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High-spin level structure of the semi-magic nucleus *'Nb
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The high-spin level structure of the semi-magic nucleus *'Nb has been investigated via the #2Se(**N,51)°'Nb
reaction at a beam energy of 60 MeV. Based on these experimental results, a new level scheme is established
that modifies and extends earlier schemes. Shell-model calculations have been carried out to interpret the level
structure of *'Nb. The calculated results show that the inclusion of neutron particle-hole excitation across the
N = 50 shell gap is essential to adequately describe states above I = (21/2—-23/2)h, with excitation energies

above ~6.0 MeV.
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I. INTRODUCTION

As is well known, high angular momentum in nuclei can
arise from intrinsic or collective modes of excitation. Intrinsic
modes are dominant in nuclei for which the number of protons
or neutrons is close to the magic number, whereas collective
modes occur in nuclei whose proton and neutron numbers are
far away from the closed shell. Nuclei with N ~ 50 in the
A ~ 90 mass region, whose high angular momentum states
are due to quasiparticle intrinsic excitations, have attracted
considerably theoretical and experimental attention in recent
years [1-10]. In particular, investigations of the N = 50
isotones in the A ~ 90 mass region [10-18] may be of great
significance in providing a suitable laboratory for testing the
residual interactions of the spherical shell model and to study
the mechanism of particle-hole excitations of the N = 50
core. Studies of °'Nb isotones have revealed that proton
configuration plays a leading role in low-lying states of these
semi-magic nuclei, whereas the higher-angular-momentum
states are dominated by the excitation of a single go/> neutron
across the N = 50 shell closure into the ds/, orbit, similar to
8Sr[11,12],3Y [13], %°Zr [14], Mo [15-17], 3 Tc [16-18],
%Ru [10,16-18], and *Rh [16-18]. However, studies of the
higher-angular-momentum states of °' Nb in the framework of
a shell model based on experimental data are scant at present.
An investigation into the high-spin level structure of °*'Nb is
therefore essential for improving understanding of the level
structures of nuclei with N ~ 50 in the A ~ 90 mass region.

So far, the high-spin level structure of *'Nb has been in-
vestigated via the 8 Sr(°Li,3n)°'Nb [19], Y («,21)°'Nb [20],
and "°Ge('®F4n)°'Nb [21] reactions. The higher-angular-
momentum states of °' Nb observed in the present work shown
in Fig. 1 are mainly compared with those reported in Ref. [21].
In order to obtain a better understanding of the level structure
of °INb, shell-model calculations have been performed in two
different configuration spaces: 7 (fs52, P32, P1/2> 89/2)V(P1/25
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8os2) (SM-D), and 7 (f5.2, p3j2, P12, 89/2)v(P1/2, &9/2- ds)2)
(SM-II), relative to a hypothetical °Ni core.

In this article, new results on the high-spin structure of °'Nb
are reported. The experimental details and level scheme of
9INb are described in Secs. Il and I11, respectively. Shell-model
calculations and discussion of the high-spin structure of °!Nb
are presented in detail in Sec. IV. A brief summary is presented
in Sec. V.

II. EXPERIMENTAL DETAILS

High-spin states of the semi-magic nucleus *'Nb were
populated using the $2Se('*N,57)°'Nb reaction. The '*N beam
was delivered by the HI-13 tandem accelerator of the China
Institute of Atomic Energy (CIAE) in Beijing. The target
consisted of a 0.99 mg/cm? layer of 3’Se evaporated on an
8.27 mg/cm? thick natural Yb backing. The beam energy
was selected to be 60 MeV based on the computed results
of the statistical evaporation code CASCADE [22] and the
experimental excitation function. The detector array was
composed of 11 Compton-suppressed hyperpure germanium
(HPGe) detectors and two planar type HPGe detectors. In the
detector array, detectors were placed at the forward, 90°, and
backward directions with respect to the beam direction. Energy
and efficiency calibrations were made using the 60Co, 13°Ba,
and '»?Eu standard sources. The typical energy resolution of
a Compton-suppressed HPGe detector (or planar type HPGe
detector)is 2.0to 2.5keV (or 0.6 t0 0.7 ke V) for the 1332.5 keV
(or 121.8 keV) y ray of %°Co (or 3?Eu). A total of about 60 x
10° y-y coincidence events were collected in event-by-event
mode, and the data were sorted into a symmetrized E,-E,
matrix for subsequent offline analysis.

In order to obtain information on the multipolarity of the
emitted y rays, two asymmetric matrices were built, with one
axis (y axis) using the y rays detected at all angles, and the
other axis (x axis) using those detected at 40° (or 140°) and
those detected at 90°, respectively. From the two matrices, the
angular distribution asymmetry (ADO) ratios [23], defined as
Rapo(y) = 1,(40°)/1,(90°), were extracted from the y-ray
coincidence intensities observed by the detectors at either 40°
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TABLEI y-ray energies, relative intensities, angular distribution
asymmetry ratios, and spin-parity assignments of the initial and final
states in °'Nb. Uncertainties in intensities are given in parentheses.

E, b Rano E, E, e 7
(keV)? (keV)®  (keV)®

50.1¢ 2034.0 19839 17/2- 13/2-
104.8¢ 1048 00 1/2= 9/2F
1853  24.526) 1.03(12) 6938.5 67532 29/2(9 27/2
185.5 2.74) 0.96(16) 6272.0 6086.5 (23/27) 25/29
186.0¢ 6213.9 6027.9 (23/27) (21/27)
193.6¢ 1983.9 17903 13/2~ 9/2-
232,001 6446.1 6213.9 (25/27) (23/27)
254.1  19.1(17) 1.01(5)  4350.1 4096.0 2172 19/2()
308.6 12(3) 051(14) 6331.6 6023.0 25/24) 23/2(
3563t 84.0(24) 1.65(6) 34659 3109.6 21/2* 17/2+
4146 0.6(3) 5956.7 5542.1 (21/27) (21/27)
4216 21.9(23) 0.68(5) 67532 6331.6 27/29 25/2
429.5¢ 24134 19839 11/2- 13/2-
449.5 9.4(5) 0985 3109.6 2660.1 17/2+ 15/2-
453.0 3.1(7) 0.58(5)  6409.7 5956.7 (23/27) (21/27)
4975  16.9(13) 0.75(6)  7436.0 6938.5 31/29 29/2
531.00f 8628.9 8097.9 33/24)
603.5¢ 1790.3 11868 9/2  5/2-
606.9 3.7(5) 6938.5 6331.6 29/29 25/2
626.1 >9.4 0.95(8)  2660.1 2034.0 15/2- 17/2-
645.2 3.7(10) 0.79(9)  6917.2 6272.0 (25/27) (23/27)
661.9 6.95) 0.6909) 8097.9 7436.0 33/29 3172
700.0¢ 9328.9 8628.9

718.0 1.7(4)  0.92(23) 6260.1 5542.1 (23/27) (21/27)
729.9 546) 0.72(6)  6272.0 5542.1 (23/27) (21/27)
7302° 0.9 67532 6023.0 27/2) 23/2H
748.0 22(3) 0.69(13) 88459 8097.9 35/29 33/2(
796.7 1.12) 0.85(11) 7713.9 6917.2 (27/27) (25/27)
807.0° 10135.9 9328.9

817.4 7.3(20) 1.05(18) 6086.5 5269.1 25/2(9 23/2
819.2¢  74.5(13) 1.64(11) 3109.6 22904 17/2* 13/2+
837.5  0.5(2) 7097.6 6260.1 (25/27) (23/27)
867.6°  0.8(3) 6409.7 5542.1 (23/27) (21/27)
884.2  29.3(5) 1.34(10) 4350.1 34659 212 21/2+
903.6 9.6(9) 0.72(4)  6086.5 5182.9 25/2(9 23/2
919.0  22.8(11) 0.52(5)  5269.1 4350.1 23/20 21/24)
1062.5  8.1(22) 0.55(8)  6331.6 5269.1 25/2(9 23/2
1082.0¢ 1186.8 1048 5/2=  1/2-
1484.1  4.1(1) 1.38(32) 67532 5269.1 27/29 2372
17170 11.05) 0.91(9) 51829 34659 23/2 21/2*
1790.3¢ 17903 00 9/2=  9/2F
1927.0° >2.1 6023.0 4096.0 23/2 192
1981.5  17.8(22) 1.33(18) 6331.6 4350.1 25/29 2172
1983.9¢ 19839 0.0 13/2= 9/2F
2062.0 252(8) 1.02(8)  4096.0 2034.0 19/29 17/2-
20762 9.2(8) 1.33(14) 5542.1 34659 (21/27) 21/2+
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TABLE 1. (Continued.)

E, L° Ripo E; E; 174 e
(keV)* (keV)*  (keV)*

2290.48  100.0(53) 2290.4 0.0 1372t 9/2*
2490.8 2.6(2) 1.38(31) 5956.7 34659 (21/27) 21/2+F
2562.0 1.9(1) 6027.9 34659 (21/27) 21/2F

#Uncertainties are between 0.3 and 0.7 keV depending upon their
intensity.

®Intensities are normalized to the 2290.4 keV transition with 1, =
100.0.

°Excitation energies of initial E; and final E  levels.

dProposed spin and parity assignments to the initial /7 and final Iz
levels.

¢ADO ratios could not be extracted because of the low intensity of
transitions.

fRelative intensities could not be determined because of the low
intensity of transitions.

£The initial- and final-state spins and parities of these transitions are
adopted from previous work [19,20].

or 140° and those at 90° by setting gates on the all-angles axis
(y axis). For the present geometry, the typical ADO ratio for
stretched quadrupole (or A1 = 0 dipole) transitions was found
to be ~1.4; for stretched pure dipole transitions it was ~0.8.

III. THE LEVEL SCHEME

The level scheme of °'Nb has been studied previously
by Brown et al. [19], Fields et al. [20], and He et al. [21]
to excitation energies of 5182, 6009.6, and 10136 keV,
respectively. The present level scheme of °!Nb is established
on the basis of coincidence relationships, intensity balances,
and energy sums. Besides those reported in previous works
[19-21], about 14 new y rays and 7 new levels were observed
in this work. The obtained y-ray energies, relative intensities,
angular distribution asymmetry (ADO) ratios, and spin-parity
assignments of the initial and final states are listed in Table I.
The newly established level scheme of 9INb, which has been
separated into seven groups labeled with letters A through G,
is shown in Fig. 1. Typical prompt y-y coincidence spectra
for °'Nb are shown in Figs. 2-5.

The transitions of the main positive-parity structure in group
A with respect to the equivalent structure in Ref. [21] have also
been observed in this work. However, the high-spin structure
of the transition sequences in this group has been modified
based on several newly observed lower-intensity transitions,
which will be discussed explicitly in the following.

Spin-parity values of most low-lying states in groups A
and B have been firmly determined in Refs. [19,20], as shown
in Fig. 1. Spins and parities of the low-lying states between
I™ =9/2%(G.S) and I™ = 21/2%(Eexp = 3465.9 keV) with
a 356.3-819.2-2290.4 keV cascade in group A, have been
firmly assigned by Brown ef al. in previous work [19]. In
the coincidence spectrum gated on the 356.3 keV decay
(see Fig. 2), the 884.2 keV transition can be seen while the
254.1 and 2062.0 keV transitions do not appear. Therefore,
the 254.1-2062.0 keV cascade is placed in parallel with
the 356.3 keV transition and the 884.2 keV transition is
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FIG. 1. The level scheme of °'Nb established in the present work. The energies of the y transitions and of the levels are given in keV. Spins
and parities in parentheses are tentative assignments. New y transitions observed in this work are denoted with asterisks.
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FIG. 2. Background-corrected coincidence spectrum obtained by
gating on the 356.3 keV y ray in group A. The energies with single
or double asterisks are contaminations from the reaction channel
82Se('*N,1p3n)*Zr or the single-escape peak of the 2290.4 keV y
ray in °'Nb, respectively.
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FIG. 3. Background-corrected coincidence spectrum obtained by
double gating on the 185.3 and 497.5 keV y rays in group A.
The energies with single or double asterisks are contaminations
from the reaction channels 32Se('*N,4n)°>Nb or #2Se('*N,3n)?*Nb,
respectively.
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FIG. 4. Background-corrected coincidence spectrum obtained
by gating on the 1484.1 keV y ray in group A. The energies

with single asterisk are contaminations from the reaction channel
828e('N,4n)°*Nb.

placed upon the 3465.9 keV level, which is consistent with
that reported in Refs. [19-21]. In addition, the 4350.1 keV
level, which was assigned a spin-parity value of 21/2*) in
Ref. [20], is given the same spin-parity value of 21/2") here
on the basis of the measured ADO ratio of the 884.2 keV
transition. The 919.0, 1062.5, 421.6, 185.3, 1981.5, 606.9,
and 497.5 keV transitions, reported in Ref. [21], have also
been observed in this work. However, the placement of these
transitions has been modified, as shown in Fig. 1, based on the
observation of four new lower-intensity transitions: the 308.6,
730.2, 1927.0, and 817.4 keV decays of the 6331.6, 6753.2,
6023.0, and 6086.5 keV levels, respectively. The 919.0,
817.4 (contaminated by 819.2 keV in the 356.3 keV gated
spectrum), 1981.5, 1062.5, 606.9, 421.6, 185.3, 497.5, 661.9,
and 748.0 keV transitions are displayed in both gated spectra

400

300

200

Counts

100

120 200 300 400 500 600 700 800 900
Gate:2062.0 keV

920

60

Counts

30

1000 1200 1400 1600 1800 2000 2200 2400 2600
Energy(keV)

FIG. 5. Background-corrected coincidence spectrum obtained by
gating on the 2062.0 keV y ray in group B.
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of the 356.3 and 2062.0 keV y rays given in Figs. 2 and 5,
respectively. However, the 308.6 and 1927.0 keV transitions
are only visible in the gated spectrum of the 2062.0 keV y
ray (see Fig. 5). Simultaneously, a new 1484.1 keV crossover
transition, which is the sum of the 421.6 and 1062.5 keV
transitions, has also been observed. The 1484.1 keV transition
can be seen in the gated spectra of the 356.3 (Fig. 2),
497.5-185.3 (Fig. 3), and 2062.0 (Fig. 5) keV y rays, while the
1062.5, 606.9, 1981.5, and 421.6 keV transitions do not appear
in the coincidence spectrum gated on the 1484.1 keV y ray, as
shown Fig. 4. Thus, the 1484.1 keV transition is placed upon
the 5269.1 keV level in parallel with the 1062.5, 606.9, 1981.5,
and 421.6 keV transitions. The five new transitions have
established the reason for modifying the transition sequence in
group A with respect to the equivalent structure in Ref. [21].

In addition, ADO ratios extracted for the 919.0, 1062.5,
421.6, 185.3, and 497.5 keV(or 1484.1 and 1981.5 keV)
transitions are all consistent with the values expected for
Al = 1 (or AI = 2)transitions, and thereby spins and parities
for the 5269.1, 6331.6, 6753.2, 6938.5, and 7436.0 keV levels
are proposed to be 23/2%, 25/2%,27/2%,29/2%, and 31/2%,
respectively. As for the 6023.0 keV level, a spin value 23/2 is
suggested, since the ADO ratio of the 308.6 keV transition has
been extracted to be 0.51. The parity of this level is deduced
to be positive based on the observation that the 730.2 keV
decay of the 6753.2 keV level prefers to have an E2 rather
than M2 character. Accordingly, a spin-parity value of 23/2%
is suggested for the 6023.0 keV level. The spin-parity value of
the 8845.9 keV level was proposed to be 37/27 in Ref. [21].
However, the multipolarities of the 748.0 and 661.9 keV
transitions are assigned to be AI = 1 dipole in terms of their
measured ADO ratios, and a magnetic character for these two
transitions is tentatively proposed. Therefore, the 8097.9 and
8845.9 keV levels are suggested to have spin-parities of 33/2%
and 35/27, respectively. The 531.0, 700.0, and 807.0 keV
transitions, reported in Ref. [21], have also been observed
in our experiment. However, intensities and ADO ratios for
these three transitions could not be obtained due to poor data
statistics. As a consequence, they are tentatively placed in the
order shown in Fig. 1.

The negative-parity states in group B have been reported
in Refs. [19,20]. Transitions below the ™ = 17/27 (Eexp =
2034.0 keV) state, which is an isomer with a half-life of
Tij» = 3.76 £0.12us [24], are invisible in the gated spectra
Figs. 2-5. The I™ = 1/27(Eep = 104.8 keV) state is also
an isomer with a half-life 77, = 60.86 & 0.22 days [24].
Therefore, spin-parity values of most states in this group are
adopted from Ref. [19]. A spin-parity value of 15/2~ was
made for the 2660.1 keV state in Ref. [20], and we make
the same assignment here, since the multipolarities of the
449.5 and 626.1 keV transitions are tentatively assigned as
E'1 and M1 types, respectively, based on their measured ADO
ratios. With regard to the 4096.0 keV level, a spin-parity value
of (19/27) and a single spin value of 19/2 were assigned
by Brown et al. [19] and Fields et al. [20], respectively.
However, Fields ef al. were inclined to assign a positive
parity for the 4096.0 keV level on the basis of the mixing
ratio of the 254.1 keV transition [20]. The measured ADO
ratios for the 2062.0 and 254.1 keV transitions have been
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extracted to be 1.02 and 1.01, respectively, which are both
consistent with the values expected for the A/ = 1 transitions.
Assuming that the M 1 assignment of the 2062.0 keV decay of
the 4096.0 keV level in the previous works [19,21] is correct,
the 1927.0 keV (23/2%) —19/2(7)) transition would have
an M2 character, which would result in a long lifetime of
the 6023.0 keV level, and therefore this level would not be
observable in this work. Taking the above information into
account, we propose an electric character to the 2062.0 keV
transition, and the spin-parity value for the 4096.0 keV level is
suggested to be 19/27, which is consistent with the theoretical
prediction reported by Johnstone ef al. in Ref. [17] and the
shell-model calculations in present work, as shown in Sec. I'V.

As for transitions in groups C and D, the 796.7 and
185.5 keV transitions are newly observed. The measured
ADO ratios for transitions in the two groups are listed in
Table 1. Parities of the two groups were proposed to be
positive and negative, respectively, in Ref. [21]. We also hold
with these parity assignments for the two groups in view of
the level structure systematics and the following theoretical
considerations. ADO ratios for the 1717.0 and 903.6 keV
transitions in group C are extracted to be 0.91 and 0.72,
respectively, which indicate that they are characteristic of
AI =1 transitions. Thus, the 5182.9 and 6086.5 keV levels
are suggested to have spin-parity values of 23/2% and 25/2",
respectively, which are supported by the 817.4 keV transition
with an M1 character decaying from the 6086.5 keV level to
feed the 5269.1 keV state. Additionally, the measured ADO
ratio for the 2076.2 keV transition has been extracted to be
1.33, and the multipolarity of the 2076.2 keV transition is
proposed as a Al = 0 dipole with an electric nature. Thus,
the spin-parity value for the 5542.1 keV level is assigned
to be (21/27). ADO ratios extracted for the 729.9, 645.2,
and 796.7 keV transitions are all consistent with the values
expected for the M1 transitions, and therefore spins and
parities for the 6272.0, 6917.2, and 7713.9 keV levels are
proposed to be 23/27, 25/27, and 27/27, respectively. With
respect to the 185.5 keV linking transition, it has been deduced
to be an E1 transition, which corresponds to its ADO ratio
of 0.96.

Transitions in group E are also newly observed in this work.
A negative parity is tentatively assigned to this group. On the
basis of the coincidence relationships, as well as the ADO
ratios of the involved transitions, the spin-parity values for
levels in this group are proposed, as shown in Fig. 1. The
2490.8 keV transition, placed upon the 3465.9 keV level in
parallel with the 2076.2 keV transition, is suggested to be
A = 0dipole with an electric character based on its measured
ADO ratio of 1.38, and therefore the spin-parity value of the
5956.7 keV level is assigned to be (21/27). Similarly, the
453.0 keV transition is proposed to be M 1 in character due to
its measured ADO ratio of 0.58, which suggests a spin-parity
assignment 23 /2~ for the 6409.7 keV level.

With respect to the transitions in groups F and G, we are
inclined to propose a negative parity for the two groups. As
for the 6260.1 keV level in group F, the ADO ratio for the
718.0 keV transition has been extracted to be 0.92, which
indicates that the multipolarity of the 718.0 keV transition
is of the M1 type. As a result, the spin-parity value of the
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6260.1 keV level is tentatively assigned to be 23/27. We also
suggest that the 837.5 keV transition has an M1 character
based on the theoretical prediction shown in Table IV, and thus
a spin-parity value of 25/27 is proposed for the 7097.6 keV
level. On account of the poor data statistics in group G, the
ADO ratios of transitions in this group have not been extracted.
Since the 2562.0 keV decay of the 6027.9 keV level has been
suggested the same multipolarity as that of the 2490.8 keV
transition, the spin-parity value for the 6027.9 keV level is
tentatively assigned to be 21/27. The 186.0 and 232.2 keV
transitions in cascade are both newly observed in this work.
However, information on their intensities and multipolarities is
unavailable due to the poor data statistics. They are tentatively
placed upon the 6027.9 keV level shown in Fig. 1, and spin-
parity values of 23/2~ and 25/2~ are suggested for the 6213.9
and 6446.1 keV levels, respectively.

IV. SHELL-MODEL CALCULATIONS AND DISCUSSION

A. Shell-model calculations

The °!Nb isotones ¥Y [13], %Mo [15-17], *Tc [16-
18], **Ru [10,16-18], and ’Rh [16—18] have been studied
systematically in experiment and theory within the shell-model
framework. These studies show that promoting protons from
(fs/2, P3/2, P1,2) orbits into the gg, orbit is enough to generate
the angular momenta for low-lying states; however, in order
to appropriately describe the higher-angular-momentum states
observed in our experiment, the excitation of a neutron across
the N = 50 shell closure is necessary.

In order to interpret the present experimental results,
shell-model calculations for °'Nb have been performed. The
calculations were carried out in the GWB model space with
the residual interaction GWBXG, using the code OXBASH [25].
The GWB model space consists of four proton orbits 7 ( f5,2,
P3/25 P172- 89/2) and six neutron orbits v(pi/2, g9/2, £7/2, ds2,
d3 2, 51/2) relative to an inert 56N core. The GWBXG residual
interaction combined effective interactions from the bare G
matrix of H7B potential [26] with empirically adjusted two-
body matrix elements (TBMESs) and single-particle energies
(SPEs), since an empirical Hamiltonian for this model space
was unavailable. The 974 original TBMEs for this model space
were originally taken from the bare G-matrix calculations of
Hosaka et al. [26]. A number of these calculated TBMESs were
then replaced by empirically or experimentally determined
values where available. The TBMEs for the 7 (f5/2, p3/,
D12, 89/2) orbits were replaced with the effective values of
Ji and Wildenthal [27]. The TBMEs connecting the 7 (py2,
go,2) orbits and the v(ds,2, s1/2) were replaced by those from
the work of Gloeckner [28], and those between the 7 (p; 2,
89,2) orbits and the v(pi/2, g9/2) orbits were replaced with
those of Serduke er al. [29]. In our calculations for °'Nb,
the SPEs (in MeV) corresponding to the model space were
set as efm =-5322,7 = —6.144,7 = -3941,¢7 =

s D32 P12 > T892
—1.250, e}jl/z = —0.696, €g,, = —2.597, €, = +5.159,
€4, = T1.830,¢; = +4.261, and €] = +1.741. Accord-
ing to the report in Ref. [4], since the proton-proton interactions
for the 7T(f5/2, P32, P12, g9/2) orbits were empirically

determined by Ji and Wildenthal to describe those nuclei
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TABLEII. Truncation was employed by selecting out the dominant configurations to be taken into
consideration during our calculations. Each partition is of the form: P = = [p(1), p(2),p(3),p(4)] ®
v[n(1),n(2),n(3),n(4),n(5),n(6)], where p(i) represents the number of valence protons occupying
the f5,5, p3j2. P12, and gop orbits, and n(j) represents the number of valence neutrons in the p,,,
89725 81/2, dsy2, d3 2, and sy, orbits, respectively. p(3) and p(4) are limited, where 0 < p(3) < 2 and

1 < p(4) < 5, respectively.

Configurations

Sum of valence protons: 13

Sum of valence neutrons: 12
v(pi2, 8o2r 812, dsps i, S12)

w( fs;2o P32s Pi2s 892) ®
7(6, 4, p@B3), p@) ®
(6, 3, p@3), p@) ®
(6, 2, p@3), p@) ®
7(5, 4, p@3), p&) ®
7(5 3, p@B3)., p@) ®
(5, 2, p@®3), p@) ®
(4, 4, p@3), p@) ®
(4, 3, p@3), p@) ®
(4, 2, p@3), p@) ®
(6, 4, p3), p@) ®
(6, 3, p®3, p@) ®
7(6, 2, p@B3)., p@) ®
7(5 4, p@B3)., p@) ®
(5, 3, p@3), p@) ®
(5, 2, p@3), p@) ®
(4, 4, p@3), p@) ®
(4, 3, 2, 4) ®

w(2, 10, 0, 0, 0 0
w(2, 10, 0, 0, 0 0
v(2, 10, 0, 0,0 0
v(2, 10, 0, 0, 0 0
v(2, 10, 0, 0, 0 0
v(2, 10, 0, 0, 0, 0
v(2, 10, 0, 0, 0, 0
w(2, 10, 0, 0, 0, 0
w(2, 10, 0, 0, 0 0
w2, 9, 0 1, 0, 0
w2, 9, 0 I, 0, 0
w2, 9, 0 1, 0, 0
w2, 9 0 1, 0, 0
w2, 9, 0 1, 0, 0
w2, 9, 0 1, 0, 0
w2, 9, 0 1, 0, 0
w2, 9, 0 1, 0, 0

with Z = 32-46 and N = 50 [27], the SPEs of proton orbits
were renormalized by taking into consideration the additional
proton-neutron interaction between the 7 (fs;2, p3j2, P12,
g9/2) and v(p1/2, go/2) orbits, including which the calculations
still reproduced the results of Ji and Wildenthal. With respect
to the v(g7/2, ds;2, d3)2, S1/2) orbits, the SPEs were set so as
to have a good description of the low-energy spectra in nuclei
with N = 51 in the A ~ 90 mass region, e.g., >*Mo, °'Zr, and
89Sr.

In consideration of the computational difficulties, trunca-
tions were employed in our calculation based on the analogous
scheme introduced in Ref. [16]. In this truncation scheme, only
the dominant configurations for a particular state are taken
into consideration, and the results thus obtained differ slightly
from the those that would be produced in an unrestricted model
space. In order to select out the dominant configurations for
a particular state for N = 50 isotones in the A ~ 90 mass
region, the mechanisms for the generation of the observed
states should be clarified. On the one hand, for the low-lying
states, the valence protons are allowed to move freely among
the 7 (fs5,2, p3s2, P12, 89/2) orbits, viz., the valence protons
are redistributed in the fpg subspace. Simultaneously, the
neutron shells v(py,2, g9/2) are kept filled completely. On the
other hand, the higher-angular-momentum states are expected
to be dominated by the N = 50 inert core excitation, namely,
a single vgg,> neutron across the N = 50 shell closure into the
vds, orbit of the next major oscillator shell, which has been
observed in %Mo [15-17], %3*Tc [16-18], and in other studies.
The configurations of these higher-angular-momentum states
are dominated by a neutron particle-hole excitation v( g;/lzds 2)

coupled to the valence proton states in fpg subspace. Two
configuration spaces, SM-I and SM-II mentioned in Sec. I,
were employed in our calculations in consideration of the
two mechanisms mentioned above. For the SM-I configuration
space, the valence protons were allowed to move freely among
the fs/2, p3j2, P12, and gos» orbits, while the p;/» and g9)»
neutron orbits were kept full, viz., only the proton excitations
were taken into consideration. For the SM-II configuration
space, the influence of v(gg_/]zd5 ,2) was included, and only the

14000 ~ .
| 134142 35/2 o+
12000 | +
114076 3312}
L 10870.4_____ 312
10000 | .
9190.6 29/2
- I — ", 88459 35/2(*) 88447 3527
2 oo |- 23135 22 gogre __s3nl}) 208 ot
X 7491.0 23127 74360 aly) e Saat
N T v e 1 B S b TIPH
6000 80330 BAY  oomrs o
L + ; 5942.8 2312
| 54615 202" 52601 230") 51675 932"
43125 212% 43501 2120 42206 *
4000 |- 4036.2 19/2%  4096.0 19/2}:; 4035 3—f;;§+
3498.9 2172} 3465.9 2112 31945 212%
L 3199.2 172" 3109.6 1712} 2839.4 1712¢
2239.7 13127 2290.4 13/2 :
2000 |- 1745.5 13/2%
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FIG. 6. Comparison of experimental and calculated energy levels
of positive-parity yrast states in °’Nb within SM-I and SM-II
configuration spaces.
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TABLE III. Main partitions of wave functions for °'Nb within
the SM-I configuration space. The wave function for a particular
angular momentum state would be composed of several partitions.
Each partition is of the form P = w[p(1),p(2),p(3),p(4)], where
p(i) represents the number of valence protons occupying the f,,
P32, P12, and g, orbits. No neutrons were allowed to be excited to
the ds», g7/2, d32, and sy > orbits in these calculations.

I Eep E.a Wave function Seniority Partitions
(h) (keV) (keV) bid v %
9/2% 0.0 0.0 7(6,4,2,1) 1 56.1
7(6,4,0,3) 1 19.5
7(6,2,2,3) 1 14.7
13/2% 22904  2239.7 7(6,4,0,3) 1 51.4
7(4,4,2,3) 1 17.2
7(5,4,1,3) 3 11.7
17/2%  3109.6 3199.2  7(6,4,0,3) 1 60.5
m(4,4,2,3) 1 13.4
19/2%)  4096.0 40362  m(5,4,1,3) 3 44.1
7(6,3,1,3) 3 414
21/2% 34659 34989 7(6,4,0,3) 1 67.3
7(4,4,2,3) 1 10.9
21/2%9  4350.1 43125 7(5,4,1,3) 3 82.8
7(5,3,2,3) 3 11.6
23/29 51829 48342  7(5,4,1,3) 3 81.0
7(5,3,2,3) 3 13.9
23/2%4 5269.1  5461.5 7(5,4,1,3) 3 59.3
7(5,3,2,3) 3 28.0
23/2%9  6023.0 7491.0 7(5,3,2,3) 3 81.8
25/2%4)  6086.5 59414  7(6,3,1,3) 3 66.6
7(4,4,2,3) 1 11.0
7(6,2,2,3) 1 11.0
25/2% 6331.6  7329.3 7(4,4,0,5) 1 47.8
7(4,4,2,3) 1 27.0
27/2%) 67532  8313.5 7(5,3,0,5) 3 32.0
7(4,4,0,5) 1 30.7
7(4,4,2,3) 1 13.7
29/29 69385 9190.6  7(5,3,0,5) 3 38.5
7(4,4,2,3) 1 27.0
7(5,2,1,5) 3 14.3
7(5,3,2,3) 3 13.8
7(4,4,2,3) 1 13.8
w(4,3,1,5) 3 13.3
31/2%  7436.0 108704  7(4,3,1,5) 3 64.3
7(5,2,1,5) 3 20.6
33/2%9 8097.9 11407.6 m(4,3,1,5) 3 63.7
7(4,2,2,5) 1 13.6
7(5,3,0,5) 3 10.7
35/29 88459 134142 7(4,3,1,5) 3 36.1
7(3,4,1,5) 3 25.5
7(4,2,2,5) 1 22.3
172~ 104.8 202.0 7(6,4,1,2) 1 83.6
7(6,2,1,4) 1 12.9
5/2 1186.8 10744  7(6,4,1,2) 1 53.9
7(5,4,2,2) 1 20.8
9/2~ 1790.3  1849.5 7(6,4,1,2) 1 75.8
11/2= 24134 2187.6  7(6,4,1,2) 1 58.5
7(6,3,2,2) 1 26.5
13/2= 19839 1962.9 7(6,4,1,2) 1 73.3
7(6,3,2,2) 1 13.8

PHYSICAL REVIEW C 89, 034318 (2014)

TABLE Ill. (Continued.)

I Eeyp E.q Wave function Seniority Partitions
(h) (keV) (keV) b1 v %0
15/2~ 2660.1 2445.0 7(6,4,1,2) 1 73.6
7(6,3,2,2) 1 14.6
17/2~ 2034.0 2015.7 7(6,4,1,2) 1 81.5
(21/27) 5542.1 5483.0 (4,4,1,4) 1 25.4
7(5,4,0,4) 1 22.6
7(6,3,0,4) 1 15.0
7(5,3,1,4) 3 10.5
(21/27) 5956.7 6649.0 w(5,3,1,4) 3 50.4
m(4,4,1,4) 1 17.9
(21/27) 6027.9 6740.7 w(5,3,1,4) 3 61.5
w(4,4,1,4) 1 14.9
(23/27) 6260.1 7187.4 7(5,3,1,4) 3 59.6
(4,4,1,4) 1 10.1
(23/27) 6272.0 7378.3 7(5,3,1,4) 3 41.8
m(4,4,1,4) 1 35.1
(23/27) 6409.7 7651.2 w(5,3,1,4) 3 34.7
w(4,4,1,4) 1 27.9
(25/27) 6917.2 8258.7 7(5,3,1,4) 3 44.0
7(4,4,1,4) 1 152
7(6,2,1,4) 1 13.8
(25/27) 7097.6 7945.4 7(5,3,1,4) 3 58.8
(27/27) 7713.9 8660.7 w(5,3,1,4) 3 61.0
7(4,3,2,4) 1 11.9
7(5,2,2,4) 1 10.7
7(4,4,1,4) 1 10.0

configurations shown in Table II were taken into account in our
calculations. The calculated results using these configurations
will be discussed in the subsequent section.

B. Discussion

In the present study, the high-spin level structure of °'Nb
has been extended and modified compared with that in
Refs. [19-21]. The yrast energy levels in °' Nb were studied by
Johnstone and Skouras in the shell-model framework allowing
N = 50 particle-hole excitations [17]. However, °' Nb was not
discussed explicitly in Ref. [17] due to the lack of experimental
data. Here, we discuss in detail the level structure of *'Nb in the
framework of the shell model, based on our new experimental
data. The calculated results for positive-parity yrast states in
group A within the SM-I and SM-II configuration spaces,
as well as the corresponding experimental observations, are
shown in Fig. 6. The detailed calculation results are presented
in Tables IIT and I'V.

For the positive-parity yrast states in group A, states below
1™ =23/29(E, = 6023.0keV) are dominated by the proton
states within the 77 ( f5,2, P32, P1/2, 8¢/2) orbits. The excitation
states predicted by these theoretical calculations within the
SM-I and SM-II configuration spaces are both in reasonable
agreement with those observed in our experiment, with the
SM-I predictions being somewhat better that the SM-II. Brown
et al. [19] and Fields et al. [20] predicted that the low-lying
states I™ = 13/2%, 17/2%, and 21/27(Eexp = 3465.9 keV)
should be dominated by the 7 ( pl_/22 gg /») configuration, which
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TABLE IV. Main partitions of wave functions for °’Nb within the SM-II configuration space. The wave function for a particular angular
momentum state would be composed of several partitions. Each partition is of the form P = w[p(1), p(2), p(3), p(4)] ® v[n(1),n(2),n(3)],
where p(i) represents the number of valence protons occupying the f5,2, p3/2, pi/2, and g/, orbits, and n(j) represents the number of valence
neutrons in the p,,, go¢/2, and ds;, orbits, respectively. No neutrons were allowed to be excited to the g;/», d3/», and sy, orbits in these
calculations.

I™ (h) Ep (keV) E.q (keV) Wave function 7 Seniority v Partitions (%)
9/2F 0.0 0.0 7(6,4,2,1) ® v(2,10,0) 1 41.2
7(6,4,0,3) ® v(2,10,0) 1 26.9
7(6,2,2,3) ® v(2,10,0) 1 13.0
13/2+ 2290.4 1745.5 7(6,4,0,3) ® v(2,10,0) 1 322
7(5,4,1,3) ® v(2,10,0) 3 25.2
7 (4,4,2,3) ® v(2,10,0) 1 149
17/2% 3109.6 2839.4 7(6,4,0,3) ® v(2,10,0) 1 50.1
7(4,4,2,3) ® v(2,10,0) 1 15.5
7(5,4,1,3) ® v(2,10,0) 3 10.7
19/24) 4096.0 4035.3 7(5,4,1,3) ® v(2,10,0) 3 51.1
7(6,3,1,3) ® v(2,10,0) 3 28.3
21/2* 3465.9 3194.5 7(6,4,0,3) ® v(2,10,0) 1 58.9
m(4,4,2,3) ® v(2,10,0) 1 12.3
21724 4350.1 4220.6 7(5,4,1,3) ® v(2,10,0) 3 79.0
23/2 5182.9 5167.5 7(5,4,1,3) ® v(2,10,0) 3 53.3
7(5,3,2,3) ® v(2,10,0) 3 19.5
23/2%) 5269.1 5544.0 7(5,4,1,3) ® v(2,10,0) 3 51.8
7(6,3,1,3) ® v(2,10,0) 3 23.9
7(5,3,2,3) ® v(2,10,0) 3 12.1
23/24) 6023.0 5942.8 7(5,4,1,3) ® v(2,9,1) 5 25.0
7(6,4,0,3) ® v(2,9,1) 3 21.9
7(4,4,2,3) ® v(2,9,1) 3 18.0
25/20) 6086.5 5838.8 7(6,3,1,3) ® v(2,10,0) 3 57.7
7(5,3,2,3) ® v(2,10,0) 3 12.3
25/20 6331.6 6336.6 7(6,4,0,3) ® v(2,9,1) 3 29.1
7(5,4,1,3) ® v(2,9,1) 5 27.2
m(4,4,2,3) ® v(2,9,1) 3 22.3
27/2%) 6753.2 7022.7 7(5,4,1,3) ® v(2,9,1) 5 343
7(6,4,0,3) ® v(2,9,1) 3 26.2
m(4,4,2,3) ® v(2,9,1) 3 16.1
29/2) 6938.5 7173.8 7(6,4,0,3) ® v(2,9,1) 3 449
7(4,4,2,3) ® v(2,9,1) 3 19.3
7(5,4,1,3) ® v(2,9,1) 5 12.7
31/249 7436.0 7741.0 7(6,4,0,3) ® v(2,9,1) 3 44.8
w(4,4,2,3) ® v(2,9,1) 3 17.4
7(5,4,1,3) ® v(2,9,1) 5 13.6
7(6,3,1,3) ® v(2,9,1) 5 10.5
33/2% 8097.9 8319.3 7(5,4,1,3) ® v(2,9,1) 5 76.3
7(5,3,2,3) ® v(2,9,1) 5 19.3
35/240 8845.9 8844.7 7(5,4,1,3) ® v(2,9,1) 5 80.0
7(5,3,2,3) ® v(2,9,1) 5 14.7
172~ 104.8 129.3 7(6,4,1,2) ® v(2,10,0) 1 79.5
7(6,2,1,4) ® v(2,10,0) 1 11.1
5/2~ 1186.8 962.8 7(6,4,1,2) ® v(2,10,0) 1 57.8
7(5,4,2,2) ® v(2,10,0) 1 19.1
9/2~ 1790.3 1774.4 7(6,4,1,2) ® v(2,10,0) 1 71.2
7(5,4,2,2) ® v(2,10,0) 1 10.4
11/2- 24134 2264.9 7(6,4,1,2) ® v(2,10,0) 1 62.2
7(6,3,2,2) ® v(2,10,0) 1 20.8
13/2~ 1983.9 1993.4 7(6,4,1,2) ® v(2,10,0) 1 71.5
15/2~ 2660.1 2435.5 7(6,4,1,2) ® v(2,10,0) 1 70.5
7(6,3,2,2) ® v(2,10,0) 1 13.9
17/2~ 2034.0 2030.6 7(6,4,1,2) ® v(2,10,0) 1 79.1
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TABLE 1V. (Continued.)

PHYSICAL REVIEW C 89, 034318 (2014)

I™ (h) Ecyp (keV) E.q (keV) Wave function 7 Seniority v Partitions (%)
21/27) 5542.1 5524.7 7(5,4,0,4) ® v(2,10,0) 1 31.3
w(4,4,1,4) ® v(2,10,0) 1 16.1
7(6,3,0,4) ® v(2,10,0) 1 15.7
7(5,3,1,4) ® v(2,10,0) 3 13.1
21/27) 5956.7 6213.1 7(6,4,1,2) ® v(2,9,1) 3 62.5
7(5,4,2,2) ® v(2,9,1) 3 16.1
7(6,3,2,2) ® v(2,9,1) 3 10.8
21/27) 6027.9 6225.8 7(6,4,1,2) ® v(2,9,1) 3 63.1
7(6,3,2,2) ® v(2,9,1) 3 14.5
7(5,4,2,2) ® v(2,9,1) 3 12.4
23/27) 6260.1 6492.4 7(6,4,1,2) ® v(2,9,1) 3 73.0
7(5,4,2,2) ® v(2,9,1) 3 13.1
23/27) 6272.0 6208.5 7(6,4,1,2) ® v(2,9,1) 3 69.2
7(6,3,2,2) ® v(2,9,1) 3 19.8
(23/27) 6409.7 6612.8 7(6,4,1,2) ® v(2,9,1) 3 59.7
7(5,4,2,2) ® v(2,9,1) 3 20.6
(25/27) 7097.6 6891.8 7(5,4,2,2) ® v(2,9,1) 3 44 4
7(6,4,1,2) ® v(2,9,1) 3 30.8
25/27) 6917.2 7262.6 7(6,4,1,2) ® v(2,9,1) 3 59.7
7(6,3,2,2) ® v(2,9,1) 3 14.4
7(5,4,2,2) ® v(2,9,1) 3 13.7
27/27) 7713.9 7812.2 7(6,4,1,2) ® v(2,9,1) 3 38.4
7(5,4,2,2) ® v(2,9,1) 3 24.6
7(5,4,0,4) ® v(2,9,1) 3 14.6

is consistent with the theoretical predictions in our calcula-
tions. The low-lying states can also be well described by weak
coupling between a gg,, valence proton and the Zgzr core [21].
The I™ = 19/2M)(Eexp = 4096.0keV), I™ = 21 /2 (Eeyp =
4350.1 keV), and I™ = 23/2)(Eqy, = 5269.1 keV) states,
reproduced within the SM-I and SM-II configuration spaces
with deviations of less than 300.0 keV, are found to be
dominated by the 7 ( fs?% pf/lzgg /2) configuration. However,

for the states above I™ = 23/2(+)(Eexp = 5269.1 keV), the
predicted values for the excitation energies calculated within
the two different configuration spaces (SM-I and SM-II)
diverge markedly. As the calculated results show in Fig. 6
(see Tables III and IV for details), the level energies of these
states can be reproduced well within the SM-II configuration
space; the maximum deviation between the experimental
observation and the theoretical prediction above the [™ =
23/2M)(Eexp = 5269.1 keV) state is just 305.0 keV for the
I™ =31/2%)(Eq, = 7436.0 keV) state, whereas using the
SM-I configuration space leads to a discrepancy of more than
1.0 MeV. Furthermore, the discrepancy increases as the angular
momentum increases, in general.

It is well known that the phenomenon of the breaking of
the N = 50 core is universal in the °'Nb isotones, as has been
mentioned in Sec. I. Generally, the excitation of a neutron in the
go,2 orbit across the N = 50 shell gap into the ds/, orbit is of
great significance in describing the higher-angular-momentum
states of these semi-magic nuclei. With respect to the nucleus
9INb, the same phenomenon should also be observed in
its higher-angular-momentum states. As shown in Table IV,
the positive-parity yrast states above I™ = 23/2M(E, =

5269.1 keV) are dominated by the particle-hole excitation of
the N =50 inert neutron core, viz., a neutron in the go/
orbit crossing the N = 50 major shell gap coupled to the
valence protons states in the fpg subspace. The breaking
of the N =50 neutron core is indicated by the presence
of 1981.5 and 1927.0 keV transitions decaying from the
1™ =25/20)(Eqy, = 6331.6 keV) and 1™ = 23/2(Eey, =
6023.0 keV) states to the I™ = 21 /2 (E, = 4350.1 keV)
and I™ = 19/2(Eq, = 4096.0 keV) states, respectively.
States in the range 23/2(+)(Eexp =6023.0keV) < I™ £
31/2M)(Eep = 7436.0 keV) have significant contributions

from a neutron particle-hole excitation v(gg/lzdS/z) coupled
to the five-quasiparticle proton states in the fpg subspace, as
shown in Table IV. States 1™ = 33/ 2(+)(Eexp = 8097.9 keV)
and ™ = 35/2(Ee, = 8845.9 keV) are dominated by
the m( f;/; pf/lz 2 ) ® v(g;/12d5 /2) configuration based on the
shell-model predictions. In addition, we find that a cascade
depopulates the I™ = 35/2P(Ey, = 8845.9 keV) state via
several fast M1 transitions including the 748.0, 661.9, and
497.5 keV lines, which is in accord with the properties of the
level structures of the N = 50 particle-hole excitation in the
A ~ 90 mass region, since the participation of a gg,» proton
particle and a go» neutron hole often leads to the enhancement
of the magnetic moments [30].

In general, the extent of the deviation between an ex-
perimental observation and the corresponding theoretical
prediction depends on the contribution of the neglected
configurations to the wave function of the state. Omission of a
dominant configuration would result in the predicted excitation
energy being considerably higher than the experimental
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FIG. 7. Comparison of experimental and calculated energy levels
of negative-parity non-yrast states in groups B and D of °'Nb within
SM-I and SM-II configuration spaces.

one [16]. Thus the reason for the considerable disagreements
between the experimental observations and the theoretical
predictions for states above I™ = 23/2)(Ecy, = 5269.1keV)
within the SM-I configuration space is probably that the
SM-I configuration space, which excludes the particle-hole
excitation of N = 50 core, is not large enough to accurately
describe all the observed states of ' Nb.

For the negative-parity non-yrast states in groups B and
D, the experimental excitation energies and theoretical predic-
tions are compared in Fig. 7, and a detailed comparison is given
in Tables III and IV. On the one hand, the states below /™ =
(23/27)(Eexp = 6272.0 keV) are dominated by the excitation
of protons from (f5,2, p3/2, P12) orbits to the gg/, orbit in the
fpg subspace. According to the theoretical predictions, states
from I™ = 1/27 at 104.8 keV to I™ = 17/27 at 2034.0 keV
have the dominant configuration of rr(pl_/]zgg/z), which is
consistent with that reported in Ref. [19,20]. For the I™ =
(21/27)(Eexp = 5542.1 keV) state, the agreement between
the theory and the experiment is also quite good in both
configuration spaces. In terms of the theoretical prediction, the
configurations of the /™ = (21/27)(Eeyp = 5542.1 keV) state
are also suggested to be dominated by the excitation of protons
from (f5,2, p3/2,p1/2) orbits into the gg,» orbit. On the other
hand, the dominant predicted configurations for states above
I = (21/27)(Eexp = 5542.1 keV) differ greatly depending
on which of the SM-I or the SM-II configuration spaces is used.
The theoretical predictions within the SM-II configuration
space are in good agreement with the experimental results,
while the results using the SM-I configuration space are in

PHYSICAL REVIEW C 89, 034318 (2014)

strong disagreement with experiment, with discrepancies as
large as 1.0 MeV. The probable reason is that the contributions
from particle-hole excitation in the N = 50 inert core have
not been taken into consideration, as mentioned earlier. The
theoretical predictions within the SM-II configuration space,
shown in Table IV, confirm this suspicion: according to
the SM-II results, the configurations of states above ™ =
(21/27)(Eexp = 5542.1 keV) are dominated by configurations
involving v(g9_/12d5 /2) core excitation.

For the positive-parity non-yrast states in group C, the
I™ = 23/20)(Eey, = 51829 keV) and I™ = 25/2(Eey, =
6086.5 keV) states are both dominated by the redistribution of
the valence protons in the fpg subspace. The assignments are
consistent with those reported in Ref. [21].

As for the states in groups E, F, and G, they also have great
contributions from the particle-hole excitation of the N = 50
inert core, which is indicated by the presence of transitions
with high energy—about 2.5 MeV—depopulating the states
with excitation energy ~6.0 MeV.

V. SUMMARY

The high-spin states of °'Nb have been investigated via the
825e(14N,5n)°'Nb reaction at a beam energy of 60 MeV. The
level scheme of °'Nb has been modified and extended. About
fourteen new y rays and seven new levels have been added to
the scheme of *'Nb.

Large-basis shell model calculations have been performed
to interpret the experimental level scheme of °'Nb. The
states below I = (21/2-23/2)h with excitation energy below
~5.6 MeV can be well described by the redistribution of
valence protons in fpg subspace. However, the properties of
positive- and negative-parity states above I = (21/2-23/2)h
with excitation energies above ~6.0 MeV can be attributed
to the neutron-particle-hole excitation of the N = 50 inert
core—specifically, the excitation of a single gg,» neutron
across the N = 50 shell closure into the ds/, orbits coupled to
the valence proton states in the fpg valence space.
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