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Abstract: Excited states in the odd-4 nucleus ''Ga have been studied via the 7OZn(7Li, aZn)ﬂGa fusion-evapora-
tion reaction with incident beam energies of 30 and 35 MeV. The level scheme is established up to spin I = (29/2")

and an excitation energy ~ 6.6 MeV. A previously known sequence built on the 9/2" state is extended as a novel ro-

tational band originating from the v(gg /2) alignment. Furthermore, a negative-parity sequence is also reported. The

observed energy levels of "'Ga have been interpreted in the framework of the nuclear shell model (SM).
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I. INTRODUCTION

The odd-4 Ga nuclei, which have three protons above
the Z = 28 shell closure, are expected to be highly com-
plex because they include a broken proton pair among
their collectivity [1]. The systematics of the ground-state
spin and nuclear moments (the magnetic and electrical
quadrupole) for 7'-31Ga, using collinear laser spectro-
scopy measurement, exhibit an abrupt structural change
between N =40 and N = 50 [2]. The ground states in the
odd-4 Ga isotopes have been verified to be 3/2~, except
in 73Ga42 and 81Gaso, whose ground states were detemined
to be 1/2~ and 5/2-, respectively [3, 4]. For the negative-
parity states in the Ga isotopes, the 3/2~and 5/2~ ground
states can be interpreted by the unpaired proton occupy-
ing a subshell that emerges from the p3,» and f5,, orbits,
respectively. Other low-lying negative-parity states can
be simply interpreted as the coupling of one of these con-
figurations to the positive-parity states of the correspond-
ing even-even cores. In addition, the 9/2 levels are
marked as the band head of the positive-parity cascade in
the Ga nuclei, originating from the unpaired proton oc-

cupying the gg,» orbit. The positive-parity decoupled ro-
tational bands in 9365679 Ga [5-8], odd-4 As [9, 10], and
Br [11-14] isotopes have also been identified as particles
in the go/» proton subshell, decoupling from the core un-
der the influence of the Coriolis force. Therefore, when
exciting Ga nuclei to higher energies, the breakup of
neutron pairs in the gg/» orbit must be considered.

The low-lying levels of "'Ga have been investigated
previously via Coulomb excitation [15], neutron-inelastic
scattering [16], proton stripping [17], and radioactive de-
cay [18, 19]. Information regarding the nuclear proper-
ties of the higher-spin states can be acquired from a deep-
inelastic reaction [1]. Several theories have been adopted
to identify the low-spin states of "'Ga, such as the Coriol-
is coupling [1], large scale shell [20], and projected shell
models [21]. This work aims to extend the available in-
formation on excited states in /' Ga and interpret the obtai-
ned experimental data via the shell model (SM) calcula-
tions, especially the recently observed negative-parity
sideband. In this study, the deduced band structures and
single-particle states were analyzed using the large scale
SM.
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II. EXPERIMENTAL DETAILS AND RESULTS

The experiment was performed with a "Li beam at the
HI-13 tandem accelerator of the China Institute of Atom-
ic Energy (CIAE) at Beijing, with beam energies of 30
and 35 MeV. The high-spin states of the "'Ga were popu-
lated via the 70Zn(7Li, a2n)71Ga fusion-evaporation reac-
tion. In the first exgeriment with 30 MeV beam energy,
2.15 mg/cm’thick °Zn constituted the backing on the
0.93 mg/cm? Au. In the second experiment, 3.48 mg/cm?
thick "'Zn was evaporated on a 15.75 mg/cm? Pb back-
ing. Twelve Compton-suppressed high-purity Ge (HPGe)
spectrometers and two planar HPGe detectors were used
to detect the de-exciting y rays of residues. The energy
and efficiency calibrations of the detectors were achieved
using "’Eu and '"’Ba standard radioactive sources at the
target position. A total of approximately 2.0 x 108 coin-
cident events were obtained, from which a symmetric
v—v matrix was built. The level-scheme analysis was
performed using the RADWARE program. To obtain in-
formation on the y-rays' multipolarity, two asymmetric
matrices were created by sorting the data with the detect-
ors at all angles on one axis and the detectors at ~ 140° or
~90° on the other axis, respectively. From these two
asymmetric matrices, the angular distribution orientation
(ADO) ratios [22] were extracted to determine the multi-
polarity of the y transitions. The common ADO ratio in
the obtained geometry was determined to be ~1.1 and
~0.5 for stretched quadrupole and pure dipole transitions,
respectively.

A. Level scheme of "'Ga

The level scheme of "'Ga has been extended up to ex-
citation energies of 4028.2 and 4165.1 keV for the posit-
ive- and negative-parity states, respectively, via the deep-
inelastic reaction previously presented in [1]. In this
study, approximately 14 and 9 novel y rays and levels
were respectively built on a previously proposed level
scheme. The properties of vy transitions are presented in
Table 1. The novel level scheme of "'Ga established from
this experiment is presented in Fig. 1. Figures 2, 3, and 4
illustrate the typical coincidence spectra for "Ga.

B. Positive-parity band (a)

A sequence of the positive-parity cascade is presen-
ted in Ref. [1], on top of the 9/2" level. The highest en-
ergy state is extended up to 4028.2 keV with a tentative
spin assignment (21/2"). In the analysis of this study, co-
incidence gates positioned at 386.8- and 859.0 keV ex-
hibited clear peaks at 1199.7 and 1345.5 keV, respect-
ively (see Figs. 2(a) and 2(b)). These two y-rays, which
were de-excited from the 5227.9 and 6573.4 keV states in
the level scheme, were positioned as illustrated in Fig. 1.
Furthermore, in the bottom panel of Fig. 2, the gating
spectrum of the 1199.7 keV transition presents the vari-

Table 1.
ive y-ray intensities (I,), ADO ratios, and spin-parity assign-
ments of the initial (/) and final (/7) states in 7' Ga.

Excitation energies (Ey ), y-ray energies (E, ), relat-

Ei/keV  E,/keV Iy RADO -1
390.5 390.5 4.3(5) 0.52(16) 1/27 -3/2"
4875 4875 100(5) 0.63(4) 1/2= - 3/2°
511.5 121.0 2.9(16)  0.79(24) 3/27 > 1/2°

511.5 33.1(48)  0.86(10) 3/2- —>3/2"
964.1 452.6 3.3(14) 1.159) 7/20) - 3/2"
964.1 13.2(3) 1.22(15) 7/20) - 3/2"
1107.5 143.4 3.8(31) 1.26(31) 7/27 > 7/20)
596.0 31.7(65) 1.13(7) 7/2- = 3/2"
620.0 63.9(80)  0.80(20) 7/27 —5/2"

1494.3 386.8 81.2(2) 0.59(6) 9/2t - 7/2°
1497.5 1010.0 23.9(3) 1.24(9) 9/27 —5/2"
1941.0 976.9 6.0(35) 0.95(13) 11729 - 7/20)
2069.5 962.0 11.1(38)  1.11(10) 11/20) —»7/2-

572.0 3.7(31) 0.57(11) 11/20) - 9/2-

2083.1 588.8 39.1(86) 1.21(8) 13/2+ - 9/2+

2683.1 613.6 1.5(19) 0.67(14) 13/2~ - 11/20)
1185.6 11.7(9) 1.22(10) 13/2- - 9/2-

2942.1 859.0 19.0(70) 1.1509) 17/2% - 13/2*
3034.0 1093.0 3.2(24) 1.1322)  15/20) > 11720
31535 470.4 1.4(48)  0.70(32) 15/20) = 1372~

1070.4 14(14)  0.55(12) 15/20) — 13/2*

1084.0 5.6(75) 1.25(21) 15/20) - 11720
3694.6 541.1 1.111)  0.54(26) 17/2- - 15/20)

1011.5 6.9(22) 1.09(18) 17/2- - 13/2-

3839.1 1156.0 2.2(19) 1.26(32) 17/20) - 13/2-
3909.1 875.1 1.2(21) 1.05(33)  19/20) — 15/2)
4028.2 1086.1 5.6(22) 1.14(19) 21/24) - 17/2*
4165.1 166.0 <1 21/20) —19/20)

4705 3.6(26) 1.12(12) 21/20) > 17/2-

4199.5 1046.0 1.4(18) 0.96(24) 19/20) = 15/20)
4873.1 964.0 <1 (23/27) = 19/20)
5227.9 1199.7 2.5(32) 1L1127)  25/24) —21/24)
6573.4 1345.5 1.1(24) 1.03(32)  (29/2%) — 25/2)

a: Intensity is normalized to the 487.5 keV transition.

ous decay paths of the previously reported 17/2" state.
The measured ADO ratios (Rapo) for these transitions in-
dicate that they exhibit a Al = 2 nature, thus suggesting
I =25/2" and 29/2", respectively.

C. Negative-parity band (b)
The negative-parity band (b) has been established on
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Fig. 2. Gating spectra with cuts on (a) 386.8 keV, (b) 859.0
keV, and (c) 1199.7 keV transitions. New transitions are in-
dicated with asterisks. The peaks labeled as A1, A2, and A3 in
the spectra originate from the contaminations of PAs [91, "As
[10], and "Ge [23], respectively.

Fig. 3. Gating spectra with cuts on (a) 487.5 keV, (b) 470.5
keV, and (c) 1046.0 keV transitions, respectively. New trans-
itions are indicated with asterisks. The peaks labeled as Al,
A2, and A3 in the spectra originate from the contaminations
of "As [9], "*As [10], and *Ge [23], respectively.

top of the 9/2~ level. In the top and middle panels of Fig. level scheme, as illustrated in Fig. 1. In Ref. [1], the spins
3, the gating spectra of 487.5 (Fig. 3(a)), 470.5 (Fig.  and parity for the 7/27 state were proposegig by comparing
3(b)), and 1046.0 keV (Fig. 3(c)) y transitions exhibit them with a similar cascade in the lighter ~ Ga isotope. In
newly observed peaks at 572.0, 613.6, 470.4, 541.1,  this study, spins and parities of 9/27, 11/27, 13/27,
1084.0, and 1046.0 keV. Based on the intensity and 15/2=,17/27,19/27, and 21/2~ were determined from the

equality of energy, a pair cascade was arranged in the ADO analysis of the decaying levels by the 1010.0,
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962.0, 1185.6, 1084.0, 1011.5, and 1046.0 keV vy trans-
itions, respectively. The obtaned results of such analyses
for these transitions indicate an E2 character. The ob-
served inter-band transitions of 572.0, 613.6, 470.4, and
541.1 keV, together with the ADO ratios obtained from
the asymmetric matrix, verified the tentative spin and par-
ity objectives of the band (b).

D. Negative-parity sequence (c)

Figs. 4(a,b) illustrate the gating spectra of 964.1 and
452.6 keV y rays, respectively. where the three peaks at
976.9, 1093.0, and 875.1 keV are clearly presented. De-
pending on their relative intensities, these three trans-
itions were placed in the level scheme, as illustrated in
Fig. 1. Figs. 4(c,d) present the gating spectra of 976.9 and
1093.0 keV vy rays, respectively. A novel negative-parity
sequence (c) is established to /™ = (23/27), with another
four newly observed y-rays of 976.9-, 1093-, 875.1-, and
964 keV energies. The Rapo values of these transitions
indicate that these y-rays are Al =2 transitions. By com-
paring this sequence with the neighboring nuclei, in
which similar sequence assignments have been distin-
guished for 936367Ga [5, 6] and 7>7>Ga [1], the parity of
this sequence in this study is tentative as I* = 11/20,
15/2,19/2), and (23/27), respectively.

III. DISCUSSION

In this study, we focus on bands (a) and (b) and the
novel sequence (c), as presented Fig. 1. The low excita-
tion energy states of 3/2~, 5/2~, and 9/2" originate from
the promotion of the unpaired proton into the p3;, f52

Energy (keV)

Fig. 4. Gating spectra with cuts on (a) 964.1+962.0 keV, (b)
452.6 keV, (c) 976.9 keV, and (d) 1093.0 keV transitions, re-
spectively. New transitions are indicated with asterisks. The
peaks labeled as A1, A2, and A3 in the spectra originate from
the contaminations of ~As [9], "As [10], and "Ge [23], re-
spectively.

and gg/, orbits, respectively. In Ref. [1], the high-spin
states, which originate from the coupling of odd protons
to the yrast states of gEan (even-even cores), are con-
sidered. It is suggested that the 7/2-, 11/2—, 15/2~,
19/2-, and 23/2- states emerge from the np;3,®2F,
P32 ®4", P32 ®6%, 7rp3/2®8+, and p3n® 10* conﬁg—
urations, respectively. In addition, the 9/2~, 13/2~, 17/2,
and 21/2~ states originate from the wps; ®2*, ps;» ®47,
psp®6%, and nps,®8" configurations, respectively.
However, it has been suggested that the 1/2~ state stems
from the collective effects. To study the effect of proton
excitations across the Z = 28 gap, as well as the configur-
ation for all the observable states, the large scale SM cal-
culations with the f52pg9/2 and fpgo,» spaces were per-
formed via JUN4S5, jj44b, and fpg interactions. Recently,
SM results of "'Ga via the JUN45 interaction for gallium
anomaly were reported in Ref. [24].

The ground states in 7'-8! Ga isotopes were studied by
Cheal et al. [2] in the framework of nuclear shell models
with JUN45 and jj44b interactions, and they reported ab-
rupt structural changes between N = 40 and N =50. Re-
cently, Srivastava [20] performed large scale SM calcula-
tions for the low-spin structures of Ga isotopes. The pro-
jected SM results were reported by Verma eral. in Ref.
[21]. Their calculations emphasized the substantial signi-
ficance of the 7/, proton orbit in the model space for in-
vestigating the effect of protons excited across the Z = 28
subshell. However, the high-spin states for "'Ga have not
been comprehensively studied in previous studies, owing
to insufficient experimental data. As suggested in Ref.
[2], we have included the proton f;/, orbit in our model
space, while performing SM calculations in this study.

SM calculations with two different valence spaces for
"'Ga have been performed to elucidate the results ob-
tained from this study. In the first set, fs;2pgos» valence
space obtained via JUN45 and JJ44b interactions were
used to perform the SM calculations. As proposed in
Refs. [2, 20, 21], proton excitations across Z = 28, includ-
ing the proton f7,, orbit, may be important in the model
space. The second set of calculations was performed in
the fpgo,» valence space, comprising the 1f7,2, 2p3/2,
1f5/2, and 2p1/2 proton orbits and the 2p3/2, 1f5/2, 2])1/2,
and 1gg/» neutron orbits (with eight 1f;,, frozen neut-
rons). This interaction, called fpg, reported by Sorlin
et al. [25], was built using fp two-body matrix elements
(TBME) from Ref. [26], and the remaining TBME from
Ref. [27]. Calculations are possible if a truncation is un-
dertaken by allowing a maximum of three particle excita-
tions, as suggested in Ref. [20]. Here, Fig. 5 presents the
experimental and calculated results. The moments (mag-
netic and electric quadrupole moments) for these interac-
tions are also presented in Table 2, and the dominant
wave functions (where available for the JUN45 interac-
tion) of each state are provided in Tables 3 and 4 for all
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Fig. 5. (color online) Experimental and calculated levels in "'Ga using JUN4S5, jj44b, and fpg interactions.

Table 2. Calculated and experimental [2] magnetic (v) and
electric quadrupole moments (Q,) of 71Ga, theoretical predic-
tions are included for the moments of the lowest state with the
experimental nuclear spin.

3/27(g.s) exp JUN45 jj44b fpg
u/uN +2.562(2) +2.188 +2.203 +2.198
QOq/eb +0.106(3) +0.192 —0.244 +0.166

states, respectively.

Table 2 presents the moments calculated using
g™ = 0.7gf and electric quadrupole moments with ef-
fective charges €97 = 1.5¢ and e = 1.1e [28]. The theor-
etical predictions for the magnetic moments with JUN45,
jj44b, and fpg interactions (+2.188,+2.203, and +2.198 uN,
respectively) are approximately the experimental value
(+2.562(2) uN), as well as the effective single-particle
moment g (np3/2) = +2.96 uN; thus, the leading config-
uration of the wave function is formed by an odd number
of protons occupying the ps,, orbit. The sign of the quad-
rupole moment for "Ga predicted by fpg interaction is
correct. Corresponding to the fpg interaction, the aver-
age occupancy of f7,2, p3j2, f52, pij2 proton orbits are
7.90, 2.80, 0.152, and 0.147, respectively. This indicates
the importance of including the nf;/» orbit in the model
space. The theoretical moment value also proves that the
ground state of "'Ga has an(pg 1) configuration, which in
the case of ©7-8!Ga isotopes [2] is a hole configuration
n(pg/lz), exhibits a positive quadrupole moment; however,
in the case of a particle configuration of ﬂ(pé /2) , it exhib-
its a negative quadrupole moment. This suggests that the
g.s. wave function of "'Ga is dominated by the n(pg/lz) one-
quasiparticle proton configuration. In Table 3, the JUN45
interaction predicts a leading configuration ﬂ(pg 2)®
V(f§),P3),P1 ) for the g.s., with a probability of 29.2%.

In Fig. 5, these results indicate that the yrast se-

quence of levels includes 3/27, 5/2-, and 7/2~ , which
are connected with strong E2 transitions. The yrast se-
quences of I = 3/2~ and 7/2~ states indicate an origin
from the 7p3,®0" and np;3,, ®2" configurations by the
Coriolis coupling model, and they are determined to have
a npg ,» proton configuration in Table 3. However, the
second excited state for the yrast sequence of 3/27 (Eexp
=511.5 keV) exhibits a peculiar proton configuration that
has a n(f$,p3,) proton configuration. The specific
change in the proton orbit configuration for the promo-
tion of two nps,, valence protons into the nfs;, orbit are
significant for the formation of the second excited states.
Furthermore, the 5/2~ state emerges because of the
nps;» ®0* structure, while the 1/2 state has the 7p;,, ®0*
structure. In addition, they are inferred to be dominated
by the 7T(f51/2p§/2)®V(f54/2p‘3‘/2p%/283/2) and 7T(P§/2P}/2)®
W(f3,P3,P1285,) configurations, as summarized in
Table 3, respectively.

Similarly, the band (b) is built on 9/2~, for which the
SM calculations predict the energy levels reasonably
well. The predicted level energy of this state for the
JUN4S5 interaction is 165 keV, which is higher than the
experimental value, 81 keV lower than the jj44b one, and
closer to the fpg one, with a difference of only 65 keV.
The main configurations of I = 9/2~, 13/27, 17/2~, and
2172~ states are dominated by
(3,03 ®V(f5,P3,P1 85,) configurations via the cal-
culation of the JUN45 interaction. These sequences ap-
pear to emerge from the coupling of the fs;» proton with
the levels expected from a broken pair of gy, neutrons.
In contrast, the calculated signature splitting of 11/27,
15/2-, and 19/2~ for the band (b) cascade agrees well
with the experimental results, and has a mixed configura-
tion dominated by 7(f5/2p3/2)° configurations.

A novel sequence (c) is built on the 3/2~ state in the
experiment, with predicted states 7/2-, 11/2-, 15/2-,
19/27, and 23/27 at 1162, 2132, 2955, 3482, and 4387
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Table 3. Main partition of wave functions for the negative-
parity states of 7!Ga within the JUN45 interaction in the
fs;2pgos2 configuration space. The corresponding spins and
energies are also presented. Several partitions were included
in the wave function of a particular state. Each partition is in
the form P = x[p(1),p(2), p(3), p@1@Vvin(1),n(2),n(3),n(4)],
where p(i) and n(j) represent the number of valence protons
and valence neutrons occupying the fs;2, p3j2, pij2, and gop
orbits, respectively.

Table 4. Main partition of wave functions for positive-par-
ity states of "'Ga within the JUN45 interaction in the f52p89)2
configuration space.

I"(h) Eexp Eca Wave fuction 7 Partitions (%)

L:(h) Eexp Ecq Wave function 7 Partitions (%)

32~ 0 0 7(0,3,0,0)®v(6,4,2,0) 29.2%
7(0,3,0,0)®v(4,4,2,2) 13.5%
12~ 390.5 478 7(0,2,1,00®v(4,4,2,2) 7.9%
7(0,2,1,0)®1(6,4,2,0) 5.1%
512~ 4875 388 m(1,2,0,0)®v(4,4,2,2) 16.5%
7(1,2,0,0)®v(4,4,0,4) 9.1%
7(1,2,0,0)®1(6,4,2,0) 7.8%
32~ 511.5 881  m(2,1,0,00©v(4,4,0,4) 8.4%
7(2,1,0,0)®v(4,4,2,2) 5.5%
7/2- 964.1 1168  n(1,2,0,0)®v(4,4,2,2) 14.2%
7(1,2,0,0)®v(5,4,1,2) 10.2%
72 11075 1592  =(0,3,0,0)®v(4,4,2,2) 14.4%
7(0,3,0,0)®v(5,4,1,2) 9.8%
9/2~ 14975 1663  7(1,2,0,0)®v(4,4,2,2) 16.2%
7(1,2,0,0)®v(4,4,0,4) 7.9%
7(1,2,0,0)®v(5,4,1,2) 4.4%
1127 19410 2478 n(1,2,0,0)®v(4,4,2,2) 11.8%
7(1,2,0,0)®v(5,4,1,2) 9.5%
1127 2069.5 2820 7(0,3,0,0)®v(4,4,2,2) 13.2%
7(0,3,0,0)®v(5,4,1,2) 9.8%
13/2= 2683.1 3042 n(1,2,0,00®v(4,4,2,2) 15.8%
7(1,2,0,0)®v(5,4,1,2) 7.1%
15/2- 3034 3159  7(0,3,0,0)0®v(4,4,2,2) 15.5%
7(0,3,0,0)®v(5,4,1,2) 5.5%
7(0,3,0,0)®v(6,4,0,2) 6.1%
152 31535 3649 n(1,2,0,00®v(4,4,0,4) 6.7%
7(1,2,0,0)®v(4,4,2,2) 5.4%
7(1,2,0,0)®v(5,4,1,2) 3.3%
1727 36946 3507 n(1,2,0,00®v(4,4,2,2) 17.4%
7(1,2,0,0)®1(6,4,0,2) 7.3%
7(1,2,0,0)®v(5,4,1,2) 3.8%
152 3839.1 3764 n(0,3,0,00®v(4,4,2,2) 6.5%
7(0,3,0,0)®v(5,4,1,2) 4.1%
1927 3909.1 4128 7(0,3,0,0)®v(4,4,2,2) 16.4%
7(0,3,0,0)®1(6,4,0,2) 7.2%
7(0,3,0,0)®v(5,4,1,2) 4.5%
2127 41651 3947 n(1,2,0,0)®v(4,4,2,2) 22.1%
7(1,2,0,0)®1(6,4,0,2) 11.8%
7(1,2,0,0)®v(5,4,1,2) 9.3%
19727 41995 4346  n(1,2,0,009v(5,4,1,2) 15.9%
7(1,2,0,0)®v(4,4,2,2) 6.3%
2327 48731 4940  n(1,2,0,00®%(5,4,1,2) 21.7%
7(1,2,0,0)®v(4,4,2,2) 13.8%
7(1,2,0,0)®1(6,4,0,2) 4.7%

9/2+ 1494 2478  7(0,3,0,0)®v(6,4,1,1) 12.5%
7(0,3,0,0)®(5,4,2,1) 4.4%
132+ 2083 2894  7(0,3,0,00®¥(5,4,2,1) 46.6%
7(0,3,0,0)®¥(5,2,2,3) 4.2%
172+ 2942 3526  7(0,3,0,00®v(5,4,2,1) 40.4%
7(0,3,0,0)®v(3,4,2,3) 5.6%
7(0,3,0,0)®%(5,2,2,3) 5.1%
212% 4028 4979  n(1,2,0,00®v(4,4,1,3) 14.2%
7(1,2,0,0)®v(3,4,2,3) 13.5%
7(1,2,0,0)®v(5,4,0,3) 8.8%
252t 5228 5869  m(1,2,0,00®v(4,4,1,3) 15.1%
7(1,2,0,0)®v(3,4,2,3) 8.2%
7(1,2,0,0)®¥(5,4,0,3) 8.4%
2912 6573 7082  m(1,2,0,00®v(4,4,1,3) 16.6%
7(1,2,0,0)®v(3,4,2,3) 13.9%
7(1,2,0,0)®¥(5,4,0,3) 17.6%

keV from the fpg interaction, while its corresponding ex-
perimental values are 964, 1941, 3034, 3909, and 4873
keV, respectively. In Table 3, the novel sequence (c) is
predicted to be dominated by
n(f52p312)’ ®V(f3),P3,,P1 185),) configurations except for
3/27, which is dominated by 7(p3,))®V(f$,p3,,p7,) con-
figurations. Possible configurations for the 3/2~ state in-
volve unpaired protons occupying the negative-parity
p3j2 orbit (favored signature o = -1/2), coupled with pos-
itive-parity states for ®Znyo. A feasible way for these
configurations to gain higher spins is by an excited neut-
ron pair entering into the go;, orbit from the f5,, orbit.

As illustrated on the right side of Fig. 5, the calcu-
lated energies of the positive-parity states, which adopt
the 9/2" level as the reference ground state, agree well
with the experimental results. To coincide the levels and
configurations for the JUN45 interaction with the ob-
served experimental values, it is assumed that the levels
of I" =17/2" (Eexp = 2942.1 keV) and I = 25/2" (Eexp =
5227.9 keV) are in the second excited states. As presen-
ted in Fig. 5, the level energies of the positive-parity
states are reproduced well within the fs5,,pgo/» space of
the JUN45 and jj44b interactions; the maximum devi-
ation is just 205.0 keV for the I™ = 25/2%) state.
However, for the states above I = 21/2%) (E, = 4028.1
keV), the predicted level energies calculated within the
f52p89,2 and fpgos» configuration spaces diverge signi-
ficantly, and adopting the fpg9,» configuration space
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with the fpg interaction causes an energy difference of
approximately 1.0 MeV. Furthermore, the deviation in-
creases as the angular momentum increases. The extent of
discrepancy between the experimental results and theoret-
ical prediction depends on the number of neglected con-
figurations that are contributed to the wave function of
the states. Neglecting a dominant configuration would
make the predicted level energy considerably higher than
the observed one [29]. Therefore, the energy disparity
between the presented experiment and theory above [* =
21/2™ is probably owing to the impact of the particle
pairs that are not considered in the SM calculations.

From the results for the JUN45 interaction in Table 4,
the band head of the 9/2" state is dominated by n(pg /2)®
V(fsé/ng/zpi/zgé/z)» "(Pg/z)®V(f55/21’431/2p%/2g;/2) configura-
tions, as well as by the corresponding partitions of 12.5%
and 4.4%. The I, = 13/2™) and I, = 17/2(" states are de-
termined to be dominated by the 7(p3 ) )®V(f3 , 15,17 285,
configuration; however, the three main components of the
wave function configurations for all the sates from 21/2"
to 29/2" are ”(fsl/ng/z)‘g’V(fsé‘/ng/zpi/zgg/z)’ ”(fsl/ng/z)‘g’
V(f;/ng/zpﬁ/zgg/z)’ and ”(fsl/zp%/z)‘g’ v(f;/ng/zggﬂ), in
which the number of particles in the orbits and their parti-
tions are also very close. It is worth noting that the
change in dominant configuration is at approximately I
= 25/2", at which one proton is excited to the f5;» orbit
from the ps3/, orbit, and two neutrons are excited to the
g9,z orbit from the f5,, and p,» orbits.

IV. SUMMARY AND CONCLUSIONS

In this study, the high-spin states of "'Ga were stud-
ied via the 7IZn(7Li, a/2n)71Ga reaction. The level scheme
was established up to a spin and excitation energy of

I"=(29/2%) and 6.6 MeV, respectively. Additional 9
levels and 14 transitions were assigned to "'Ga. Two
bands and a novel negative-parity sequence were identi-
fied. Accordingly, the observed sequences indicate that
the level structures of the "' Ga exhibit a typical particle-
core coupling pattern, which can be explained as single-
particle excitations coupling to the positive-parity states
of §8Zn,, (even-even cores).

Large-basis SM calculations were performed to inter-
pret the experimental level structures of the "Ga. The
ground state of 3/2~ is dominated by the n(pg /2)®
V(f$,P3),P1,) configuration; the main configurations of
the I"=5/27,9/27,13/27,17/27, and 21/2~ states and the
I"=7/2-,11/2-,15/2~, 19/2~, and 23/2~ states are dom-

inated by 7(fs/2p3,,) ®V(f3),P3,,P1 185),) and 7(fs/2p3/2)°®
W(fs,P3,,P1,85),) configurations, respectively. These
configurations indicate that gaining higher spins for neg-
ative-parity states would require the promotion of the
p3,2 unpaired proton into the f5, or pss, orbits, as well
as the coupling of a broken pair of g9, neutrons while
exciting a neutron pair into the gg/» orbit from the f5,, or-
bit. The alignment of one gg,» neutron pair leading to the
dominant configuration for positive-parity states indic-
ates a significant change, in which one proton is excited
to the fs;, orbit from the ps3;, orbit, and two neutrons are
excited to the gg/» orbit from the fs,, and p;,, orbits.
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