2287 2110 6403®10100 51.2%
11" 2998 3145 6403®10100 61.3%
121 3797 3742 6403®10100 64.5%
125 4223 4363 6403®10010 63.4%
13* 3326 3324 6403®10100 61.6%
14 4587 4472 6412®10001 65.0%
147 4876 4521 6403®10010 53.7%
157 5501 5928 5404®10001 50.2%
155 5683 6058 5413®10100 69.0%
167 6005 6294 5404® 10001 44.1%
165 6686 6402 5413® 10100 59.2%
177 7633 7395 5404®10001 69.4%
175 7669 7419 5413® 10010 75.5%
18+ 8371 8533 540410001 69.3%
19+ 9926 9927 440510100 69.5%
20" 10195 10337 4405® 10010 71.4%

higher spin states, proton excitation from the fp orbits to the
89,2 orbit occupies an important position.

For the negative parity states, the difference between the
observed 27 state and the calculated level energy is rela-
tively large, which is 463 keV. The 2~ and 3~ states mainly
have the configuration, n[p}/zg%/2]®v[d5/2]. The 47, 45, and
5~ states are predicted to include the excitation of protons
across the Z = 38 shell. The calculation predicts the in-
volvement of one neutron excitation from the ds;, orbit to
the hyy/o orbit for the 77, 87, 9, and 107 states, leading
to a configuration of n[g%ﬂ]@v[hl]/z]. While for 95, 105,
and 117, the dominant configuration is n[p}/zgﬁ/2]®v[d5/2].
The main component in the wave function for the states up
to 17 state is 71[fss/ng/zp?pgg/z]@v[(d5/2/g7/2)']. The 18~
and 197 states could be described well by the configuration of

TABLE III. Similar to Table II, but for the negative parity states.

J" Eep E.a Wave function
h keV keV TRV Partitions
2- 227 690 641210100 77.4%
3~ 390 691 6412®10100 71.7%
47 1309 1174 5422®10100 34.6%
- - 540410100 22.0%
45 1721 1909 6322® 10100 52.6%
5- 1479 1563 5422®10100 35.2%
- - 540410100 21.6%
7" 1945 2457 6403®10001 37.4%
8~ 2116 2335 6403®10001 39.6%
- - 6421®10001 21.6%
9 2087 2247 6403®10001 43.6%
9 2213 2778 6412®10100 74.1%
107 2235 1880 6403®10001 41.5%
- - 6421®10001 24.4%
10, 2600 2841 6412®10100 67.7%
11~ 2203 2644 6412® 10100 77.1%
13~ 3923 4401 5404® 10100 50.2%
- - 5422®10100 20.3%
14~ 5504 5258 540410010 59.3%
157 5992 5989 5404® 10100 60.5%
155 6133 6569 5404®10010 65.5%
16~ 6809 6721 540410010 56.4%
17~ 7324 7614 5404® 10100 49.2%
18~ 7904 7922 5413®10001 76.0%
19~ 8514 8408 5413® 10001 75.9%
20~ 9064 10408 441410010 73.9%

[ f55/2 2 2 i /Zgg 21®vlh11/2]. The 20~ state is not reproduced
by the calculation.

Neutron excitations across the N = 50 shell gap play an
important role in interpreting the structures of nuclei close to
07r [1-7]. However, it provides a little contribution to the
generation of states with large spin value in our calculation,
which is different from Ref. [10]. The same situation occurs
in several other N = 51 isotones [20,21]. It probably indicates
that the excitation of valence neutron across the N = 56
subshell closure is easier than the breaking of the N = 50
shell. Both mechanisms could bring about large excitation
energy to nuclei, as a result, just considering the N = 50 inert
core excitation is appropriate to describe the level structures.
However, referring to calculations for several nuclei with N >
50, a large model space including the £/, orbit is advisable
in some cases.

B. Oblate collective rotational band

For nuclei with N = 51, with the excitation energy in-
creasing, more protons will be excited to the gg/> orbit. And
neutron excitations could not be neglected to interpret the
high spin states [1-4,24,25]. There are mainly two kinds of
excitation mechanisms: the first is a neutron beyond the N =
50 shell excited to the A1/, orbit and the second is neutron
excited from the gg/, orbit across the N = 50 closed shell
to the ds;, orbit. For 92Nb, the ground and low-lying states
show the feature of a spherical nucleus and could be described
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FIG. 6. The excitation energies of states in band 1 have been
plotted with the spin values. The blue line is the fitting result to the
data using the VMI model.

well by the shell model. To generate high spin states, the
high-j shape driving orbit is occupied, which perhaps drives
the nucleus being deformed. The shell model calculation is
difficult to apply to the nucleus in this case. The deformation
needs to be considered. Consequently, the deviation of the
shell model calculations from the experimental data is easily
comprehensible.

Using the 82Se('*N, 4n) reaction, the level structure of
92Nb was extended to a higher spin state. It is convenient to
research neutron excitations to high-j orbits. A band com-
prising of enhanced M1 transitions with weak crossover E2
transitions is observed in the negative parity part, which is
marked as band 1 in Fig. 1. The level spacing of the band
is relatively regular, resembling a rotational band. In order to
test whether the level spacing is regular and to what extent, the
variable moment of the inertia model (VMI) is used [26,27].
The model provides the relationship between the excitation
energy and angular momentum. Excitation energies of the
states in band 1 have been plotted with the spin values labeled
as black dots in Fig. 6. The dashed line exhibits the fitting
result to the data using the VMI model. The calculated ener-
gies reproduced the experiments well and indicates that the
structure is relatively regular.

As mentioned, the occupation of high-; shape-driving or-
bits may induce a weak deformation in the nuclei and leads
to the appearance of collectivity at high spin states. With
the motivation to test whether deformation occurred and
obtain deformation parameters, the potential energy surface
calculation using the configuration-constrained method was
performed [28]. For a quasiparticle state, the occupied or-
bitals were fixed and the deformation of a state is determined
by minimizing the excitation energies. Potential energy sur-
face was calculated for the 14~ (7 [gg /2]®v[h11 ,2]) state. The
result is shown in Fig. 7. The deformation parameters are
(B2, ¥, Bs) = (0.098, 60, 0.006). It shows that the nucleus has
an oblate shape with weak deformation, which is similar to
the rotational band observed in *>Nb [14]. In Ref. [29], the
%Mo nucleus was considered to develop an oblate deforma-
tion above the 137 state due to the occupation of high Q

0.121

0.084

B,sin(y+30°)

Y =

0.04+

0.00 0.04 0.08 0.12
X = B,cosf+30°)

FIG. 7. Configuration constrained potential energy surface for
the 14~ state.

orbits [413]7/2 and [404]9/2 by a pair of gg/, protons. For the
same reason, the °’Nb nucleus shows an oblate deformation.
The three gg/» protons occupy the [440]1/2%, [413]7/2F, and
[404]9/27" orbits and the A/, neutron occupies the high Q
[505]11/2~ orbit. Although the quadrupole deformation is
small, it supports our conjecture that deformation occurred
and the band 1 is supposed to be an oblate collective rotational
band.

A novel kind of nuclear structure phenomena, magnetic
rotation, has attracted great interest [30]. It usually corre-
sponds to small quadrupole deformations and is characterized
by strong M1 transitions with relatively weak or absent E2
crossover transitions. The angular momentum is generated by
aligning the proton and neutron spin vectors. When it comes
to band 1, it shows some features similar to the magnetic
rotational band. It is interesting to investigate the origins of
the structure. Weak E2 transitions can be observed, which
manifests weak collectivity and a small nuclear deformation.
It conforms to the calculation results nicely. The states of
the M1 band are generated by a recoupling of the spins of
protons and neutrons in high-j orbits. Strong M1 and weak E2
transitions result in large B(M1)/B(E2) ratios. But it is worth
noting that configuration mixing is severe actually under this
circumstance, which differs from common rotational bands. It
is difficult to find an appropriate model to interpret the band
frankly speaking.

V. CONCLUSION

The level scheme of °’Nb has been substantially extended
by using the °Li+ %Y and "N + #2Se reactions. Spins have
been assigned on the basis of the measurement of ADO ra-
tios. Shell model calculations, with the extended model space
including the high-j A/, orbit, give a good description for
most states. This indicates the dominant position of single-
or multiparticle excitations in °>Nb. However, compared with
ruleless structure in most nuclei near *°Zr, a rotational-like
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band is observed and discussed emphatically. A potential
energy surface calculation is performed for the band head.
This band shows the characteristic of the oblate collective
rotational band due to the occupation of high-j orbits.
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