PHYSICAL REVIEW C 106, 054326 (2022)

Investigation of level structure in the semimagic nucleus *'Nb and systematics of nuclear structure
characteristics near A = 90

Yi-Heng Wu L2 Jing-Bin Lu,!" Zhen Ren,! Tian-Jiao Gao,! Pei-Yao Yang ,! Yan Hao,! Guan-Jian Fu,? Jian Li,'
Ke-Yan Ma,! Xiao-Guang Wu,* Yun Zheng,* and Cong-Bo Li*
College of Physics, Jilin University, Changchun 130012, China
2School of Electronic Engineering and Intelligent Manufacturing, AnQing Normal University, Anqing 246133, China
3School of Physics Science and Engineering, Tongji University, Shanghai 200092, China
4China Institute of Atomic Energy, Beijing 102413, China

® (Received 10 August 2022; revised 23 August 2022; accepted 9 November 2022; published 30 November 2022)

We report the new level scheme of the *’Nb nucleus established by the reactions *?Se(**N, 51)°'Nb and
5Ge("F, 4n)°'Nb. Thirty new transitions with energies up to about 12 MeV are assigned to the °'Nb nucleus
and placed in the proposed level scheme. The excited levels are well reproduced by shell-model calculations
with the GWBXG effective interaction. The obtained results, which conform to the most experimental data well,
manifest that the high spins are construed as the proton excitations from 1ps3,,, Ofs/,, and 1p,, orbitals, to the
0go2 orbital with the breakup of the Z = 38 (40) core, as well as neutron excitations from the Ogy/, orbital to
the 1ds/, or 0g7/, orbital with the breakup of the N = 50 core.
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I. INTRODUCTION

The investigations of level structures in nuclei with pro-
ton Z &~ 40 and neutron N =~ 50 remain a rewarding work,
which provided valuable information to explore the usability
of the shell model, especially in high spin levels. The N = 50
nuclei, ¥y [1-3], *°Zr [4-6], *'Nb [7-9], **Mo [10-13],
BTe [14-16], and %Ru [17-19], have several valence protons
above the Z =38 (Z = 40) subshell. The low spin levels
were well elaborated within the shell-model framework, tak-
ing into account proton-hole excitations from the pfg shells
(1p32,0f5/2, 1p1/2, 0g9/2). The inclusion of neutron core ex-
citation across the N = 50 shell closure was imperative to
fully explain the generation mechanisms for the high spin or
high excitation energy levels.

The previous researches of the N = 50 nuclei 8y, 07y,
%Tc, and **Ru display strong E2 transitions at low or even
moderate spin states, which result from a recoupling of the
pure protons in the pfg shells (1p3;, 0fs/2, 1pis2, 089/2).
The higher spin levels display strong M1 transitions, which
are attributed to proton excitation from the pf shells (1ps3/2,
0f5/2, 1p12) to the go/, orbit, coupling to a neutron excita-
tion from the g9/, orbit to the ds/, orbit. One might expect
that the strong M1 and E?2 transitions would be consistently
predicted in the °'Nb nucleus by employing these ideas. It is
therefore of worth to investigate systematically the N = 50
nuclei and explore the possible mechanisms for generating
these states. The low-lying levels of the *'Nb nucleus were
investigated using *'Zr(p, ny)°'Nb, *Zr(a, t)°'Nb, and
8Sr(°Li, p2n)°'Nb [20-23]. The high spin levels of the
°INb nucleus, as structured through the 83e (14N, 5n) *'Nb
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reaction [7], were established up to the energy level of about
10 MeV. To extend our knowledge on the effects of the Z =
38 (Z = 40) subshell and N = 50 closed shell on the level
structures, we have reinvestigated high spin states in the °'Nb
nucleus. As a part of systematic studies of the level struc-
tures in the A &~ 90 (Z ~ 38, N =~ 50) mass region, further
researches on the level structure of the °'Nb nucleus would
offer a comparison with the known nuclear structure system-
atics of this mass region and promote verification of the shell
model, invoked for in-depth explication of the experimental
observations.

II. EXPERIMENTS AND RESULTS

High spin levels in the °'Nb nucleus were produced
following the ¥2Se("*N, 5n)°'Nb reaction with a 54-MeV
4N beam provided by the HI-13 tandem accelerator at
the China Institute of Atomic Energy in Beijing. The tar-
get thickness is 0.99 mg/cm” with 90% enriched %°Se and
a backing of Yb foil of thickness 8.27 mg/cm?. At the
beginning of the experiment, the energy and efficiency cali-
brations of the detectors were performed by employing ®Co,
133Ba, and '"*Eu standard sources covering the energy re-
gion from 39.52 keV ("’Eu) to 1408 keV ('3?Eu). The
more delicate energy calibrations were performed with char-
acteristic y rays of the residual nuclei (91Nb, 92Nb, and
8Y). In order to more precisely extract calibration coeffi-
cients, the whole energy range was divided into three regions,
i.e., low, intermediate, and high energy regions. For the
low and medium energy regions, the 148.2-, 327.8-, 356.0-,
471.0-, 560.0-, 711.2-, 762.5-, and 819.2-keV y rays were
chosen, and the 762.5-, 819.2-, 1239.5-, 1657.6-, 2086.9-, and
2290.4-keV y rays were chosen for the high energy region

©2022 American Physical Society
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FIG. 1. Level scheme of the °'Nb nucleus from this paper and previous work [7]; the energies are labeled in keV. Newly identified y rays are
labeled with red asterisks. The spin assignments for low-lying states are taken from Ref. [22]. The values of T, of the 104.8- and 2034.0-keV
levels are adopted from Refs. [7,23]. The widths of the arrows represent the y-ray relative intensities. The spin and parity assignments are

tentative.

(above, these y rays originate from °'Nb, ’Nb, and *Y
nuclei).

A total of about 300 x 10% y-y coincidence events were
accumulated and sorted into two-dimensional symmetrized
Ey-Ey coincidence matrices. The asymmetrized y-ray an-
gular distribution from oriented nuclei (ADO) matrices were
constructed by sorting the detectors located at =~ 40° (or
140°) and ~ 90°, on one axis, whereas on the other they
were from all the detectors. The spins of the levels were
obtained by ADO ratios with the expression I, (at ~ 40°)/I,
(at & 90°) [24]. With this expression, the corresponding
ADO values for stretched quadrupole and dipole radiations
are about 1.6 and 0.7, respectively. However, uncertainties oc-
cur for the spin assignments through analyzing ADO values,
which are intermediate between these two cases. Moreover,
the stretched quadrupole y rays cannot be differentiated from
Al = 0 dipole transitions or certain E2/M1 admixtures of
Al =1 transitions. In these cases, the crossover or parallel
transitions and their branching ratios can be regarded as the
assistant means for the spin assignments.

For more information on energy levels, especially in the
higher spin levels, the "°Ge ('°F, 4n)°'Nb reaction was also

utilized to populate the excited states of the *'Nb nucleus. The
target consisted of a 2.22-mg/cm? foil of "Ge (isotopically
enriched to 96%) evaporated on the 10.0-mg/cm? lead back-
ing.

As displayed in Fig. 1, the new level scheme of the °'Nb
nucleus, as deduced from the current experiments, is extended
up to the energy of about 12 MeV with the addition of 30
y rays to that reported earlier [7]. To facilitate discussions,
the level scheme is divided roughly into five parts, which are
marked A, B, C, D, and E. The positions of y rays in the
new level scheme are based on their coincidence relationships,
energy summings, and intensity balances. Relative intensi-
ties, y-ray energies, ADO values, and proposed spin-parity
assignments are exhibited in Tables I and II. The prompt
coincidence spectra gated on the y rays from the °' Nb nucleus
are exhibited in Figs. 2—4. In the following, the experimental
results will be discussed in detail.

In the part marked A of Fig. 1, the new y rays with
energies of 1298.6, 1311.3, 2054.6, and 2069.2 keV belong-
ing to the °'Nb nucleus are confirmed to be in coincidence
with the existing sequence of 356.0-, 819.2-, and 2290.4-keV
transitions, but not with the 884.2-, 1717.2-, and 2076.2-keV
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TABLE 1. y-ray energy (keV) and corresponding ADO value,
relative intensity, initial and final spins, as well as initial and final
excitation energies (keV) obtained from the present experiment in
the °'Nb nucleus (continued in Table II).

E, Lb Rano ET EF Jr VA

7.0° 7599.7 75927 312 29/2)
50.1 20340 19839 17/2- 13/2-
104.8 1048 0 1/2= 92+
122.8 24134 22904 11/2- 13/2*
1849 27.7(15) 1.03(12) 6937.8 6752.9 29/2) 27/2(H)
1853 13.47(59) 0.96(16) 62713 6086.0 (23/27) 25/20
185.6 62132 6027.6 (23/27) (21/27)
193.3 19839 17903 13/2~  9/2-
2304 235 (40) 6443.6 62132 (25/27) (23/27)
245.2 63313 6086.0 25/2) 25/2(0)
2543 17.70 36) 1.01(5) 4349.8 40958 21/24) 19/2()
308.6 2.71(35) 0.51(14) 63313 6022.3 25/24) 23/2()
3437 3.15(29) 0.96(17) 6086.0 5742.0 25/24) 23/2()
356.0 100 1.65(6)  3465.6 3109.6 21/2+ 17/2+
4145 <2 5956.4 5541.8 (21/27) 23/2
421.6 33.9(23) 0.68(5) 67529 63313 27/2%) 25,20
4295 24134 19839 11/2- 13/2-
4495 7.91(29) 0.98(8) 3109.6 26603 17/2% 15/2-
4527 4.03(25) 0.58(6) 6409.1 59564 (23/27) (21/27)
4928 4.32(19) 8092.8 7599.7 (33/2%) 31/2%)
4975 8.61(27) 0.81(16) 8097.2 7599.7 33/2) 31/2(0)
500.1 8092.8 7592.7 (33/2%) 29/24"
530.8 102332 97024 (39/2%) (37/2%)
584.6  4.14 (48) 6843.5 62589 (27/27) 25/20
602.3 4067.9 3465.6 (19/2%) 21/2*
603.5 17903 11868 9/2-  5/2-
606.7 6.01(35) 1.58(15) 6937.8 6331.3 29/24) 25/2(9)
626.3 9.07(36) 0.95(8) 2660.3 2034.0 15/2= 17/2~
639.4 6910.7 6271.3 (25/27) (23/27)
644.3 7560.9 6916.6 (27/27) (25/27)
6453  4.90(90) 0.79(9) 6916.6 6271.3 (25/27) (23/27)
650.4 7560.9 6910.7 (27/27) (25/27)
654.9 6.07(26) 1.45(13) 75927 6937.8 29/24) 29/2(9)
661.9 9.03(31) 0.69(9) 7599.7 6937.8 31/24) 29/2()
700.2 10933.4 102332 (41/2%) (39/2%)
7174 436(29) 0.92(23) 62589 5541.8 25/2) 23/2(0)
729.7 543 (40) 1.37(8) 62713 5541.8 (23/27) 23/24
7304 1.90 (32) 6752.9 60223 27/2¢) 23/20)
7422 10444.6  9702.4 (39/2%) (37/2%)
747.8  2.99 (18) 0.69 (13) 10450.2 97024 (39/2%) (37/2%)
7892  1.34(33) 0.92(11) 63313 5541.8 25/2¢) 23/20)
796.7 2.10(20) 0.85(12) 8357.6 7560.9 (29/27) (27/27)
806.8 117402 10933.4 (43/2%) (41/2%)

TABLE 1. (Continued.)

E*  L°  Rwo E E S0}
817.4 10.65(92) 1.05(18) 6086.0 5268.3 25/2(H 23/2(H
819.2 83.4(25) 1.64(11) 3109.6 22904 17/2* 13/2*

836.5 <2 7095.4 6258.9 (27/27) 25/2C)
867.6 6409.1 5541.8 (23/27) 2372
884.2 37.1(13) 1.34(10) 4349.8 3465.6 21/20 21/2*F
903.2 11.98(36) 0.72(4) 6086.0 5182.8 25,2t 23/2(H
909.9 3.29(19) 1.79(23) 5259.7 4349.8 25,2t 21/2H
918.7 31.61(89) 0.52(5) 5268.3 4349.8 232t 21/2(H
958.5 4067.9 3109.6 (19/2%) 17/2*
990.4 7.32(48) 1.03(16) 6258.9 5268.3 25/2() 23/24)

*The uncertainty in strong y-ray energies is less than 0.4 keV; for
weak y-ray energies, it is about 0.7 keV.

bIntensities are corrected for detector efficiency and normalized to
100 for the 356.0-keV y ray.

‘It is unobserved but deduced from the coincidence relations.

TABLE II. Continued from Table 1.

E,* L’ Rypo  EF  ET Jr Jz

1018.4 34319 24134 11/2"
1062.3 1134 (34) 0.55(8) 63313 5268.3 25/2) 23/29)
1082.0 1186.8 1048 5/2°  1/2°
1129.8 3113.7 1983.9 13/2"
11415 34319 2290.4 13/2+
1178.2 3162.1 1983.9 13/2-
1298.6 4764.1 3465.6 21/2*
13113 3.12(41) 1.07 (24) 47769 3465.6 23/2) 21/2*
1484.1  5.64(30) 1.52(19) 67529 52683 27/2) 23/24
1605.3 9702.4 8097.2 (37/2%) 33/2
1609.3 9702.4 8092.8 (37/2%) (33/2%)
17172 1540 (59) 0.91(9) 51828 3465.6 23/2) 21/2*
17903 9.71(19) 1.50(5) 17903 0.0 9/2-  9/2%
19270 5.23 (76) 6022.3 4095.8 23/2% 19/2
19815 252(11) 1.33(18) 63313 4349.8 25/2) 21/24
1983.9 21.2(14) 220(19) 19839 0.0 13/2- 9/2*
1984.5 4397.9 24134 (15/27) 11/2°
20546 3.10(29) 1.96(38) 68315 47769 27/2¢) 23/2
2061.8 21.50(73) 1.02(8) 40958 2034.0 19/2¢) 17/2-
2069.2 5534.8 3465.6 21/2%
20762 11.15(36) 1.03(14) 5541.8 3465.6 23/2¢) 21/2*
2107.4 4397.9 22904 (15/27) 13/2*
22764 7.81(97) 1.05(29) 5742.0 3465.6 23/2% 21/2+
22904 113.2(37) 1.62(15) 22904 0.0 13/2% 972+
2490.8  4.90(29) 1.38(31) 5956.4 3465.6 (21/27) 21/2*
2562.0 3.79 (13) 6027.6 3465.6 (21/27) 21/2*

2The uncertainty in strong y-ray energies is less than 0.4 keV; for
weak y-ray energies, it is about 0.7 keV.

PIntensities are corrected for detector efficiency and normalized to
100 for the 356.0-keV y ray.
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FIG. 2. Coincidence spectrum of 'Nb gated on (a, b) a 184.9-keV y ray. y rays are marked with their energies in keV. The peaks with
black circles and squares are contaminated by the reactions #?Se ("N, 4n) *>Nb and "N («, y) '*F, respectively.

transitions. In addition, the 2054.6-keV transition is coinci-
dent with the 1311.3-keV transition. These y rays are located
above the 21/2% state (3465.5-keV level) as shown in Fig. 1.
In consideration of their ADO values, we tentatively assign
the Al = 2 character for the 2054.4-keV y ray and Al =1
character for the 1311.3-keV y ray. These assignments make
the identifications of 23/2") and 27/2 for the 4776.9- and
6831.5-keV levels, respectively. The 1298.6- and 2069.2-keV
transitions are very weakly populated, and for that reason both
the ADO values and intensities are not deduced.

In the part B of Fig. 1, the new transitions with ener-
gies of 343.7 and 2276.4 keV are assigned to connect the
25/ 2 state (6086.0-keV level) and the 21 /2% state (3465.6-
keV level). Based on their ADO values, both the 343.7- and
2276.4-keV y rays are designated as Al = 1 character. The
245.2-keV y ray, as a linking transition, is placed between
the 25/2) state (6331.3-keV level) and the 25/2*) state
(6086.0-keV level). Furthermore, above the (23/27) state of
6271.3-keV level, the new y rays with 639.4, 644.3, and 650.4
keV are assigned in the present level scheme.

As for transitions in part C, above the 29/ 20 state
(6937.8-keV level), the known 661.9-, 497.5-, 530.8-, 700.2-,
747.8-, and 806.8-keV transitions, reported in Ref. [7], are
confirmed in our experiments. The intensities and ADO values
for 530.8-, 700.2-, and 806.8-keV y rays are not deduced
because of poor data statistics. As a consequence, they are
tentatively placed in the order shown in Fig. 1. The new
transitions with 492.8-, 500.1-, 654.9-, 742.2-, 1605.3-, and
1609.3-keV energies are identified. The new transitions 492.8,
500.1, 654.9, 742.2, 1605.3, and 1609.3 keV are displayed
in gated spectrum of the 184.9-keV y ray given in Fig. 2.

However, the 654.9- and 500.1-keV transitions are not seen in
the gated spectrum of the 661.9-keV y ray. Simultaneously, in
the spectrum gated on the 492.8-keV y ray, the known 184.9-,
421.6-, 1981.5-, 884.2-, and 606.7-keV transitions, as well as
the new transitions 654.9, 742.2, and 1609.3 keV, are observed
and vice versa, while the 497.5-, 1605.3-, and 500.1-keV
transitions are not observed. Between 31/2(") (7599.7-keV
level) and 29/2) (7592.7-keV level), there should be a 7.0-
keV y ray deduced from coincidence relations, but we could
not observe it because of the detection limit of the present
experiment. In addition, a new y ray with the energy of
789.2 keV is placed on the 23/2() state (5541.8-keV level).
The 789.2-keV transition is proposed as Al =1 character,
which is consistent with its measured ADO value of 0.92.
Above the 21/2() state at 4349.8-keV level, a new y ray
with energy of 909.9 keV is placed on the 21/2(F) state at
4349.8-keV level. The ADO value for the 909.9-keV y ray is
about 1.79, and we tentatively assign the state at 5259.7 keV
with a spin parity of 25/2*) in the present level scheme. It
is notable that one can see several peaks (i.e., 490.6, 498.5,
711.0, 762.5, and 2087.1 keV) in the gated 184.9-keV y-ray
spectrum. Based on the present data analyses, we confirm that
the 490.6-, 498.5-, 711.0-, 762.5-, and 2087.1-keV y rays
from the *>Nb nucleus are also coincident with the 183.6-keV
y-ray, though, which were not observed in Ref. [25]. As for
the part D, a new cascade of two y rays with energies of
584.6 and 990.4 keV is identified. Figures 3 and 4 present
the spectra gated by the 990.4-, 918.7-, and 584.6-keV y rays.
As illustrated in Fig. 3(a), the new transition 584.6 keV and
the known transitions 254.3, 356.0, 884.2, 918.7, and 2061.8
keV are observed in the spectrum on the 990.4-keV y ray. The
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FIG. 3. Coincidence spectra of °'Nb gated on (a, b) a 990.4-keV y ray and (c, d) a 918.7-keV y ray. y rays are marked with their energies
in keV. The peaks with black squares are contaminated by the reactions ¥*Se ("N, 1p3n)**Zr.

new transitions 990.4 and 584.6 keV are also observed in the ~ keV, are observed. The ADO value for the 990.4-keV y ray
gated spectrum of the known 918.7-keV y ray, as shown in  is about 1.03. Moreover, the difference energy between the
Fig. 3(b). In addition, in the coincidence spectrum gated on  25/2(7) (6258.9-keV level) and 23/2H) (5268.3-keV level)
the 584.6-keV transition, the known 254.3-, 356.0-, 884.2-, states is almost equivalent to the observed 990.4-keV y ray.
and 918.7-keV transitions, as well as the new transition 990.4 Considering the coincidence relationship between 990.4- and
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FIG. 4. Coincidence spectra of °'Nb gated on (a, b) a 584.6-keV y ray. y rays are labeled with their energies in keV. The peaks with single
asterisks, black circles, and black squares are contaminated by the reactions #2Se (N, 4n) °*Nb, #2Se (1N, 31) **Nb, and ¥2Se ("N, 2p4n) Y,
respectively.
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584.6-keV transitions, the ordering of these y rays is tenta-
tively placed as shown in Fig. 1.

In the part E of Fig. 1, the 122.8-, 602.3-, 958.5-, 1018.5-,
1141.5-, 1984.5-, and 2107.5-keV transitions belonging to
the °'Nb nucleus are added. The new transitions 1141.5 and
2107.5 keV are in coincidence with the 2290.4-keV y ray,
which decay to the 13/2% state (2290.4-keV level), but not
with the 356.0-, 819.4-, and 449.5-keV transitions. The new
y rays with energies of 2107.4 and 958.5 keV as well as the
1141.5-keV y rays are almost equal to the sum energies of
1984.5 and 122.8, 356.0 and 602.3, and 1018.4 and 122.8 keV,
respectively. Considering the energy summings and coinci-
dence relationships, these y rays are tentatively placed in the
proposed level scheme as represented in Fig. 1. In addition,
the new 1129.8- and 1178.2-keV y rays belonging to the
9INb nucleus are identified and found to be coincident with
the 1983.9-, 193.3-, and 1790.3-keV transitions deexciting
the 13/2~ state at 1983.9 keV, but not with the 429.5-keV
transition deexciting the 11/27 state at 2413.4 keV.

III. SHELL-MODEL CALCULATIONS AND DISCUSSIONS

The ®'Nb isotones *Sr [26,27], ¥y [2], **Mo [11], and
STc [14] as well as the isotopes *'~9*Nb [7,25,28] have
not been observed in the strong E?2 transitions in high spin
states so far, which indicates no appreciable collectivity. The
shell-model calculations for these nuclei show that neutron
excitations across the N = 50 shell gap should be consid-
ered for the description of high spin states. On the proton
side, excitations from the 1p0f orbits into the Ogg/, orbit
should be necessary for describing well the low and even
medium spin states. To interpret the level structure from the
present experiments, the shell-model calculation for the *'Nb
nucleus is performed with proton and neutron core excitations
across the °Zr core; i.e., the valence proton holes are in the
lower f5,2p3/2p1/2 orbitals, the valence proton particles are
in the upper go/, orbital, the valence neutron holes are in
the lower gg/, orbital, and the valence neutron particles are
in the upper ds;, orbital. The shell-model calculations were
performed with the NUSHELLX code [29]. The GWB model
space is adopted with the GWBXG effective interaction. The
single-particle states forming the GWB model space contains
four proton orbits 7 (fs/2, p3s2, P1/2, 9/2) and six neutron
orbits U(pl/z, 8972, 87/25 d5/2, d3/2, S1/2) relative to an inert
%Ni core. The original two-body matrix elements (TMBEs)
of the GWBXG interaction originate from bare G matrix of
the H7B potential [30]. For the present G-matrix effective
interaction, the 65 TMBEs for proton orbits are replaced with
the values derived from Ref. [31]. The TMBEs between the
7 (p1y2, &92) and the v(ds)2, s1/2) orbits and that between the
(P12, 892) and the v(py/2, go/2) orbits are replaced with the
values reported in Refs. [32,33]. The single particle energies
are derived from Refs. [5,20]. In Refs. [5,20], one can see that
the energy gap between the f5/> (p1,2) and go/> valence proton
shells is 4.0 (2.7) MeV, and that the energy gap between
the g9,» and ds;, valence neutrons shells is 4.4 MeV. These
large energy gaps suggest a possible Z = 38 (40) subshell and
N = 50 shell.

Figure 5 displays a comparison between the calculated en-
ergy levels employing GWBXG interactions and experimental
ones from which it may be stated clearly that these calcula-
tions can reasonably describe the experimental energy levels.
Main configuration components are listed in Tables IIl and IV,
and comparison between experimental transition probabilities
and calculation ones is shown in Table V. In Table III, the
ground state 9/2" is dominated by the configuration 77 g ;.
The calculated 13/2% and 17/2% yrast states are dominated by
the excitation of protons from the p;,, orbit across the Z = 40
subshell to the go,» orbit. Meanwhile, both of the two states
also include the core excitations of protons from the f5,, orbit
across the Z = 38 subshell into the gg/» orbit, which indicates
the 7 (p1/2, 9/2) model space may fail to explain adequately
even the low-lying levels in this nucleus.

The level energies with 3400 < Eexp. < 6100 keV (except
for the 23/2 and 23/2¢ levels) are characterized by the
pure proton configurations 7 (p32 f5/2P1 /2)’2g39 /2 The calcu-
lated B(E2; 21/2?r — 17/2?) value is 100.7ezfm4, which
is pretty close to the experimental value (106 & 11) ¢ fm*
given in Ref. [9] (see Table V). The 23/27 state arises from
the coupling of an unpaired proton in the g9, orbit and
neutron core excited from the g9, orbit to the empty ds;»
orbit, viz., configuration of the form 7 g9/, ® vgg/lzds 2. The

23/ 25+ state comes from proton excitation from the fs5,2p1,2
orbits to the gg/» orbit coupling to neutron excitation from the
89,2 orbit to the empty ds,, orbit, leading to the configura-
tion 7 ( fs_/; pl_/lz)g39 n® \)g;/lzdS/z. In the levels above 25 /2;r
(Eexpt. = 6086.0 keV), neutron core excitations become very
important. It seems that breakup of the N = 50 shell gap is
preferable to exciting more protons with the increasing of
angular momentum above the 6086.0-keV level. The states
from 25/2;’ (6331.3-keV level) to 41/2% (10933.4-keV level)
are interpreted as proton excitation from the f5,,p orbits to
the gy, orbital, coupling to a neutron excitation from the
g9, orbit to the ds/, orbit, i.e., configuration of the form
7T(f5/2p)_2gg/2 X \)gg/lzd5/2. The 43/2+ state (11740.2-keV
level) is described mainly by proton excitation from the fs5,,p
orbits to the go/, orbits, coupling a neutron excitation across
the N = 50 shell closure to the g7/, orbit.

As mentioned, the electric quadrupole transitions
2172 - 17/2f, 17/2F — 1372}, and 13/2} — 9/2f
are interpreted as proton excitation f5pp — gop. The
calculations B(E?2) values are 100.7, 287.8, and 152.9 €% fm*,
respectively. Similar characteristics, as reported in N = 50
isotones [3,14], were interpreted as the recouplings of the
7(g9y2)" parts of configurations with Al = 2. However, for
the transitions 23/2f — 19/2F and 25/2§ — 21/2F, the
calculations predict B(E2) values decrease abruptly. The
difference could be due to the forbidden 23/2] — 19/2F
and 25 /23+ — 21/27 transitions from neutron core excited
to pure proton states, whereas rather strong M1 transitions
31/2f — 29/2] and 33/2f — 31/2{, the B(M1) values
of which are in the range of 1.1-2.6 /L,z\,, are ascribed to the
recouplings of the two unpaired neutrons, i.e., the gg/» neutron
hole and the ds,, neutron. In other words, these enhanced M 1
transitions might be regarded as a testimony for neutron core
excitation.
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FIG. 5. Comparing of the experimental and calculated levels of the °'Nb nucleus.

The negative-parity states up to the 17/2~ state at 2034.0
keV are built from breaking one proton pair in the p;,, or-
bit and lifting one proton to the go/, orbit, leading to the
configuration 7 pl_lzg%) ,- The only exception is the 15/2;
state at 4397.7 keV, which in the calculation arises from
the proton excitation from the fs5,,p;/ orbit to the gg,, or-
bit, viz., configuration of the form m( f57épf/22)g‘é /2 Besides
that, the B(E2) strengths of the transitions 17/27 — 13/2,
13/27 — 9/27,and 9/27 — 5/2{ were also calculated. The
corresponding calculated B(E?2) values are 37.2, 115.6, and
194.5 €% fm* respectively, which conformed well to the ex-
perimental ones in Ref. [2]. The 21/2, 21/2;, and 23/27
states arise from the excitation of protons across the Z = 38
subshell, leading to the configuration 7w (p3,2 f5,2p1 /2)’3 g‘é /2
The 23/27 < I™ < 29/27 states are characterized as con-

figuration N(p3/2f5/2p1/2)_1g%/2 ® Ugg/12d5/2.

IV. SYSTEMATIC CHARACTERISTICS AROUND THE
A =90 REGION

The energies of the first 2% states for even-even nuclei
from Zr (Z = 40) to Cd (Z = 48) as well as the first 13/2"
states for odd-A nuclei from Nb (Z = 41) to In (Z = 49) are
illustrated in Figs. 6(a) and 6(c), respectively. A noteworthy
feature of the excitation energies of 2+ (13/2%) states in *°Zr
(°'Nb) and *°Zr (°’Nb) nuclei is that they are significantly
higher than those of other Zr (Nb) isotopes, which reveals
that N = 56 is a good subshell closure. It underscores that the
%7r nucleus has a high-lying 2 state at 1750 keV, whereas
the 2% energies in **Mo, '“Ru, '?Pd, and '*Cd nuclei are
only 787, 540, 556, and 658 keV, respectively. The abrupt de-
crease in 2% energies for the N = 56 isotones is incompatible
with a spherical nucleus. Such disparate behavior with proton
number Z > 42 may ascribe to the vanishing of the N = 56
neutron shell closure. Comparing with Zr and Mo, the Nb

(@)

Energy (MeV)

Energy (MeV)

60

48 50 52 54
Neutron number

56 58

FIG. 6. (a) The evolution of the first 2%+ states for N = 46-60:
Zr (green circles) [4,34-36], Mo (blue circles) [13,37-39], Ru (red
circles) [40-47], Pd (black circles) [41,44-51], and Cd (pink circles)
[42-47,52,53] isotopes. (b) The ratio of the excitation energies of the
first excited 4™ and 2" states. (c) The evolution of the first 13/2*
states for N = 46-60: Nb (green circles) [54-60], Tc (blue circles)
[55-61], Rh (red circles) [56-62], Ag (black circles) [57-63], and In
(pink circles) [58-64].
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TABLE III. Major components of configurations for the °' Nb nu-
cleus. The configurations are formed by several components, where
each component is of the form p = [7(p(1), p(2), p(3), p(4)) ®
v(n(1), n(2), n(3), n(4))], where p(i) and n(i) represent the proton
number in (fs/2, p3/2, P12, §9,2) orbits and neutron number in (p 2,
89/2- 87)2» ds2) orbits, respectively (continued in Table IV).

V& Eexp E.a Configurations Components
(h) (keV) (keV) TRV (%)
9/2% 0 (0 6421®21000 59.3
6403®21000 19.0
6223®21000 13.4
13/2% 22904 2236 640321000 53.5
4423®21000 16.9
541321000 12.0
17/2%  3109.6 3179* 6403®21000 62.0
4423®21000 13.2
19/2F 40679 4069° 5413®21000 51.1
6313®21000 34.6
19/25 40958 4378 5413®21000 62.0
5323®21000 12.3
21727 34656 3468 6403®21000 68.6
4423®21000 10.7
21725 43498 4274* 541321000 84.1
5323®21000 10.9
23727 47769 4807* 5413®21000 82.5
5323®21000 13.1
23/25 51828 5160 5413®21000 53.1
5323®21000 19.3
23/27 52683 5469° 6421®2901 46.7
6403®2901 18.3
6223®2901 10.2
23/2F 55418 5541° 5413®21000 52.3
6313®21000 23.7
23/2;r 5742.0 5834 5413®2901 23.3
6403®2901 20.2
23725 60223 5929 6313®21000 29.0
5323®21000 26.5
5413®21000 22.8
2521 52597 5229 5413®21000 74.8
2525  6086.0 5840 6313®21000 57.3
5323®21000 12.3
25/27 63313 6221° 6403®2901 24.8
5413®2901 23.7
4423®2901 22.3
27/2F 67529 6943° 5413®2901 28.8
44232901 23.2
27/25 68315 7103 6403®2901 347
4423®2901 22.0
29/27  6937.8 7107° 6403®2901 42.8
44232901 19.5
29/25  7592.7 7679° 5413®2901 61.1
5323®2901 10.3
31727 7599.7 7678° 54132901 71.0
5323®2901 12.5
33727 8092.8 8256° 5413®2901 73.4

TABLE III. (Continued.)

I Eeyp E.q Configurations Components
(h) (keV) (keV) TRV (%)
33/25  8097.2 8321° 6403®2901 46.5
44232901 15.5
37/2% 97024 9808° 5413®2901 67.5

Calculation with the model space 7 (fs/2, P32, Pij2, 89/2)-
°5t(fs/2, P32s Pi1j2s 8972) ® v(goy2, dsp2).

(Z = 41) nucleus may be located at the transition between the
region where the N = 56 subshell is active (Z = 40) and the
open shell (Z > 42). As shown in Fig. 6(b), the Ry ,+ values
along the Mo, Ru, Pd, and Cd isotopic chains show similar
tendency, but notable difference from the Zr isotopic chain.
The ratio of reduced Ry+ >+ from N = 60 to 50, followed by
a drop toward N = 50, 1s observed. Normally, an increase of
collectivity is reflected by a drop of 2% energies and a rise
of Ry jy+ towards the rotational limits. The Ry ,+ values in

2Mo, *Ru, *°Pd, and *3Cd as well as *°Zr, °*Zr, **Zr, *°Zr,
and *Zr nuclei are around 1.5, which exhibited the typical
characteristic of spherical nuclei. Figure 7(a) displays the first
2% to 107 levels of the N = 50 isotones from Zr (Z = 40) to
Cd (Z = 48). As shown in Fig. 7(a), the excitation energies
of 10* states in *°Zr and **Mo nuclei are significantly higher
than those of other N = 50 isotones. The 10* state in *°Zr
arises from the excitation of protons from f5,,p;/, orbits to
the gg,> orbit, which has seniority v = 4 [5]. The 10* state in
92Mo arises from the excitation of protons from py, orbits to

607107 (a) N=50
L 4.0 gt e - ___
s g .
> 4+ e ‘7 .7777
%0 20427 @ L — ’z”"*!
ch ° ° ® °
040"n . . . .
40 42 44 46 48
25127~ -
60 e ue (B)N=5O
> i2te e e
Y 4.0 -
= 2127 e
> 17/21. TS .-
%020—%%%‘ ~~~~~~~~~~~~~ S
= S .
m L]
I - S—"
41 43 45 47 49

Proton number

FIG. 7. (a) The evolution of positive parity states in even-even
N = 50 isotones *°Zr [5], **Mo [13], **Ru [17], *Pd [49], and **Cd
[51]. (b) The evolution of positive parity states in odd-A N = 50
isotones *'Nb [7], *Tc [15], *Rh [58], and *7 Ag [59].
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TABLE IV. Continued from Table III.

I" Eexp E.a Configurations Components
(h) (keV) (keV) TRV (%)
39/2F 102332 9927° 5413®2901 75.5
39/2F5  10444.6 10455 5413®2901 77.6
39/2;r 10450.2 10820° 5413®2901 65.4
4423®2901 10.0
41/2% 109334 10589 5413®2901 80.0
43/2% 117402 11365 5413®2910 79.5
5323®2910 13.1
1/2- 104.8 186* 6412®21000 85.4
6214®21000 11.6
5/2 1186.8 1105* 6412®21000 72.6
542221000 13.0
9/2~ 1790.3 1823* 6412®21000 81.5
11/2= 24134 2201* 6412®21000 85.3
6322®21000 11.6
13/2~ 1983.9 1948* 6412®21000 83.3
15/27  2660.3 2420*  6412®21000 76.3
6322®21000 13.2
15/2; 43979 4246* 6322®21000 66.9
6412®21000 12.0
17/2= 2034.0 1974* 6412®21000 82.9
21727 5956.4 5790* 5404®21000 322
4414®21000 21.8
21/2;  6027.6 6224* 5314®21000 56.6
441421000 19.2
23/27 62132 6260° 5404®21000 49.6
4414®21000 23.0
5314®21000 18.2
23/2; 62713 6493° 6412®2901 53.5
5422®2901 20.1
23/27  6409.1 6608° 6412®2901 52.1
5422®2901 17.8
25/27 62589 6339° 6412®2901 70.4
6322®2901 15.0
25/2,  6443.6 6481° 6412®2901 74.3
25/25  6910.7 6858° 5422®2901 35.6
6412®2901 20.5
25/2,  6916.6 7261° 6412®2901 56.0
6322®2901 14.0
5222®2901 12.4
27/27 68435 6972° 6412®2901 67.0
6322®2901 13.3
27/2;  7095.4 7246° 54222901 459
6412®2901 11.2
27/25 75609 7649° 6412®2901 61.7
29/27  8357.6 8251° 6412®2901 434

“Calculation with the model space 7 (f5/2, p3/2, P12, 89/2)-
bﬂ(fS/z, P32, P1/2» 89/2) ® V(g9/2’ d5/2)~
T (f52> P32> P1y2> 8972) @ V(8925 87/2)-

the go/ orbits [11], whereas the 107 states in **Ru and *°Pd
nuclei arise from the 7 (g9/2)" (n =4 and 6) configurations,
which are not involved with proton core excitation. The level
structures from 2% states to 8 ones in Mo, **Ru, *°Pd, and

98Cd are similar to each other. In these nuclei, the first 2,
4%, 6T, and 8* states are described by the seniority v = 2
states in the seniority scheme [65,66]. The angular momenta
originate from the coupling of the two unpaired protons in the
892 orbit.

As shown in Fig. 7(b), similar characteristics are also ob-
served for the odd-A isotones from Nb (Z = 41) to Ag (Z =
47). The first 13/2" to 21/2% levels may come from the same
multiplet that relates to the predominant valence protons in the
8oz orbital with v = 3. Furthermore, the energy spacings
4t — 2% (2% — 01) in the even-even isotones are very close
tothe 17/2% — 13/2% (13/2% — 9/2%) spacings in the odd-
A neighbors, which can be explicated as the weak coupling
model, i.e., the coupling of the g9/, valence proton and the
neighboring even-even core [26]. The excitation energies of
11/2] states are slightly higher than the yrast 13/2] levels
in °INb, *Tc, and *Rh nuclei. These levels are the J*__ and

max

Jr -1 members of the 7 g9/, ® 2 multiplet for the yrast 2™
states in *°Zr, **Mo, and **Ru, respectively. Similarly, the
17/2% and 21/27 states in the odd-A nuclei might be the num-
bers of 7(gy/2) ® 4™ and 7(g9/2) ® 6. As shown in Fig. 7,
there are considerable discrepancies between 25/2] states in
odd-A nuclei and 8T states in even-even nuclei which indicate
that the intrinsic nucleon excitations are not negligible in high
spin levels of the even-even core, and configuration mixing
becomes increasingly prominent.

V. SUMMARY

High spin states of the °'Nb nucleus were produced via
the reactions 32Se('*N, 51) *'Nb and °Ge ('°F, 4n) °'Nb. The
level scheme of the *'Nb nucleus was extended by adding 30
transitions. The new structure was explicated with shell-model
calculations which consider the excitation of the Z = 38 (40)
subshell closure and the N = 50 shell closure, and the cal-
culated results support the experimental angular momentum
assignments. Several large E2 (M1 ) transition probabilities
are predicted, which can be considered as a testimony for
proton (neutron) core excitations. Additionally, the compar-
isons of the first excited states from the 46 < N < 60 and
40 < Z < 48 mass region reveal that the N = 56 subshell
closure significantly affects the level structures of *°Zr and
97Nb but almost disappears completely in Z > 42 nuclei.
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TABLE V. The electromagnetic transition probabilities in the *'Nb nucleus received through the experiment in Ref. [22] are compared
with the results of shell-model calculations. Effective values of e, = 1.0 and e, = 0.5 are used for the B(M 1) and B(E2) values. For magnetic

transitions quenched single-particle g, factors with 0.7g™ are assumed.

EV (keV) Jl” J}T oA B(O-)‘)expl. (ezfm4//'LN 2) B(O-)‘)SM T(Ji)expt. T(Ji)SM
1082.0 5/27 1727 E2 137.4 187.8 13.1 ps
603.5 9/27 5/27 E2 11780 1945 2.3 ps 10.15 ps
193.3 13/27 9/27 E2 71.1+£32 115.6 14.4£0.5ns 12.24 ns
50.1 17/2; 13/27 E2 320+1.9 37.2 5.42+0.18 us 317 us

2290.4 13727 9/2F E2 33.82 152.9 0.31 ps
819.2 17/2} 13/2} E2 1 6.64 287.8 2.05 ps
356.0 2172 17/2f E2 106 £ 11 100.7 1.33+0.14 ns 1.304 ns
1927.0 23/22’ 19/25 E2 5.13 0.89 ps
1981.5 25/2% 2172 E2 1.92 0.62 ps
730.4 27/2F 23/2F E2 0.41 93.5 ps
2054.6 27/2% 23/2F E2 0.19 0.98 ps
606.7 29/2f 25/2% E2 132.7 10.53 ps
1062.3 25/2%F 23/2% M1 0.041 1.75 ps
1717.2 23/22’ 21/2f M1 0.0457 0.08 ps
918.7 23/2% 21725 M1 0.0177 0.13 ps
184.9 29/2f 27/2f M1 1.44 21.21 ps
661.9 31/21+ 29/2f M1 2.61 0.12 ps
497.5 33/2F 3172 M1 2.67 0.08 ps
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