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Onset of band structure in °Ga
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Excited states in odd-odd "°Ga were studied using the *Ni('*C, a pn) fusion-evaporation reaction performed at
the John D. Fox Superconducting Accelerator Facility at Florida State University with a beam energy of 50 MeV.
The depopulating y decays were measured in coincidence using a Compton-suppressed Ge array consisting of
three clover detectors and seven single-crystal detectors. An investigation of these coincidences resulted in the
addition of 16 new transitions in the °Ga level scheme, including some which belong to the onset of a new
positive-parity band structure likely based on the 7 g9/, ® vgy,> configuration. Spins and parities were assigned
based on directional correlation of oriented nuclei ratios and linear polarization measurements. The excitation
energies predicted by shell-model calculations using the JUN45 effective interaction compare favorably with the
experimental ones for the positive-parity states, but are generally about 400-500 keV too low for the negative-
parity states. Total Routhian surface calculations for the lowest positive-parity configuration with signature « = 0
predict significant triaxiality (y ~ —20°) with competing noncollective excitations developing at a spin (/ = 8)
that corresponds to the onset of the positive-parity band observed experimentally. The calculations for the lowest

negative-parity states with « = 0 yielded surfaces that were qualitatively similar.

DOLI: 10.1103/PhysRevC.105.054307

I. INTRODUCTION

A hallmark characteristic of odd-odd nuclei in the mass
A =70 region is a complex low-lying excitation spectrum
with high level density, owing to an intrinsic two-quasiparticle
(two-qp) configuration, and a regular positive-parity band
structure at high spin resulting from the wg9/» ® vgo/, in-
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truder configuration. The odd-odd gallium (Z = 31) isotopes
appear not to be an exception. For example, studies of ®Ga
[1,2] and %®Ga [3] using heavy-ion reactions revealed both
a complicated network of single-particle states below an ex-
citation energy of 2 MeV along with the development of a
positive-parity band above a 97 state observed near 3 MeV. In
both cases, a strong sequence of transitions with spin changes
of mostly AJ =1 dominated the low-lying decay scheme,
while an odd-spin positive-parity band reached the highest
observed excitation. Both isotopes also possess relatively low-
energy first-excited states, a 17 state at 44 keV in **Ga [4] and
a 2% state at 175 keV in ®8Ga [5], typical of odd-odd nuclei in
general.

The evolution of structure with increasing angular momen-
tum is much less clear in the heavier odd-odd Ga isotopes,
where relatively little is known about high-spin states due
to the difficulty in populating these nuclei using heavy-ion
reactions with stable beam and target combinations. In the
case of "°Ga, the low-spin regime has been studied extensively
using light-particle fusion and transfer reactions (see Ref. [6]

©2022 American Physical Society
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for a comprehensive list of these works), with many states
described theoretically by the spherical shell model. Two in-
vestigations using «-particle beams were able to identify a
state as high as 2.88 MeV with a firm 9" assignment attributed
to the 7 g9/» ® vg9/> configuration [7,8]. A more recent work
populated "°Ga using the *Mn('®Q, 2pn) reaction and uti-
lized a modern y detector array, but could add only one
J = (9) state to the level scheme, extending it to 3514 keV
[9]. Clear evidence of band structure based on go,, orbital
occupation and the possible associated onset of deformation
and/or shape changes has yet to be observed in "°Ga.
Lingering questions also surround the existing "°Ga decay
scheme. A rather remarkable facet is the surprisingly large
energy of 508 keV for the first-excited state (confirmed by
multiple studies, e.g., Refs. [10-12]). By comparison, the
neighboring odd-odd isotopes %Ga, Ga, and >Ga have
eleven [4], five [5], and sixteen [13] known levels below
500 keV, respectively. This unusual characteristic of °Ga has
yet to be explained. Additionally, the configuration of the 2~
state at 691 keV remains unclear. Single-particle occupations
with the lowest energy cost, such as the one representing a

coupling between the ®*Ga ground state (with J™ = %_ [14]
resulting from a p3,, proton hole state) and a go/> neutron can-
not produce a 2~ state, calling the negative-parity assignment
into question [12]. A weak differential cross section observed
for this state using the (d, p) reaction [15] favored an ex-
cited proton configuration (such as 7 p3 j2f5/2) coupled to a
go,2 meutron, but conclusive evidence for the negative-parity
assignment would be helpful to make a decisive interpreta-
tion. Other yrast (or near-yrast) states, such as the ones at
2602 and 2652 keV [8], lack spin and/or parity assignments
altogether.

The goal of this work was thus to populate "°Ga at high
spin in order to search for a possible g2 ® vg9/> band as
observed in the lighter odd-odd Ga isotopes, as well as to
firmly assign spins and parities for as many states as possible.
As a result of this study, the onset of both signature partners
of a high-spin positive-parity band was observed, and sev-
eral spin-parity assignments were made based on directional
correlation of oriented nuclei ratios and linear polarization
measurements. Interpretations of the excitation spectrum were
provided within the context of both shell-model and total
Routhian surface calculations.

II. EXPERIMENTAL AND ANALYSIS TECHNIQUES

Excited states in '°Ga were populated by the
O2Ni("C, arpn) fusion-evaporation reaction performed at the
John D. Fox Superconducting Accelerator Facility at Florida
State University (FSU). The long-lived *C radioactive beam
was produced in a Cs sputter ion source with an enriched
Fe;C sample [16]. Beam ions were accelerated to 50 MeV
with an average intensity of about 3 x 10'* particles/s and
impinged upon a 25 mg/cm? %*Ni target, thick enough to stop
all recoiling nuclei and unreacted beam. The apn channel
comprised approximately 3% of the total reaction cross
section. The y rays emitted from the reaction products were
detected by an array of ten Compton-suppressed Ge detectors.

Three clover detectors and two single-crystal detectors were
placed at 90° relative to the beam axis, and two (three)
single-crystal detectors were placed at 35° (145°).

A digital data acquisition system, based on the Digital
Gamma Finder Pixiel6 system [17], was used to record y-y
coincidences. Approximately 2.0 x 10° coincidence events
were recorded from the detector array under a trigger con-
dition of at least a twofold multiplicity event between any two
individual Ge crystals that also satisfied an anticoincidence
with their respective bismuth germanate (BGO) Compton
suppressor. Wave forms from each Ge crystal and BGO pho-
tomultiplier tube were sampled at a rate of 100 MHz. The y-y
coincidence and Compton-suppression logic as well as pulse
heights and event arrival times were determined from the wave
forms using digital signal processors and field-programmable
gate arrays in each channel of the Pixiel6 modules. Offline
processing of these data led to the removal of all null events
and utilized an effective coincidence resolving time of approx-
imately 1 us set by the hardware trigger. The filtered data
were then sorted into a variety of y-y coincidence matrices
with a dispersion of 0.6 keV /channel. Both the sorting and
analysis of the y-ray spectra were performed using GNUS-
COPE, a spectroscopic analysis software package developed at
FSU [18,19].

The y-ray coincidences used to study the °Ga level
scheme were investigated mostly with background-subtracted
spectra projected from matrices of coincidences among the
90° detectors in order to minimize Doppler shifting. Tran-
sition energies E, were determined by measuring the line
centroids for the decays in as many clean gates as possible in
the 90° coincidence spectra and averaging the results. Prelim-
inary energy calibrations were obtained from an '3>Eu source,
then modified to include a broader energy range based on
the known energies of several clean y-ray lines produced in
beam. The y -ray intensities were first determined at 90° either
through clean gates on transitions below the lines of interest
or from the total projection of 90° detector coincidences.
They were then corrected for angular distribution effects using
measured a, and a4 coefficients [8,12] or theoretical ones
determined from the spin change of the transition. These co-
efficients were utilized to deduce Ay, the angle-independent
first-order term in the series of Legendre polynomials that
describe the experimental intensities as a function of obser-
vation angle. Lastly, the Ay values were normalized to the one
obtained for the 691-keV transition, resulting in a final relative
intensity I, for each transition. The relative efficiency of the
detectors as a function of E,, was determined from the known
intensities of a '3>Eu calibration source [20] and a standard
logarithmic parametrization for Ge detectors. All measured
y-ray energies and intensities for "°Ga are given in Table 1.

Spin changes were measured for as many transitions in
"0Ga as possible based on directional correlation of oriented
nuclei (DCO) ratios, defined according to

I, (at 35°, 145°; gated by yg at 90°)
I, (at 90°; gated by yg at 35°, 145°)

ey

Rpco =

In order to increase the statistics of the DCO ratio measure-
ment, the analysis was performed using a matrix constructed
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TABLE I. Parent-state excitation energies (E,), transition energies (E, ), spin-parity assignments for the initial (J7") and final (J_;’) states,
relative intensities (f, ), DCO ratios (Rpco), experimental (P.yp,) and theoretical (Pyy) linear polarizations, and multipolarities (o' L) associated
with the y rays observed from the high-spin decay of °Ga.

E, (keV) E, (keV) Jr VA L Roco Pop Py oL
690.8(1) 690.8(1) 2" 1+ 100(3)° 0.53(4) 0.18(7) 0.12¢ El
878.5(1) 187.7(1) 4- 2- 89(2) 1.16(12) 0.4(2) 0.43(10) E2
1033.5(1) 155.0(1) 5 4- 74(2) 0.57(4) —0.4(2) —0.4(3) M1/E2
1101.5(1) 67.9(2) 4= 5= 2(1) M1/E2
410.7(1) 4- 2- 2.4(3) 1.5(6)° E2
1179.8(2) 146.5(1) 5" 5" 3.0(5) 1.4(4) M1/E2
301.2(1) 5" 4- 8.2(4) 0.65(18) —0.9(6) —0.4(3) M1/E2
1233.3(1) 199.8(1) 6 5- 65(2) 0.57(4) —~0.7(2) —0.4(3) M1/E2
354.4(3) 6 4- 2.9(3) E2
1370.3(1) 137.1(1) 7" 6~ 42(2) 0.54(4) —0.7(5) —0.4(3) M1/E2
190.8(3) 7- 5- 3.3(7) 0.9(3) E2
336.6(1) 7" 5" 2.9(4) 0.9(3) E2
1537.5(1) 167.0(2) 6~ 7- 2.1(2) 0.6(2) M1/E2
304.2(1) 6 6 4.5(3) 0.8(3) M1/E2
435.9(2) 6 4- 2.1(5) E2
1686.2(2) 315.9(3) 6 7" 2(1) 0.85(18)" M1/E2
652.7(2) 6 5- 1.9(4) 0.5(2) M1/E2
2030.1(2) 796.8(2) 67) 6 2.5(7) 0.8(4) (M1/E2)
996.4(4) 67) 5" 1.3(5) (M1/E2)
2283.7(3) 913.1(5) 6+ 7- 2.7(5) El
1104.1(3) 6+ 5" 3.9(5) 0.5(2) El
2306.7(1) 769.4(2) 7+ 6~ 2.13) El
936.4(1) 7+ 7- 7.1(6) 1.12) —0.7(8) —0.72¢ El
2600.2(1) 293.0(4) 8+ 7+ 0.6(2) M1/E2
315.9(3) 8+ 6+ 5.3(3) 0.85(18)" E2
1229.9(1) 8+ 7- 15.5(6) 0.48(13) 0.3(3) 0.33¢ El
2650.4(1) 1280.1(1) 9- 7" 12.0(6) 0.80(17) 0.3(5) 0.65¢ E2
2884.7(1) 284.5(1) 9+ 8+ 8.4(4) 0.51(7) —0.5(3) —0.344 M1/E2
3515.9(2) 915.7(2) 10" g+ 11(2) 0.9(2) 0.6(6) 0.61¢ E2
3875.4(3) 359.5(5) (11%) 10+ 4(3) (M1/E2)
990.7(1) (11%) 9+ 3.6(6) 0.9(4) (E2)
4166.6(4) 1516.2(2) (117) 9- 2.2(3) 1.1(6) (E2)
4428.5(4) 553.12) (11+) (11%) 1.93) 1.0(4) (M1/E2)

“Determined at 90° and corrected for angular distribution effects (see text).
bCalculated using measured a;, a4, and § values from Ref. [8] (unless otherwise noted) with a sign that assumes the given multipolarity.
‘Intensities normalized to this transition.
Determined from theoretical angular distribution coefficients based on the given J; and J; values and assuming a stretched (§ = 0) transition.
“Determined from a gate on the 691-keV E'1 transition.

'DCO ratio of the doublet.

to exploit the angular symmetry of the FSU Ge array, in which
both 35° and 145° detector events were sorted against only the
90° detector events. Based on the geometry of the array, if the
gate y represents a stretched electric quadrupole (E2) transi-
tion, then the DCO ratios for stretched E2 transitions as well
as for AJ = 0 transitions are expected to be approximately
unity, while AJ =1 transitions yield ratios of about 0.5 if
the mixing ratio § is small [21]. All measured DCO ratios are
given in Table I.

Parity assignments were inferred from a y -ray linear polar-
ization measurement, which used the three clover detectors as
Compton polarimeters [22] placed at an average distance of
approximately 19.6 cm from the target. Signals from each of
the four individual Ge crystals in each clover detector were
processed whenever at least two fired in coincidence with

at least one of the single-crystal detectors in the array. The
energies measured by each crystal pair were added and sorted
into one of two square coincidence matrices depending on
whether they represented a perpendicular or parallel scattering
event relative to the beam direction. Events that involved
a diagonal pair of clover crystals were not included in the
matrices. Spectra representing either perpendicular or paral-
lel scattering were then obtained from background-subtracted
gates projected from these square matrices.

The experimental linear polarizations Pey, were determined
from the perpendicular (N, ) and parallel (V) scattering in-
tensities according to

_ 1 a(EV )NJ_ — N||
Q(E)) a(E))N. +N;

@)

exp
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An energy-independent relative normalization of a(E, ) =
1.00(1) was determined from a measurement of N, and N
for the isotropic (Pexp = 0) lines of a 152Bu source, consistent
with a previous measurement [23] using the same three clover
detectors used in this study. The functional form of the po-
larization sensitivity Q(E, ) was reproduced from the results
of Ref. [22], which determined Q(E, ) for a similar clover
detector. As a test of the method and a check for possible sys-
tematic errors, the linear polarizations of known E'1, E2, and
mixed M1/E?2 transitions in 0Ge [24,25] were deduced from
the current measurement and found to be in good agreement
with previous results [26]. All measured linear polarizations
for transitions in "°Ga are given in Table 1.

Theoretical polarizations P,y were calculated as a function
of the multipole mixing ratio § according to the formalism
given in Refs. [27,28]. Some of the angular distribution co-
efficients a, and a4 used in the calculations were the ones
determined experimentally [8]. If experimental angular distri-
bution coefficients were unavailable, or if their uncertainties
were too large to deduce meaningful interpretations from the
resulting Pyy values, theoretical coefficients were determined
as a function of §, based on the spins involved in the transition,
using the formalism and sign conventions of Rose and Brink
[29]. The resulting array of a, and a4 coefficients could then
be used to infer Pyy for any desired value of §, although
in general stretched (6 = 0) transitions were assumed. These
two methods of deducing Py, converge to predict the same
polarization at the value of § that reproduces the experimental
a, and ay4 values.

III. RESULTS

The level scheme of "°Ga deduced from the present work
is shown in Fig. 1. Most of the yrast states and associated
transitions observed in the last published high-spin study [8]
were confirmed. Overall, 16 new transitions were assigned to
0Ga in this work. Most of these transitions can be identified
in a spectrum gated on the low-lying 188-keV transition, as
shown in Fig. 2. This has led to the discovery of 6 new states,
reaching a spin and excitation energy as high as an (117) state
at 4428 keV. The supporting evidence for the level scheme
enhancements is discussed in the subsections that follow.

A. Negative-parity states

The strong sequence of transitions between yrast negative-
parity states below 1400 keV, which dominates the low-spin
structure of the 7°Ga level scheme, has been confirmed. In
particular, the spin and parity assignments of the yrast levels
have been verified through DCO ratio and linear polarization
measurements (see Table I). A 27 assignment for the 691-keV
state thus appears firm, the implications of which will be
discussed in Sec. IV.

Two other low-lying states observed in Ref. [8],aJ =5
level at 1180 keV and another with J* = (6)~ at 1540 keV
(measured at 1538 keV in this work), now have firm spin-
parity assignments. The 1180-keV state has been assigned
J* = 57 based on the observation of a new 191-keV transition
between the 7 state at 1370 keV and this one, which is

consistent with AJ = 2 and thus almost certainly of E2 char-
acter based on its measured DCO ratio of 0.9(3). Meanwhile,
the proposed 6~ assignment for the 1540-keV state [8] (1538
keV in this work) is supported by both the measured DCO
ratios of the 167- and 304-keV transitions and the non-yrast
nature of this state. Further evidence for this spin-parity
assignment comes from the observation of a new 436-keV
transition to a known [6] 1102-keV level, which has been
assigned J* = 4~ based on a measured DCO ratio of 1.5(6)
for its 411-keV decay using the 691-keV E1 gate, a result
consistent with those of other E2 transitions measured from
this gate. This assignment agrees with the previous suggestion
of J* = (3,4)” [6]. Moreover, the 6~ state at 1689 keV [8]
(1686 keV in this study) was confirmed through the obser-
vation of a 653-keV transition between this state and the 5~
state at 1034 keV. A new level at 2030 keV, which could be
another non-yrast 6~ state, was identified from the coinci-
dence relations between 797- and 996-keV y rays and known
low-lying transitions in °Ga. Interestingly, the 653 and 797
keV lines were identified previously (see Fig. 4 in Ref. [8])
but not placed in the °Ga decay scheme.

At higher excitation, a 2652-keV state (2650 keV in this
work), first observed from its 1280-keV decay to the 7~ state
at 1370 keV [8], was confirmed and assigned a spin-parity
for the first time of J* = 9~ based on both a DCO ratio and
linear polarization measurement for the 1280-keV transition
consistent with E2 radiation (see Table I). A weak 1516-keV
line was found to be in mutual coincidence with 1280-keV
y rays as well as the strong sequence of decays below the
1370-keV state, establishing a new level at 4167 keV. The
measured DCO ratio of the 1516-keV transition favors, but
does not uniquely establish, quadrupole (and very likely E2)
character for this decay, leading to a tentative (117) assign-
ment for this new state.

B. Positive-parity states

Four new positive-parity states have been identified in this
work, while two other states have been firmly assigned pos-
itive parity for the first time. Of these, the J = 8 state at
2602 keV [8] (2600 keV in this work) appears to be the head
of a new positive-parity band structure in "°Ga. Previously,
this state was speculated to be a member of the (g9, ®
vgo9,2) multiplet [8]. However, no conclusive parity determina-
tion was made, and even the spin assignment was considered
somewhat tentative due to the uncertainties involved with
the angular distribution measurement of the 1230-keV decay
depopulating this level [8]. In this work, the dipole nature
of this transition was conclusive based on a measured DCO
ratio of 0.48(13). Although the measured polarization of
Py, = +0.3(3) for this line agrees best with the predicted
result of Ppy = 40.3(6) based on the corresponding a;, a4,
and § values determined experimentally [8] and assuming a
parity-changing E'1 transition, the large relative uncertainty
in Py calculated this way casts doubt on the interpretation
of the measured polarization. However, when comparing the
experimental polarization of the 1230-keV transition to purely
theoretical ones as a function of &, as shown in Fig. 3, the
Py, value only agrees with theoretical values corresponding
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(11%) 4428
(117) 4167 LL{E);
(11%) 3875
o
&
70 10t 3516 )
Ga 2 R
Te] ()]
31 39 . @
©
>

FIG. 1. Partial level scheme of "°Ga deduced from the present work. Transitions, states, and spin-parity assignments shown in red are new
to this study, while those indicated in black have been verified from previous investigations. Spin and/or parity assignments modified from

previous works are shown in blue.

to E1/M?2 radiation within the range of § values allowed
by the previous measurement [§ = 0.0(2), corresponding to
|arctan(§)| < 11°] [8]. In particular, the agreement is excel-
lent at § = 0, which is most likely for E1 decay. Thus the
1230-keV has been confidently identified as an E'1 transition,
leading to a firm 8 assignment for the 2600-keV state.

Progressing to higher spin, a 3516-keV state was discov-
ered previously from a 916-keV decay to the 2600 keV state
with a suggested spin of J = (9) [9]. However, our measured
DCO ratio of 0.9(2) for the 916-keV line strongly suggests
a stretched E2 transition, which is further supported by its
linear polarization of 0.6(6). This new evidence points to a
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FIG. 2. A portion of the 90° background-subtracted coincidence
spectrum obtained by gating on 188-keV y rays. New transitions in
the "°Ga level scheme, as determined in this work, have their energies
labeled in red.

10" assignment for the 3516-keV state and the onset of a
signature o = 0 sequence with positive parity.

We have confirmed the 9% assignment attributed to the
2887-keV state [7,8] (2885 keV in this study) through a mea-
surement of the DCO ratio [0.51(7)] and linear polarization

10 ——r———+—17—— —
I o 1230 keV
/ > J=8-7
o5 / N
o ]
5 R
E b // \\\
N 00p~ -
3 i S~ A
g o
D- -
0.5 ————E1/M2 ]
_1 0 i 1 1 1 1 1 1 1

I I 1 I I I I I I
-90 -60 -30 0 30 60 90
arctan(d) (deg.)

FIG. 3. The measured (dot-dashed line) and theoretically ex-
pected (solid and dashed curves) polarizations as a function of the
multipole mixing ratio é for the 1230-keV transition. The solid hori-
zontal lines indicate the experimental uncertainty limits.

[—0.5(3)] for its 284-keV decay. Above this state, the start of
an o = 1 partner band appears to be established by the obser-
vation of a 991-keV transition between a new (117) state at
3875 keV and the 97 state, although the spin and parity of this
new state remains tentative due to the relatively weak counting
statistics associated with the 991-keV line in the spectra used
for the DCO ratio and linear polarization analyses. A clean
990-keV peak was also observed in a sum coincidence gate
on the 188- and 691-keV transitions using the B7Zn(e, pn)
reaction but not placed in the 70Ga level scheme [8]. Further
confirmation for the 3875-keV state comes from the observa-
tion of a 360-keV transition from this state to the 10" state.
A second (117) state was found at 4428 keV based on its
decay to the lower (117) state. The tentative (1 1;) assignment
stemmed from an assumption of AJ = 0 character for the
553-keV transition based on its DCO ratio of 1.0(4). This
possibility seemed more likely than AJ = 2 nature for the
553-keV decay given that a similar non-yrast J = (11) state
was observed in ®*Ga [3] with an excitation energy and decay
pattern that closely resembles this one.

Additional positive-parity states were observed at 2284 and
2307 keV with J* = 6T and 77, respectively. Previously, a
single 316-keV transition was placed between a 6~ state at
1689 keV and the 7~ state at 1372 keV [8], which we could
confirm (see Sec. III A). However, our observed coincidence
relationships favor a second, and stronger, 316-keV transition
between the 8% state at 2600 keV and a new 67 level at
2284 keV. The spin and parity of this new level were inferred
from a measured DCO ratio of 0.85(18) for the 316-keV
doublet (dominated by the stronger transition), favoring E2
decay, and 0.5(2) for the 1104-keV transition, pointing to
dipole radiation. The new state at 2307 keV was established
by its measured decays of 769 and 936 keV as well as a weak
293-keV transition from the 8* state at 2600 keV to this one.
The firm 7 assignment is based on both the measured DCO
ratio [1.1(2)] and linear polarization [—0.7(8)] of the 936-keV
transition, which together favor E1 radiation with AJ = 0.
Both the 936- and 1104-keV lines were also seen previously
in clear coincidence with 188- and 691-keV y rays but not
placed in the level scheme [8].

A low-lying, even-spin sequence of positive-parity levels
(not shown in Fig. 1) including the 2" first-excited state at
508 keV, a 4% state at 902 keV decaying by a 393-keV y ray,
and a (67) state at 1087 keV decaying by a 185-keV y ray
was reported in Ref. [8] without any feeding from the high-
spin yrast sequence. The lowest two states had already been
established [30] but the 1087-keV state was not verified by
a more recent study [6]. We can confirm the coincidence of
the 393-keV transition with the low-lying 508-keV transition,
verifying the two lowest levels of this sequence. No linking
transitions to levels shown in Fig. 1 were found.

IV. DISCUSSION

Previous work interpreted the observed °Ga level spec-
trum within the context of the parabolic rule derived from
the cluster-vibration model [6] and, more recently, large-scale
shell-model calculations using the JUN45 effective interac-
tion [9]. Since additional spin-parity assignments are now
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FIG. 4. A comparison of the experimental yrast level energies in "°Ga observed in this work with the corresponding theoretical ones

predicted by shell-model (SM) calculations using the JUN4S interaction.

available and the level scheme has been extended to higher
spin, we performed similar shell-model calculations to test the
performance of this interaction at an excitation energy where
collective behavior becomes increasingly important in **Ga
[1,2]. Total Routhian surface (TRS) calculations following
the cranked Woods-Saxon approach [31] were performed in
order to see if the onset of the observed positive-parity band
corresponds to a predicted increase in deformation and/or
shape changes at the associated spin. This new positive-parity
structure, which likely corresponds to the 7 g9/» ® vgg/» con-
figuration, resembles other high-spin positive-parity bands in
neighboring odd-odd nuclei. Systematic trends in other yrast
(or near-yrast) states were also explored between °Ga and its
neighbors. The results of these various interpretive calcula-
tions are described in the subsections that follow.

A. Shell-model calculations

In order to help understand the microscopic structure of
Ga, shell-model (SM) calculations were performed using
the COSMO code [32] incorporating the JUN45 effective in-
teraction [33], which uses a *°Ni core and allows unrestricted
occupation of the 1p3/2, Ofs/z, 1])]/2, and Og9/2 orbitals for
both protons and neutrons. A rich excitation spectrum was

produced, consisting of over 200 states spanning to a maxi-
mum energy of 6.046 MeV (a non-yrast 11~ state). Of these,
6 excited states are predicted below an excitation energy of
510 keV, in contrast to the single level observed experimen-
tally. In fact, the calculations predict a first-excited 2/ state
at 36 keV, underscoring the difficulty in replicating the exper-
imental energy (E; = 508 keV) and pointing to a remaining
challenge for future calculations that might incorporate a
larger number of active nucleons.

A comparison between the yrast states in "’Ga observed
from high-spin population in this work (see Fig. 1) and the
corresponding states predicted by the SM calculations is illus-
trated in Fig. 4. The results for the positive-parity states are
reasonable, but not as good as, for example, those of the USD
family of interactions for lighter nuclei [34]. The results for
the negative-parity states are about 400 to 500 keV too low,
but would achieve about the same level of agreement with
experiment if shifted up by this amount.

The wave functions derived from the SM calculations also
yield orbital occupancies, which can shed light on the con-
figurations responsible for the states observed experimentally.
In particular, the lowest 2~ state is predicted to consist (on
average) of approximately two protons (1.67) in the p3, state,
one proton (1.02) in the f5,, state, and two neutrons (2.10)
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FIG. 5. A comparison of the lowest experimental negative-parity level energies in “Ga [14] and 7'Ga [35] with the corresponding
theoretical ones predicted by shell-model (SM) calculations using the JUN4S interaction.

in the g9/, state, lending support to the excited configuration
responsible for this state proposed previously [15]. Virtually
no protons (0.13) are predicted to occupy the go/, orbital
for this state. In contrast, the proton g/, orbital occupation
becomes closer to 1 (0.66) for the lowest 8+ and 9+ states, cor-
responding to the onset of the positive-parity band structure
observed in this work. By comparison, the neutron gg,, occu-
pation increases to 2.69 particles in the 8] configuration, but
falls to 2.11 particles for the 9T state. This overall increased
participation of protons and neutrons in the go,, orbital might
be expected to trigger increased collectivity and/or shape
changes, as will be explored in Sec. IV C.

To provide some calibration of the JUN45 interaction in
this mass region, a comparison between the lowest negative-
parity states observed experimentally and the corresponding
ones predicted by this interaction for ®Ga and 7'Ga is shown
in Fig. 5. The agreement between the experimental and
theoretical energies is generally favorable, with root-mean-
square differences of 116 and 142 keV for ®*Ga and "'Ga,
respectively. Not enough positive-parity states are known ex-
perimentally to justify a figure. However, the 9/27 states are
known in both nuclei and are predicted 534 and 984 keV too
high, respectively. Although the differences are in the opposite
direction compared to Ga, it is clear that JUN45 cannot

predict the effective N = 40 gap very well in these nuclei.
Also, not allowing excitations out of the 07, orbital may not
be a good approximation for the Ga isotopes with only three
protons above the shell closure.

B. Systematic comparisons

A comparison of the yrast and near-yrast states of "°Ga
(N = 39) with other odd-odd Ga isotopes is shown in Fig. 6.
Despite the lack of several firm spins and parities for A < 66, a
strong family resemblance can be seen among these isotopes
even with the suggested assignments. In general, a trend of
decreasing excitation energy with increasing neutron number
can be seen. One should also keep in mind some variability
in which states can be seen experimentally from y cascades
depending on the exact ordering of the levels. From a mi-
croscopic point of view, both the odd proton (Z = 31) and
neutron would be expected to lie primarily in negative-parity
fp orbitals in the lowest energy states, giving an overall
positive parity, as is seen in all of these isotopes. The highest
spin possible purely within the fp shell and without break-
ing and recoupling any pairs is 5t from the 7 f5» ® v f5)»
configuration. No states with a confident assignment of 6%
have been reported near 5% ones in these nuclei, pointing to

054307-8



ONSET OF BAND STRUCTURE IN "°Ga

PHYSICAL REVIEW C 105, 054307 (2022)

5735 — (11
4789— ¥ (9"
473 ———(11)
4162————(11) , 4167 ————(117)
.
3922 ") 3965 I 3575 (11"
3574—¥ (9
313 ——— O ) 3043— ¥ (9"
X 2896—Y 9" 2885 9"
. 2653 —Y¥ (9 2030 9-
=) BT " 8
2033 — ¥ (7))
1843 (57)
1799 )
57ns
1464 (7) - -
1103 = 1351 () 138 emsy 6 o 7
1021 (5% 142 1104 5. 1034—Y73—5"
817 — Vv 3™ 864 (5) 877 47§78 4"
o 691 —¥—— -
571—¥—17 538 " + 496 4 508 2
. 415 ). 376 3
171 3. 162 ¥ (3), 175 2"
0—Lt—0 H=—t= 33 68_——%2 0 0 N
62 64 66 68 70
Ga Ga Ga Ga Ga
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labels in red (black). The half-life of the 4~ isomeric state in "°Ga has been taken from Ref. [30]. The low-lying 17 state at 44 keV in %Ga
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levels, e.g., for the I = (7) level at 1464 keV. Negative parity is given in Ref. [38] based on lifetime and g-factor measurements, whereas a 7+

assignment is deduced in Refs. [1,2].

the additional energy cost needed to break a nucleon pair and
generate a 67 state.

Promotion of the uncoupled neutron to the positive-parity
0go/> intruder orbital would provide the highest spin incre-
ment at the least energy cost, a cost that would increase with
decreasing neutron number. Such states would have negative
parity. Evidence for this trend is seen in the odd-odd Ga
isotopes shown in Fig. 6, at least down to ®*Ga. The increasing
excitation energies of the negative-parity states allows more
positive-parity states to be yrast and more visible experimen-
tally. Above the lowest 7~ state there is a gap of about 1
MeV to the state of next higher spin. We note that J”
7~ corresponds to the highest spin available from the 7 f5,, ®
vg9,» configuration without breaking and recoupling pairs
of any other nucleons. Higher spins of either parity would
require breaking pairs and either recoupling to higher spin
[up to 27 (4h) for a p3,> (f5/2) pair] or promoting to the go/2
orbital.

In order to explore the onset of positive-parity band
structure in these nuclei, the normalized energy differences
between states differing by AJ = 1 as a function of the initial-
state spin J; for the lowest positive-parity states that form a
band structure in the ®*Ga and "°Ga isotopes are shown in
Fig. 7 along with the corresponding pattern for >As [39,40].
(The *®Ga isotope was not included in the comparison due to

a lack of firm spin-parity assignments. Also, the J = 7 state at
1179 keV in "*As was assumed to have positive parity.) Such
energy differences are indicative of the degree of signature
splitting between the favored and unfavored decay sequences
of a given intrinsic configuration and tend to be sensitive
to underlying structural properties. As illustrated in the fig-
ure, the alternating patterns are qualitatively similar to each
other for J > 8, indicative of a common 7 g9/» ® Vgg,> con-
figuration. In this mass region, such patterns are commonly
observed in the lowest positive-parity bands of odd-odd nuclei
and have been explained within the context of a two-qp-plus-
rotor model [41] in terms of how two unlike gg/, nucleons
couple to the core rotation. Below J = 9 (the maximum spin
obtained from two unlike g9/» nucleons), both qp-spin realign-
ment and core rotation contribute to the angular momentum,
leading to even-spin states lying relatively lower in energy
than the odd-spin ones, while for J > 9 collective motion
dominates and consequently the odd-spin states are favored
once the two qp spins are fully aligned with the core rotation.
The model further suggests that the spin at which the resulting
phase reversal occurs depends on the residual proton-neutron
interaction.

Good qualitative agreement was also observed for J >
8 between the signature-splitting pattern predicted by SM
calculations and the experimental one in °Ga, with the
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the Routhian was minimized with respect to the hexadecapole
deformation B4.

Figure 8 shows six representative TRS plots at different
rotational frequencies (and their corresponding approximate
spin J) for intrinsic configurations corresponding to the lowest
positive- (top) and negative-parity (bottom) states with sig-
nature o = 0 available in the calculations. The gp-labeling
scheme of Ref. [42] was used, where lower (upper) case letters
are used for the proton (neutron) configuration. Thus, the bA
(eA) case stands for the lowest two-qp configuration yielding
overall positive (negative) parity and o = 0. Similar results
were obtained for the lowest configurations that lead to o = 1
states.

Below the onset of the new band structure, the positive-
parity states show a rather diffuse collective minimum with
modest deformation (8, = 0.28) and significant triaxiality
(y = —20°). At the observed bandhead (J = 8), the same
collective minimum persists but competes with a noncollec-
tive one (B, = 0.21, y = 40°) which represents the absolute
minimum in the surface. When the spin reaches the highest
observed experimentally for this signature (/ = 10), the near-
triaxial collective minimum once again becomes favored. The
surfaces at higher spins resemble the one shown for J = 8§,
with similar noncollective minima lying lowest in energy.

Representative results for negative-parity states using the
eA configuration are shown in the bottom row of Fig. 8.
This configuration could represent some of the low-lying
yrast states described by the 7 p3,» ® vgg/» configuration [8].
The surfaces are rather similar to the ones indicated for the
bA configuration over a similar spin range. At the lowest
frequency, a highly y-soft surface is produced, with a near-
triaxial collective minimum competing with a noncollective
one. This picture persists with increasing frequency, although
the minima become somewhat more pronounced. When the
rotational energy reaches 0.617 MeV (J = 13), the (mostly)
triaxial minimum becomes lowest but a noncollective one still
competes favorably.

V. SUMMARY

The level scheme of "°Ga was enhanced to include 16
new transitions, some of which form the onset of a positive-
parity band structure observed for the first time. The low-spin
yrast decay sequence, as populated from high-spin decay, has

mostly been verified. Several spin and parity assignments
were made from directional correlation of oriented nuclei
ratios and linear polarization measurements.

Shell-model calculations utilizing the JUN45 effective in-
teraction generally reproduce the experimental positive-parity
excitation spectrum better than the negative-parity one, point-
ing to an inability of this interaction in predicting the effective
N =40 shell gap for the Ga isotopes. JUN45 also fails
to account for the unusually high first excited-state energy
(508 keV) in °Ga. Although the calculations replicate
the qualitative features of the observed signature splitting
between the even- and odd-spin members of the new positive-
parity band above spin J =9, the predicted average go/»
orbital occupations are inconsistent with an aligned 7 go/» ®
vgo,» configuration for states with J > 9 that is typical of
other yrast positive-parity bands in this mass region. The small
89,2 occupancies could point to noncollective behavior. Over-
all, the increasing body of experimental data to which this
paper contributes and the limitations of JUN45 also demon-
strated in this work justify and provide a basis for additional
theoretical work in this mass region.

Total Routhian surface calculations indicate mostly y-soft
collective shapes with significant triaxiality which compete
with noncollective excitations. For the lowest positive-parity
states, noncollective minima first become energetically fa-
vored at the spin at which the new positive-parity band
emerges (J = 8), then continue to have similar energies as
the collective near-triaxial minima as the spin increases. The
evolution of shape with spin is qualitatively similar for the
lowest negative-parity states.
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