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In beam y-ray spectroscopic investigations of the *’Nb nucleus have been explored by employing the
5Ge('F, 5n) °*Nb reaction. Twenty-eight new transitions belonging to °°Nb have been identified and placed in
the proposed level scheme through the analysis of y-y coincidence spectra. Shell model calculations have been
performed in the restricted 7w (p3/2, f5/2, P1/2, 8972) @ V(P1,2, 8972, ds)2, &7/2) configuration space, and compared
to the new level scheme. According to the calculations, the newly observed 2614.6 keV y ray depopulating the
(157) level at 4421.2 keV is explicated as the breakup of the N = 50 neutron closed shell, while the y ray with
2774.0 keV feeding the (13 ) level at 2812.9 keV is interpreted as protons excitation across the Z = 38 subshell.
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I. INTRODUCTION

The level schemes of nuclei near the neutron number
N = 50 and the proton number Z = 40 have been extensively
studied both experimentally and theoretically. These studies
can provide valuable and abundant information to ameliorate
the effective interaction within a shell-model framework, es-
pecially in the shell-model Hamiltonian for interactions of
protons and neutrons in the p3,, f5/2, pi/2, and go/» shells
[1-10]. It is common knowledge that excitations of the core
are indispensable to elucidate the characteristics of the level
structures in nuclei with magic numbers of protons or neu-
trons. The high-spin levels of 8Kr [11], °'Nb [6], **Tc [12],
%Ru [13], and *>Rh [14] nuclei with N = 50 cannot be fully
explicated by the pure proton configurations, but explained by
breaking the closed neutron shell and the promotion of one
neutron across the shell gap to the ds, orbital.

Adjacent to the N = 50 shell closure, the spherical shell
model has been proven to be effective for understanding the
level structures in N = 47 isotones 3¥Nb [15], Mo [16],
“Tc [17], and *'Ru [18]. In N =46 isotones **Mo [19],
¥Tc [20], *Ru [21], %Zr [22], and ¥'Nb [23], several en-
hanced B(E?2) values are observed, which manifest the onset
of collectivity. In these nuclei, the abundance of protons in
the go/» orbit or neutron holes in the gg/, orbits relative to
the %8Sr core can provide high angular momenta, without the
need for additional single-particle orbits or collective core
excitations. Protons core excitations from the (fs/2, p3/2, P1/2)
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orbits and/or neutrons excitations of the gg/> orbit across the
N = 50 shell play pivotal roles in illustrating the gap structure
in N = 49 isotones [24-28] and the extremely high excitation
energies in some N = 48 isotones [10,29,30].

The present work is to continue our systematic studies of
the Nb isotopes [6—8] and extend the investigations of N = 49
isotones by focusing on the high spin levels in *’Nb. Prior to
this work, the low-lying and intermediate levels in “°Nb were
populated by the 8 decay of 5.7 h **Mo [31] reaction, *°Zr(p,
the ny)?°Nb reaction [32], and *Y(«, 3ny)°°Nb reaction
[33]. The high spin levels in *’Nb were studied via *Cu(*'Pp,
3pln)®°Nb [34] and "Ge('°F, 5n) °*Nb reactions [35]. The
incentive of this work is to expand the level scheme of **Nb
to the higher spin levels and excitation energies, which are
ascribed to the excitation of nucleons over the Z = 38 subshell
and N = 50 shell closure. Special interest in “°Nb is primarily
due to the fact that the °*Nb nucleus, with Z = 41 and N = 49,
allows both the proton and the neutron hole to occupy the go/»
orbital, resulting in the information of multiplets states. Thus,
a more comprehensive understanding of the excitation ener-
gies for the different members of these multiplets can provide
insights into the residual nucleon-nucleon interaction.

II. EXPERIMENTS AND RESULTS

The "°Ge("°F, 5ny ) “*Nb experiment was performed at the
China Institute of Atomic Energy in Beijing using an 80 MeV
F beam. A 2.2mg/cm? target of 'Ge (enrichment 96%)
backed with 10 mg/cm? Yb foil was used. Before conducting
the experiment, the detectors were calibrated for energy and
efficiency using standard sources of 0Co, 133Ba, and *?Eu,

©2024 American Physical Society
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FIG. 1. Proposed level scheme for “’Nb originated from the present and previous work [34,35]. New y rays are marked with red asterisks.
The level and y transition energies are given in keV. Arrow width stands for the relative y ray intensity. Spin and parity assignments for levels

are tentative.

which covered an energy region from 39.52 keV to 1408.0
keV. In the data processing, more precise energy calibrations
were done using characteristic y rays emitted by the residual
nuclei. In order to extract the calibration coefficients, the en-
tire energy range was split into the low and high subdivisions.
For the low energy range, the 184.9, 399.0, 421.6, 755.0,
819.2, and 1023.6 keV y rays were selected, and the 819.2,
1023.6, 1249.7, 1658.1, 2055.0, and 2290.4 keV y rays were
selected for the high energy region (these y rays stem from
87y, 997r, “ONb, and *'Nb nuclei).

About a total of 110 x 10° y-y coincidence events were
gathered and arranged into a two-dimensional symmetrized
Ey-Ey coincidence matrix. An angle dependent matrix be-
tween the detectors at 132° (48°) and at 90° was also created
and employed to analyze the directional correlation of ori-
ented states (DCO) ratio [29,30]. In the present geometry,
Rpco is obtained using the expression

Rooes — Ii,,yat 132° (48°) gated by y, at 90°

PO 1,,)at 90° gated by y, at 132° (48°)°
Here, I, represents the intensity of y; measured in the
spectrum gated by y» which coincides with y;. In our array ge-

ometry, the Rpco values for a dipole transition extracted from
the gating on a quadrupole (dipole) transition are about 0.6

(1.0), whereas for a quadrupole transition extracted from the
gating on a quadrupole (dipole) transition is about 1.0 (2.0).
The disadvantage of this approach is that it is hard to achieve
any possible M1, E2 admixtures. Therefore, spin and parity
are tentatively assigned on the basis of the reported data, the
DCO values from the present measurements, and shell model
calculations. The new level scheme for 2°Nb, as depicted in
Fig. 1, is grouped into four parts and labeled with sequential
letters (A, B, C, and D) to aid in discussion. The placements
of new y rays in the level scheme were appointed by means of
their coincidence relationships, energy summings, and inten-
sity balances. Properties of the levels and transitions deduced
from the present measurements are tabulated in Table I, and
several coincidence spectra are exhibited in Figs. 2, 3, and 4.
In part A of Fig. 1, a sequence 576.0 — 850.0 —
537.2 — 384.0 — 1695.0 keV, is placed on top of the (12;’)
level at 2818.1 keV. The ordering of each transition is placed
according to the coincidence relations and relative intensities.
The sum of gated spectra of the 755.0 and 495.8 keV tran-
sitions is shown in Fig. 2. As illustrated in Fig. 2, the new
transitions with energies of 576.0 and 850.0 keV are identi-
fied. To support the sequence of transitions assigned to °Nb,
we present the coincidence spectrum gated on the 1695.0 keV
transition in Fig. 3, and the sum of the 576.0 and 537.2 keV
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TABLE 1. y ray energy (E, ), DCO value, relative intensity (/, ), initial and final spins (J;) and (J), initial and final excitation energies (E;)
and (Ey) in %Nb nucleus.

Ey* Rpco ET E} Jr Jr
(keV) be (Al =1 gate) (Al =2 gate) (keV) (keV) (h) (h)
70.5 1879.9 1809.7 117 9-
128.6 2818.1 2689.3 (12 ary
133.5 2.67 (70) 946.9 813.4 (107) 9+
225.5 2818.1 2592.5 (12) a1
282.0 2.69 (13) 7767.1 7485.1 19t 185"
300.0 3.31 (32) 2812.9 2513.1 (137) (127)
384.0 6.31 (71) 0.61 (8)° 4897.1 4513.1 (159) (143
439.5 4.46 (20) 3753.4 3313.9 (147) (137
4425 3.60 (20) 4195.9 3753.4 (159) (147
447.0 9.81 (41) 0.54 (6)° 442122 3974.2 (159) (145
447.8 22575 1809.7 (115) 9-
495.8 33.2 (20) 0.69 (4)¢ 3313.9 2818.1 (137) (127
537.2 5.07 (80) 0.63 (7)° 5434.3 4897.1 (167) (15%
563.2 5.35 (38) 1.05 (7)¢ 4537.4 3974.2 (15) (145
570.7 4.79 (33) 1.9 (3)¢ 4066.8 3496.1 (157) (135
571.5 5467.6 4897.1 (167) (15%
576.0 3.61 (34) 0.58 (8)° 6861.3 6284.3 (18%) (173
584.5 53(11) 0.9 (2)¢ 3071.2 2486.7 (137) 127)
587.1 6.26 (38) 1.0 (2)¢ 6741.3 6154.2 17{" 16
597.5 9.37 (80) 1.2 (2)¢ 6154.2 5556.7 16 150
606.8 2486.7 1879.9 (127) 117
607.5 4.26 (47) 3678.7 3071.2 (147) (137)
608.2 6.25 (49) 1.1 ()¢ 5029.4 44212 (167) (157
618.6 7.08 (92) 0.6 (1) 4251.0 3632.6 (147) (137
626.1 19.3 (37) 0.9 (1) 2689.3 2063.1 (11}) 105
633.2 5.00 (50) 2513.1 1879.9 (127) 117
660.3 23.79 (94) 0.6 (1) 3974.2 3313.9 (14) (137
675.5 5.25 (61) 0.7 ()¢ 4329.4 3653.9 (147) 137
678.0 8.87 (35) 0.6 (1) 3496.1 2818.1 (133) (127
693.8 4.72 (36) 1.0 (2)¢ 57272 5029.4 (171) (167
699.2 4.49 (7) 0.58 (8)° 6422.4 5727.2 (187) (7}
708.0 3.53 (40) 3221.1 2513.1 (127)
743.8 3.15 (47) 0.8 (1)¢ 7485.1 6741.3 18{" 175"
755.0 66.4 (63) 1.6 (1)¢ 2818.1 2063.1 (12}) 105
755.1 3.33 (36) 0.5 (2)° 4251.0 3496.1 (143) (135
813.4 100 0.90 (9)¢ 8134 0 9+ g+
814.5 8.3(12) 0.8 (1)¢ 3632.6 2818.1 (13%) (12}
840.0 3.75 (34) 1.1 3)¢ 4336.1 3496.1 (14) (135
850.0 4.68 (45) 0.51 (7)¢ 6284.3 3931.3 (173) (1657
933.0 3.43 (44) 2812.9 1879.9 (137) 17
996.3 26.7 (22) 1.6 (1) 1809.7 813.4 9- 9+
1066.5 56.68 (36) 1.7 (1) 1879.9 813.4 117 9+
1129.2 9.79 (84) 5380.2 4251.0 (163) (147
1171.5 2.17 (71) 21184 946.9 (117) (107
1176.2 4.52 (41) 1.0 (2)¢ 5150.4 3974.2 (155) (145
1199.0 4513.1 3313.9 (149) (137
1238.3 5.90 (60) 1.3 (2 3496.1 2257.5 (133) (13)
1249.7 9.71 (78) 1.2 (2)¢ 2063.1 813.4 104 9+
1433.0 8.40 (70) 1.0 (2) 4251.0 2818.1 (143) (12}
1692.8 4.98 (44) 5759.6 4066.8 (16%) (57
1695.0 8.4 (1) 4513.1 2818.1 (14 (127
1774.0 6.8 (12) 1.5 ()¢ 3653.9 1879.9 137 117
1779.5 3.89 (10) 2592.5 813.4 (113) 9+
1825.0 6154.2 43294 16 (147)
1876.0 13.9 (13) 2.07 31)¢ 2689.3 813.4 (113) 9+
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TABLE 1. (Continued.)

E,* Rpco ET ET Jr Jr
(keV) IVb (A =1 gate) (Al =2 gate) (keV) (keV) (h) (h)
1878.0 5556.7 3678.7 154 (147)
1903.5 5.18 (72) 0.98 (18)° 5556.7 3653.9 15 135
2063.1 83.6 (86) 0.88 (6)° 2063.1 0 105 8+
2318.5 2.39 (23) 6514.4 4195.9 169) (159)
2614.6 2.57 (21) 7035.8 4421.2 (163) (159)
2744.0 5556.7 2812.9 154 (137)

*The uncertainty in strong y-ray energies (I, > 10) is about 0.4 keV and about 0.7 keV for weak transitions (/, < 10).
bIntensities are corrected for detector efficiency and normalized to 100 for the 813.4 keV y ray.

¢Gated transitions are of Al = 2 nature.
dGated transitions are of Al = 1 nature.

transitions in Fig. 4. From the spectrum gated on the 1695.0
keV transition, as shown in Fig. 3, two new transitions with
576.0 and 850.0 keV as well as the known transitions with
384.0,537.2,755.0, 813.4,626.1, 1249.7, and 2063.1 keV can
be identified. In addition, the transitions with 576.0, 850.0,
384.0,537.2,755.0, 813.4, 626.1, 1249.7, 1695.0, and 2063.1
keV are clearly seen in the spectrum gated on the sum of the
576.0 and 537.2 keV transitions (shown in Fig. 4). A new
transition with 571.5 keV is observed in the present work,
which is coincidence with the 384.0, 495.8, and 1695.0 keV
transitions, etc. However, it is not in coincidence with the
537.2, 850.0, and 576.0 keV transitions. Therefore, the 571.5
keV y ray is aligned parallel to the 537.2 keV transition. The
571.5 and 1695.0 keV transitions have too low intensities to
extract DCO values. We tentatively propose the 1695.0 keV

transition as Al = 2 character, which is consistent with our
shell model calculation.

In part B, nine new transitions with 439.5, 442.5, 563.2,
608.2, 693.8, 699.2, 1176.2, 2318.5, and 2614.6 keV are built
upon the (IST) state at 3313.9 keV. Based on the calcula-
tions, the 2318.5 and 2614.6 keV transitions are tentatively
suggested as Al = 1 character. A new cascade of transitions
with energies of 608.2, 693.8, and 699.2 keV is located above
the (157) level at 4421.2 keV.

As for part C, above the (12?) state at 2818.1 keV, six
new transitions with energies of 618.6, 755.1, 814.5, 1129.2,
1433.0, and 1692.8 keV are added to the level scheme. The
DCO values manifest that the 618.6, 755.1, and 814.5 keV
y rays are of Al = 1 character and the 1433.0 keV y ray is
of AI = 2 character. A new 840.0 keV transition is observed
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FIG. 2. y-y coincidence spectrum with the sum gated on the 755.0 and 495.8 keV transitions. The numbers displayed in the spectra are
the peak energies in keV. The peaks marked with circles, a square, a pentagon, and a star originated from the reactions "°Ge (*F, 4n) *'Nb,
27 Al(n, '), Coulomb excitation of *°Fe, and electron positron annihilation, respectively.

024326-4



EXPERIMENTAL STUDY OF THE LEVEL STRUCTURE IN ... PHYSICAL REVIEW C 109, 024326 (2024)

150 S

R .
= = a (a) Gate on 1695.0 keV
=] S
g o
51007 < wrE E 2 =
— & N~ Nl ~ < 2
) @A 0N o~ P e
o % o f 2 %
2}
2 50+
j=3
]
O

. | |

T T T T T T
350 400 450 500 550 600 650 700 750 800 850 900 950 1000

100
(b) Gate on 1695.0 keV

e 75
j=! ~ —
£ 3 2
3} Q Q
5 50+
=%
S
2 25+ J
@)

0 l AH\' M HV‘ “ “‘ }‘ IM“\||1“HMM\IM \ “ IIH\I ““ HH'\“\ \“M”h‘l “m‘ ‘\\‘ “ “H“ .MJM‘ ‘\J“ i I\h AL HL L I iJ M H |l\\”\ ‘ AL h\ ] \“ ] M

1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
Energy (keV)
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to feed the (13;) state. In addition, a new cascade 1238.3 —
447.8 keV is placed as the linking transitions between the
(137) level at 3496.1 keV and the 9~ level at 1809.7 keV.
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The DCO value for the 447.8 keV y ray is not ascertained
owing to its weak intensity. The 447.8 keV y ray, helped by
its placement, is apt to be proposed as Al = 2 character.

One notes that the important modifications are performed
in the current level scheme relative to the prior work [34]. In
the prior work [34], the 626.1 keV transition is assigned as
Al =2 character. Our multipolarity measurements indicate
the Al =1 character for the 626.1 keV transition. There is
a probability that the uncertainty in Rpco is very large in
Ref. [34]. In fact, the 626.1 keV transition along with the
confirmation of the 1249.7 keV transition (Al = 1 charac-
ter) links the (117) level at 2689.3 keV to the 9T level at
813.4 keV. Moreover, the 2689.3 keV level is also connected,
via the 1876.0 (626.1 + 1249.7) keV transition with Al =2
character, to the 97 level. Considering its placement and the
multipolarities of 1249.7, 1876.0, and 2063.1 keV transitions,
we assign the Al = 1 character to the 626.1 keV transition.

The 537.5 — 384.5 — 1694.6 — 571.0 — 678.2 keV
sequence reported in Ref. [34] is broken into two separate
cascades in the present work. One is the sequence of 537.2 —
384.0 — 1695.0 keV (part A in Fig. 1), and another cascade
is the 1692.8 — 570.7 — 678.0 keV (part C in Fig. 1). As
a weaker decay, the 1692.8 keV transition may have been
missed in the early experiment as a bump on the low-energy
side of the 1695.0 keV peak. Based on the present experiment,
the 570.7 and 678.0 keV y rays coincide with the 1692.8 keV
y ray, while the 384.0 and 537.2 keV y rays coincide with
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FIG. 6. Comparison between calculated levels and experimental ones in °Nb.
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the 1695.0 keV y ray, rather than the 1692.8 keV y ray. To
further illustrate our assignment, Fig. 5 shows a comparison
of the coincidence spectra gated by the 384.0 and 678.0 keV
y transitions focused on the region near 1694.0 keV. From
Fig. 5, the 1692.8 keV transition is observed in the spectrum
on the 678.0 keV y ray, while the 1695.0 keV transition is ob-
served in the spectrum on the 384.0 keV y ray. Therefore, we
confirm, by careful analysis, that the transitions with energies
of 384.0 and 537.2 keV are in coincidence with the 1695.0,
850.0, and 576.0 keV y rays (shown in part A of Fig. 1), rather
than the 1692.8, 678.0, and 570.7 keV y rays. Besides, three
new transitions with 133.5, 225.5, and 1779.5 keV are placed
below the (12T) state at 2818.1 keV.

In part D, three new transitions 607.5, 708.0, and 1878.0
keV are added to the level scheme. The doublet 607 keV
transitions (with exact energies of 606.8 and 607.5 keV) are
observed. The 607.5 keV transition has mutual coincidence
with the 1878.0, 743.8, 597.5, 587.1, 584.5, and 282.0 keV
transitions. And yet, the 607.5 and 1878.0 keV transitions
are not in coincidence with the 933.0 and 2744.0 keV tran-
sitions. Thus, based on the coincidence relationship and the
intensities, the 607.5 and 1878.0 keV transitions are placed
between the 157 level at 5556.7 keV and the (13;) level
at 3071.2 keV. The 708.0 keV transition is in coincidence
with the 633.2, 1066.5, and 813.4 keV transitions, but not in
coincidence with the 300.0 keV transition. Considering the
coincidence relations and relative intensities of the 300.0 keV
and 633.2 keV transitions, we reverse the order proposed in
Ref. [35]. In the current work, the 1903.5 keV transition is
indicated to be of AI = 2 character, whereas in Ref. [34], it
is described as an M1 transition. In addition, the 1903.5-keV
transition is also observed in the previous study [35]. However
its multipolarity and placement are incompatible with the
reported results in Ref. [34]. Based on our measurements of
multipolarity and energy summings, we confirm the multipo-
larity and placement of the 1903.5 keV transition as assigned
in the current work, which are consistent with the assignments
reported by Chakraborty, in Ref. [35].

III. SHELL-MODEL CALCULATIONS AND DISCUSSIONS

Most states of nuclei with Z =~ 40 and N =~ 50 were well
elucidated within the 7 (f5/2, p32, P1/2> 89/2) ® v(P1/25 89725
87,2, ds;2) shell model space [4-8,13-14,36,37]. The shell
model calculations for the °Nb isotones %%y [38], 3°Zr [39],
%Mo [39], **Tc [40], ®*Ru [39], and **Rh [14] reproduced a
significant number of low and medium spins at relatively low
excitation energy. These energy levels were well described
by considering the protons and neutron holes in the pi;
and go/» orbitals. The portrayals of the high spin levels are
greatly improved by introducing neutron excitations across
the N = 50 shell gap. To better illuminate the present level
structure of °Nb, the shell-model calculation was carried out
by considering proton and neutron core excitations across the
88Sr core. The calculation was performed using the NUSHELLX
code [41]. The GWB model space was utilized with the GW-
BXG effective interaction. The single particle energies (SPEs)
are derived from Refs. [5,7].

Figure 6 displays the comparison between the calculative
energy levels and the experimental ones. The main config-
uration components were listed in Table II, where all the
configurations are based on a single neutron hole in the go/»
orbital [except for the (16;r ) level at 7035.8 keV]. For simplic-
ity, we will discuss the protons in the (f5,2, P32, P12, 89/2)
orbitals. At positive parity, the ground state of 8 and the
state of 9% are considered as proton particle and neutron
hole configuration where the remaining protons are paired
up in combinations of the fs5,, p3s2, and py,, orbitals. The
(10), (117), (113), (13)), (137), (147), and (15]) states
require the promotion of a proton pair from the p;,, orbital
to the gg/» orbital with the 7 ( f56/2 p‘3‘ 2 p? /2g39 /2) configurations
contributing maximally. The 105, (113), (12]), (137), and
(14;) states contain the 7z ( f55/2 pg P p} /zgg /2) as the preponder-
ant configuration, which corresponds to a proton from the f5,,
orbital to move into the p; /, orbital. The energy levels ranging
from about 4200 keV to 6700 keV [excluding (17;”) level at
5727.2 keV] are also dominated by the 7 (f5,p53,,P1 283,2)
configuration. Besides, the 7 ( f55/2 pg P p% /zg% /2) configuration,
which involves the protons from the (fs/2, p3/2) orbits across
the Z = 38 subshell to the p;,, orbit, makes a small contri-
bution to these energy levels. As the excitation energy and
angular momentum increase, the (18;) and 19" states gen-
erate from the 7 ( f54/2 p‘3‘ P p(f /2g59 ) configuration as the main
component formed by promoting a proton pair in the f5;,
orbit across Z = 40 subshell to the g9/, orbit. The observed
(15;’) at 4421.2 keV level cannot be reproduced by the shell
model calculation. The (157) state, near the (157) state in
excitation energies, may be formed by another multiplet of the
Jr(g?) ) ®V g;/lz configuration of the (157) state. Additionally,
the (15%) at 4421.2 keV level in Ref. [34], is proposed as the
7 (f$,032P" 12852) configuration based on the semiempirical
shell-model calculations in °Nb. These results suggest that
the (157) state can be predicted as the 7 (fS),p5 21" 285/2)
configuration.

In addition, the new high energy transition with 2614.6 keV
connects the (167) level at 7035.8 keV and the (157 ) level at
4421.2 keV. The striking common feature of the high energy
transitions with E, ~ 2.5 MeV from the higher-spin levels
is investigated in the neighboring N = 49 isotones by Arnell
etal. [24]. In their work, these high-energy transitions are pre-
dicted as either promotion the protons from the (f5/2, p3/2) or-
bits over the Z = 38 subshell into the (p1,2, g9/2) orbits or one
neutron from the g9/, orbit over the N = 50 shell closure into
the ds, orbit. The calculated (16;r ) state corresponding to the
configurations of the types 7 (f3,P%2P1285,2) ® V&5 /ds)a,
”(fsz‘/ng/zp%/zd/z) ® Vg§/22d5/2’ and 77(f56/2P§/2P(1)/2g§)/2) ®
vg;/zzd5 /2 suggests that the such high energy transition with
2614.6 keV at high spin level can be attributed to both the
neutron excitations from the go,, orbit across the N = 50
neutron shell and proton excitations from the fs/, orbit into
the p1/2 (g9/2) orbit. The (16;) level at 6514.4 keV, decaying
to the (15;r ) level at 4195.9 keV via 2318.5 keV transition,
is generated by proton excitations over the energy gap for
Z = 40(38).
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TABLE II. Major compositions of the configurations of states in ’Nb. Each composition is formed with p = [ (p(1), p(2), p(3), p(4)) ®
v(n(1), n(2), n(3), n(4))], where p(i) and n(i) stand for the proton number in (fs/2, p3/2, P12, 89/2) orbits and neutron number in (py,2, g9/2,

87,2, ds2) orbits, respectively.

Ir E(exp) Ecay Configurations components I E(exp) Ecay Configurations components
(h) (keV) (keV) TRV (%) (h) (keV) (keV) TRV (%)
8t 0 0 6403®2900 30.81 165 5467.6°
6421®2900 16.49 (16;) 5759.6 6002 5413®2900 41.34
4423®2900 15.26 5323®2900 19.47
9t 813.4 773 6403®2900 29.01 44232900 14.27
6421®2900 15.12 (168) 6514.4 6367 5413®2900 25.23
4423®2900 10.58 5323®2900 23.25
10 946.9 1224 6403®2900 28.38 6313®2900 21.88
5413®2900 21.83 (163) 7035.8 6887 5413®2801 24.20
4423®2900 21.81 44232801 22.18
105 2063.1 2222 5413®2900 63.04 6403®2801 13.05
6403®2900 28.38 a7hH 5727.2 5988 5413®2900 54.36
arhH 21184 2015 6403®2900 27.87 4423®2900 14.79
4423®2900 20.87 a7h 6284.3 6368 5413®2900 38.87
5413®2900 20.37 5323®2900 19.22
a1hH 2592.5 2349 5413®2900 63.26 6313®2900 19.10
119 2689.3 2662 6403®2900 30.17 17§+) 6741.3 6930 5413®2900 44.42
5413®2900 26.38 6313®2900 14.85
azhH 2818.1 2943 5413®2900 49.14 5323®2900 12.63
6403®2900 13.72 18hH 6422.4*
13 3313.9 3015 6403®2900 40.52 185 6861.3*
4423®2900 18.35 18§+) 7485.1 7710 4405®2900 50.75
137) 3496.1 3177 5413®2900 74.53 5305®2900 11.55
(13;) 3632.6 3505 6403®2900 30.93 4423®2900 11.36
5413®2900 20.58 194 7767.1 7802 4405®2900 50.48
149 3753.4 3707 6403®2900 38.07 4423®2900 13.20
5413®2900 17.77 5305®2900 10.66
4423®2900 17.57 9~ 1809.7 1779 6412®2900 35.50
147) 3974.2 3910 5413®2900 60.83 5422®2900 24.17
(14;) 4251.0 4125 5413®2900 61.96 5404®2900 11.95
5323®2900 18.07 117 1879.9 2070 6412®2900 71.07
149 4336.1 4292 5413®2900 71.77 (113) 2257.5 2428 5404®2900 44.29
5323®2900 12.65 5422®2900 19.23
(14;) 4513.1 4656 6313®2900 36.51 (127) 2486.7 2703 6412®2900 66.12
5323®2900 24.33 5422®2900 10.65
1s5hH) 4066.8 3868 5413®2900 77.19 137) 2812.9 2831 5404®2900 47.14
157) 4195.9 4217 6403®2900 46.66 5422®2900 20.47
4423®2900 15.38 (133) 3071.2 3310 6412®2900 69.71
(15;) 4421.2% 135 3653.9 3863 5404®2900 37.11
159 45374 4878 5413®2900 52.42 5314®2900 18.64
4423®2900 12.90 (14)) 3678.7 3661 54042900 45.68
5323®2900 10.56 4414®2900 16.43
(15;) 4897.1 5005 5413®2900 67.78 5422®2900 11.18
5323®2900 16.31 (147) 4329.4 4711 5404®2900 24.46
155 5150.4 5385 5413®2900 47.22 5422®2900 19.75
5323®2900 11.83 4414®2900 19.01
(16]) 5029.4 4730 5413®2900 71.18 15 5556.7 5555 5422®2900 32.20
5323®2900 14.32 4414®2900 20.26
(167) 5380.2 5493 5413®2900 62.91 5314®2900 12.29
5323®2900 18.31 16 6154.2 6059 5314®2900 40.18
163) 5434.3 5616 5413®2900 68.31 4414®2900 19.21
5323®2900 8.02 6313®2900 21.88

2Shell model calculation fails to reproduce these levels.
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The main configurations of the 9~ state contain the
”(fg/ng/zpi/zg%/z) and ”(fss/ng/zl’%/zgg/z)- The 117, (127),
and 13 states are dominated by 7 (fS), 3,1} 285,,) configu-
ration. This configuration comes from moving the odd proton
from the go/> orbital to the py,, orbital. The (115), (137), 135,
(147), and (14;) states are formed by the configuration of
the 7 (f3),13,,P" 2852)» Which results from breaking a proton
pair in the f5,, orbit and exciting one proton to the go/
orbit. The 15 level at 5556.7 keV, decaying to the (137)
level at 2812.9 keV by a high energy transition (2774.0 keV),
corresponds to the 7 (f),p3, 11 285,,) configuration, result-
ing from breaking a proton pair in the f5/, orbit to the pj/
orbit and admixtures of the 7 ( f54/2 p§ 1’ p} /2g‘$ ) configuration,
where a proton is moved from the f5/, orbit to the g, orbit
and with the odd proton in the p;/, orbital. Similar features
were also reported in its neighboring nuclei, *°Zr and *'Nb
at medium-spin levels [5,6]. In “°Zr, the high energy (2688.7
keV) transition connects the 117 level at 6277.1 keV and the
(8;’) level at 3588.4 keV. In °'Nb, the (21/25) level at 6027.9
keV and (21/27) level at 5956.7 keV decay to the 21/2}L level
at 3465.6 keV by the high energy transitions with 2562.0 and
2490.8 keV, respectively. From the shell model calculations,
these high energy transitions are reported to have the similar
configurations, i.e., the promotion of protons from the (f52,
p3/2) orbitals across the Z = 38 subshell to the (p1/2, go/2)
orbitals. The main configuration of the 16(7 state is proposed
as the 7 (f3,p3,P1,85/2)> Which stems from the breakup
of the fs5,» and p3,, pairs with the two protons creating an
additional g9/, pair and placing the odd proton in the py,,
orbital.

IV. SYSTEMATICS OF LEVEL STRUCTURE
CHARACTERISTICS NEAR A =90

Figure 7 demonstrates the level sequences in “°Nb and
its neighboring isotopes. From 3*Nb to °'Nb [42-48], the
excitation energies of the 10* and 12% states in °°Nb are
significantly larger than those of ¥Nb and 3*Nb as well as
the 13/2% and 17/27 states in ’Nb and ¥Nb, while close
to those of 'Nb. As the neutron number increases, the level
structures tend to become more similar. The level sequences
demonstrate the obvious collective structures with a regular
rotational dependence of E o« I(I + 1) for the lighter Nb
isotopes (85 Nb, 8’Nb, 3Nb, and 89Nb). Howeyver, for the heav-
ier nuclei *Nb and *'Nb, the irregular spacings of the energy
levels indicate the presence of single-particle nature even at
high spins and excitation energies. An efficacious way to dif-
ferentiate between the spherical and collective characteristics
is by extracting the ratios of the two lowest-level energies rel-
ative to the ground states from experiments. As examples [see
Fig. 7(c)], the energy ratios R = (E17/2+ — Eoj+)/(E13/0+ —
Eg)y+) for ®Nb and R = (Ejp+ — Eg+)/(Eo+ — Eg+) for ¥’Nb
are about 2.2, which manifest collective behavior with mod-
erate deformations. For ®Nb and 3°Nb, the energy ratios R
of about 1.9 may indicate either vibrational collectivity or a
balanced mixture of single-particle and collective behaviors.
The energy ratios R for that in “’Nb and °'Nb are about 1.3,
which show single-particle behavior of the yrast spectra of
%Nb and *'Nb, and can be explained by intrinsic excitation.
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FIG. 7. (a) The level energies in Nb odd-A isotopes; (b) the
same as (a), but for Nb odd-odd isotopes; (c) the ratios of the
two lowest level energies observed relative to ground states. R =
[Erra — Efl/[E142 — E;], with I = 9/2 for odd-A nuclei and I = 8
for odd-odd nuclei.

To investigate more information about the correlation be-
tween level structure in °Nb and its neighboring nuclei, the
energies of the levels in ¥Nb [15], 3Nb [49], *'Nb [6], *°Tc
[17], °'Tc [50], **Tc [40], and **Tc [12] are shown in Fig. 8.
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(b) Comparison between the energy levels up to the 25/2% 7 in ¥Nb
and its odd-A neighbors nuclei °INb, *'Tc, and **Tc.
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There is an obvious similarity between the level structure
in 3Nb (®¥Nb) and *Tc (°'Tc), which may be interpreted
by postulating that adding or subtracting pairs of nucleons
in ®Nb and **Tc has only a little impact on the excitation
pattern. Whilst the energies of the levels in °Nb and **Tc
are significantly higher than those in 3¥Nb and *Tc up to
the 12*7. The 10" and 127 states in 8Nb and *’Tc are inter-
preted as 7 (gy,,) ® v(g;fz) and 7(g3,,) ® v(gg/32) multiplets,
respectively. As the neutron number increases, °>Tc and *°Nb
possess only one neutron hole with respect to the N = 50 shell
closure. Thus the breakup a gg/, proton pair may be used
to increase spin. In addition, the excitation energies of the
I =13/2% to 25/2* states in *'Nb and **Tc are apparently
greater than those in 3Nb and °' Tc. This may be due to the
absence of valence-neutron holes in the gg/> orbit in °INDb and
PTc. The level schemes of ¥¥Nb and *°Tc exhibit a greater
similarity compared to those of “°Nb and °*Tc. That is, the
addition of one more neutron enables the level structures in
%'Nb and **Tc to become more complex and less regular than
those in 3¥Nb and **Tc.

Figure 9(a) shows the evolutionary trends of the first 9/2F,
1/27, 3/27, and 5/2~ levels in the N = 50 isotones with
even-numbered protons [46,48,51-53]. The 3/2~ and 5/2~
levels correspond to the p3;, and fs,, single proton hole
states in ¥y, “'Nb and **Tc, and the 9/2% and 1/2" states
correspond to the go/» and pj, single particle states in 89y,
9INb, STc, ®Rh [52] and °’Ag [53]. The energies of the
first 1/2 states increase gradually along with the number of
protons, indicating that the energy gap between the gg/, and
P12 orbits increases gradually as the proton number increases.
Moving to the N = 49 isotones, the characteristic of one neu-
tron hole states corresponding to the N = 50 neutron shell can

provide pertinent and valuable information on nucleon-
nucleon effective interactions and nucleon-nucleon correla-
tions in the shell-model framework. We therefore focus on the
energy levels of the neutron hole states for the N = 49 iso-
tones with even-numbered protons [46,48,51,54,55] [shown in
Fig. 9(b)]. Figure 9(b) displays that the energies of the 1/27,
3/27, and 5/27 single neutron hole states change smoothly
with Z = 38-42. The energies of these neutron hole states
are in accord with the order of the pi/, p3s, and f5/, or-
bits, which is different from that of the proton hole states in
the N = 50 nuclei. In addition, it is interesting to note that
odd-odd nuclei ¥y, *'Nb, #*Tc, and **Rh (N = 50) exhibit
an M4 isomeric transition, depopulating a proton-hole excited
state. Along the N = 49 isotone chain, the 1/2~ isomers are
a common and unifying feature of the odd-A nuclei ranging
from ¥Kr up to **Ru. Case in point, the 1/2~ isomer at
587.8 keV with a half-life of 4.16 min in 3°Zr is explained
as a single-particle vp;,, configuration [40]. Another feature
observed along the N = 49 (50) isotones is the presence of
shorter-lived isomers above the 1/2~ states, e.g., the 21/2%
isomers in ¥7Zr, °'Mo, and *Ru were reported at 2995.3,
2267.4, and 2082.5 keV, respectively with half-lives of 5.12 ns
[46], 38 ns [48], and 2.49 s [51]. The results may indicate
that the isomeric states in the odd-A nuclei are interpreted as
the extra binding energy originating from the large attractive
proton-neutron interaction in the maximally aligned particle
or hole configurations.

V. SUMMARY

Excited levels in the level structure of the **Nb nucleus
were investigated through the reaction °Ge (°F, 51) “*Nb.
Twenty-eight new transitions and 25 levels were located in the
level scheme of the “°Nb nucleus. The newly established level
structure was investigated by the shell model calculations with
the 7w (f5/2, P3/2> P1/25 892) ® v(P1/2, 8972, ds5/2) model space,
which clearly stated that most of the positive parity states and
the negative parity states up to the maximum spin observed in
the current experiment can be well described by the valence
proton states in the fpg orbits coupled with a single neutron
hole in the g9/, orbital. Only the (16;r ) level at 7035.8 keV
was interpreted as neutron excitations from the go/, orbit
across the N = 50 shell closure into the ds/, orbit coupled
with proton excitations from the fs,, orbit into the p1,, (g9/2)
orbit. Additionally, the investigation of single neutron hole
states in the N = 49 isotones and proton hole states in the
N = 50 isotones enlightens that the high-spin isomers in the
nuclei around the shell closure are formed when the neutron
number and/or proton number outside the closed shell is an
odd number.
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