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Single-particle and collective excitations in ®*Zn have been investigated via the multinucleon trans-
fer reaction, 2°Mg(*®Ca, adn~y) using the Gammasphere multidetector array and the Fragment Mass
Analyzer. In addition to confirming and complementing the previously known low-spin structure, a
new quasi-rotational band comprising several stretched E2 transitions has been established to high
spins. However, due to fragmentary nature of its decay, it was not possible to link this sequence to
the low-lying states and, thus, determine the absolute excitation energies, spins and parities unam-
biguously. Large-scale shell-model calculations employing the JUN45 and jj44b effective interactions
are able to successfully describe the low-spin structure and herewith confirm that it is dominated
by single-particle excitations. The newly-established rotational cascade is compared with known su-
perdeformed bands in the A =~ 60— 70 mass region, and with results of calculations performed within
the frameworks of the cranked shell model and the adiabatic and configuration-fixed constrained
covariant density functional theory and the quantum particle-rotor model.

I. INTRODUCTION

The underlying structure of nuclei in the A ~ 60 — 70
mass region provides opportunities to investigate the
complex interplay between single-particle and collective
degrees of freedom as a function of spin, N and Z.
These nuclei are characterized by valence configurations
in which the active orbitals correspond to the NV = 3
low-j pf, and the high-j f7/2 subshells as well as the
N = 4 high-j, unique-parity gq /2 orbital. The opposite
deformation-driving effects of these orbitals play a ma-
jor role in determining the structure and shape of these
nuclei. On the one hand, the structure at low spin is dom-
inated by single-particle and collective excitations gener-
ated primarily by valence nucleon excitations within the
pf shell. On the other, collective excitations induced by
multi-quasiparticle excitations across the Z = 28 shell
gap into the 1gg,, intruder orbital dominate at high an-
gular momenta. These excitations have been linked, for
example, to the appearance of highly-deformed [1-8] and
terminating bands [9-12] as well as to the presence of
strong magnetic dipole excitations [13, 14] in the region.
Indeed, due to the limited number of orbitals available
near the Fermi level and the proximity to the N = Z line,
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the observation of rotational bands with superdeformed
characteristics in the A ~ 60— 70 region remains of much
interest for both experimental and theoretical studies.

In the present work, results of the investigation of
the structure of %Zn, following a complex multinucleon
transfer reaction 26Mg(*®Ca,adn~y), are presented. Pre-
vious spectroscopic studies of %6Zn were undertaken in
Refs. [15-19] and, very recently, by Bala et al. [20] and
Rai et al. [21]. In the latter, a collective structure was ob-
served up to termination accompanied by a crossing with
the ground-state band around spin 6A4. These observa-
tions have been confirmed and complemented with large-
scale shell-model calculations carried out in the present
work. In addition, by combining the experimental sen-
sitivities of Gammaphere and the Fragment Mass An-
alyzer (FMA) with a novel experimental multinucleon
transfer technique, a high-spin rotational cascade com-
prising of AI = 2 transitions has been observed in co-
incidence with the low-spin structure. This sequence
is observed to share characteristics similar to those of
bands associated with superdeformation seen in neigh-
boring nuclei of the A ~ 60 — 70 region. Comparisons
with calculations performed within the framework of the
adiabatic and configuration-fixed constrained covariant
density functional theory and the quantum particle rotor
model suggest a configuration for the new band involv-
ing excitation of two protons from the f7/5 into the gg /o
sub-shells. Details of the present measurements and of
the data analysis are given in Sec. II, while the discussion
of the experimental results, and the description of the-


mailto:ayangeak@unc.edu
mailto:nsensharma@unc.edu

oretical calculations with shell-model and the combina-
tion of covariant density functional theory (CDFT) and
particle-rotor model (PRM), are presented in Secs. III
and IV, respectively.

II. EXPERIMENTAL DETAILS AND ANALYSIS

Medium and high-spin states in %6Zn were populated
via the 26Mg(*8Ca,a4n~)%Zn multinucleon transfer re-
action. A self-supporting 0.973-mg/cm? target of highly-
enriched 26Mg was bombarded by #®Ca ions at incident
beam energies of 275-, 290-, and 320-MeV. These en-
ergies were provided by the ATLAS accelerator facility
at the Argonne National Laboratory, and were chosen
to be roughly 200% above the Coulomb barrier in or-
der to favor multinucleon transfer and, in turn, enhance
the population of high-spin yrast and near-yrast states.
Gamma rays emitted in the de-excitation process were
detected with Gammasphere [22, 23], a 47 array of 101
Compton-suppressed high-purity germanium (HPGe) de-
tectors. The reaction residues were transported to the fo-
cal plane of the Fragment Mass Analyzer (FMA), where
they were dispersed according to their mass-to-charge ra-
tios, M/q. For this experiment, the FMA was tuned for
the optimum transport of ions with an average charge
state of 197, The recoils were identified on an event-by-
event basis from the position and time-of-flight measured
in a micro-channel plate detector (MCP) placed at the
focal plane, and the energy loss measured with a three-
fold segmented ionization chamber positioned behind the
focal plane. The events were accumulated and recorded
under the condition that recoil products be detected in
kinematic coincidence with two or more ~ rays within a
50-ns time window. More detailed information regarding
the isotopic selection techniques, and the overall exper-
imental procedure can be found in Ref. [24]. Gamma-
ray events associated with ®6Zn recoils were sorted into
fully-symmetrized, two-dimensional (E,-E,) coincidence
matrices while those arising from all Zn ions populated in
the reaction were sorted into three-dimensional (E.-E.-
E.) histograms. The latter were used mostly to confirm
placements made using the former. The analysis was per-
formed using the RADWARE suite of spectrum analyses
packages [25].

Multipolarities for newly-identified and previously
known transitions were assigned on the basis of angu-
lar distribution measurements and, in the case of weak
transitions, a two-point angular-correlation ratio, Rgc.
The angular-distribution analysis was performed using
coincidence matrices sorted such that energies of v rays
detected at specific Gammasphere angles (measured with
respect to the beam direction) E.(6), were incremented
on one axis, while the energies of coincident ~ rays de-
tected at any angle, E. (any), were placed on the other.
To improve statistics, adjacent rings of Gammasphere,
and those corresponding to angles symmetric with re-
spect to 90° in the forward and backward hemispheres,
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FIG. 1: (Color online) Angular distributions for some of the
~ transitions shown in the °6Zn level scheme. Experimental
data is shown as black circles while the angular distribution
fit is given as a red curve.

were combined. A total of seven matrices, with the an-
gles 17.3°, 34.6°, 50.1°, 58.3°, 69.8°, 80.0°, and 90.0° [26]
were created. By gating on the E,(any) axis and pro-
jecting on the E, () axis, background-subtracted and
efficiency-corrected spectra were generated. From these,
the intensities of transitions of interest were extracted
and fitted to the angular distribution function W () =
ao[14ag Py(cos 0)+ay Py(cos 0)], where P, and Py are Leg-
endre polynomials. The coefficients, as and a4, contain-
ing information about the multipolarity of the transitions
were extracted using an angular distribution code which
uses the Markov Chain Monte Carlo (MCMC) high-
dimensional probability sampling technique [27]. Repre-
sentative fits of angular distributions for some transitions
of interest are displayed in Fig. 1.

Transitions for which an angular-distribution analysis
was not possible, due mainly to limited statistics, a nor-
malized ratio, R, of y-ray intensities observed in de-
tectors in the forward (f)/backward (b) angles to the
intensities in detectors centered around 90° was deter-
mined. For this purpose, two coincident matrices were
incremented: In the first, E,(f/b)-vs-E,(any), detec-
tors in the forward and backward angles were combined
and the matrix incremented such that v rays detected at
the 31.7°, 37.4°, 142.6°, 148.3°, and 162.7° angles were
placed on one axis, with v rays observed at any angle
grouped along the other. The second matrix, E. (~ 90°)-
vs-E., (any), was incremented in a similar fashion, but
with transitions observed in detectors at 79.2°, 80.7°,
90.0°, 99.3°, and 100.8° degrees placed on one axis. The
two-dimensional angular correlation ratio, defined by R,
= L, (04, any)/I,(0~g00,any), where I,(f,,any) is the
~-ray intensity obtained by placing gates on the corre-
sponding E.,(any) axis. This ratio, which is independent
of the multipolarity of the gating transition, was estab-
lished to be greater than 1.0 for stretched-quadrupole
transitions and less than 0.8 for stretched-dipole ones.



Table T presents the energies, relative intensities, asso-
ciated angular-distribution coefficients and R,. ratios as
well as the multipolarity assignments for the observed
transitions.

III. RESULTS

The level scheme resulting from the coincidence anal-
ysis of v rays associated with %6Zn recoils is displayed
in Fig. 2. It was constructed primarily based on coinci-
dence relationships and relative intensity balances using
the 4-v matrix gated on %6Zn recoils and cross-checked,
for intense transitions, using a y-v-v cube constructed
from all Zn events produced in the reaction. The level
scheme features two primary structures; a low-to-medium
spin one (shown on the right) and a newly-established
high-spin rotational sequence composed of stretched-FE2
transitions, displayed on the left. As noted above, the
low-to-medium spin structure, up to the 12;r level at
7514.9(10) keV, was previously established in Refs. [15—
19]. The observations are confirmed here. While the
present work was in preparation, Rai et al. [21] and Bala
et al. [20] independently reported the observation of ad-
ditional new excited states in %6Zn. Using a heavy-ion
induced reaction, Rai et al. [21] added positive-parity lev-
els connected by the 519-, 1089-, 1367-, 1399-, 1576-, and
1786-keV transitions above the 12;r state, and two new
transitions (1408 and 1801 keV) in the negative-parity
part, as well as the 644- and 828-keV transitions linking
the two sequences. This established the structure up to
an excitation energy of ~ 12.3 MeV and a spin of ~ 17h.
These transitions, some of which are highlighted with
red squares in the total projection spectrum displayed
in Fig. 3, and their placements are also confirmed in
the present work. Indeed, this work validates almost all
placements within this structure and agrees with the mul-
tipolarity assignments for the newly-identified transitions
associated with the positive-parity levels reported by Rai
et al. [21]. It, however, differs somewhat in the placement
and multipolarity assignments for the 738-, 1264-, and
1537-keV transitions linking the negative-parity states.
For example, the 738-keV transition, of dipole character,
is placed in Ref. [21] as feeding directly the 6] level at
4074 keV, bypassing the 4250-keV 7 state and thus, in
anti-coincidence with the 176-keV ~ ray. In the present
work, the 738-keV transition is found to directly populate
the 87 level at 5338 keV, which is in turn depopulated by
two transitions; a 1264-keV quadrupole one (reported as
dipole in Ref. [21]) to the 4074-keV 6] level, and a 1088-
keV one (not seen in Ref. [21]) to the 7] state at 4250
keV. A ~-v coincidence spectrum, obtained by gating on
the 738-keV v ray (see Fig. 4) exhibits a coincidence rela-
tionship between the 738- and 176-keV transitions. This,
along with the presence of a 1088-keV ~ ray in the 176-
keV gate, and the absence of coincidence relationships
between the 1264- and 176-keV lines, supports the assign-
ment of the 738-keV v ray as the link between the 6076(2)
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FIG. 2:  Level scheme of %Zn as observed in the present
study. The placement of Band 1 is schematic since the abso-
lute excitation energy, spin and parity are unknown; see text
for further details.



TABLE I: Transition energies E., relative intensities I, angular distribution and correlation information for all transitions in
667n. The intensities are corrected for detector efficiency and normalized to the 1038.5(4)-keV ground-state transition. Rac
is the normalized ratio of -ray intensities in the detectors at forward/backward angles to the intensities in the detectors at
angles centered around 90°. The spin and excitation energy of Band 1 are based on z > 10 MeV and J > 12, as discussed in
the text. All reported uncertainties are purely statistical in nature. Transitions marked with asterisk (*) are those for which

the electric or magnetic character could not be confirmed in the present work. The assignments are taken from Refs. [20, 21].)

E, (keV) I, E; (keV) Ir — IF as ay Rac Mult.
175.9(3) 76.6(3) 4249.6(7) 7T =67 -0.24(2) -0.10(3) 0.84(1) M1
312.0(1) 2.8(5) 3075.7(7) 4t 4t - - - (M1/E2)
315.3(6) 3.4(9) 2763.8(6) 4T 4t - - - (M1/E2)
327.7(1) 29.8(2) 4180.3(7) 6t — 61 - - 0.86(1) M1
328.6(2) 83.2(4) 4073.5(6) 6= — 5~ -0.22(1) -0.06(2) 0.86(1) M1
400.8(4) 2.4(6) 7915.7(1) 127 — 12+ - - 0.9(1) M1/E2
462.8(2) 4.2(9) 2773(2) (4t) = (31) - - 0.8(5) M1/E2
504.7(3) 88.4(3) 4249.6(7) 7T =57 - - 1.09(1) E2
518.9(10) 24.1(1) 9820(2) 157 — 147F -0.59(5) 0.26(8) 0.77(5) M1/E2
577.0(4) 4.0(6) 2448.5(6) 4t - oF - - 1.26(2) E2
627.3(10) 24.1(2) 3075.7(7) 4t 4t -0.28(6) -0.57(9) 1.11(4) M1/E2
643.2(5) 3.1(6) 5204.9(7) 8t — 6t 0.54(14) 0.07(21) 1.54(4) E2
644.3(5) 1.43(6) 7514.9(10) 127 — 11~ 0.91(13) E1*
669.3(8) 27.5(14) 3744.7(6) 57 — 4% -0.37(4) -0.06(5) 0.85(4) E1*
738.4(2) 10.3(10) 6076(2) 97 — 8~ - - 0.91(1) M1/E2
755.8(3) 6.5(12) 3066(2) Y = 37 - - 1.16(5) E2
758.0(8) 0.16(10) 3521.8(1) — 47 - - - -
828.1(1) 19(1) 6290.2(8) 10T — 9~ -0.45(7) 0.09(11) 0.89(6) E1*
830.7(8) 7(1) 2702.3(1) 3t — 2t - - 0.78(5) M1/E2
833.2(4) 23.2(4) 1871.6(6) 2t & 2F - - 0.79(5) M1
855.5(10) 3.1(9) 7145.7(1) 12t — 10t 1.46(34) E2
860.8(8) 2.4(10) 5109.6(7) 8" — 77 0.86(14) M1/E2
863.2(3) 4.7(8) 3929(2) (7T) — (51) - - 1.21(4) E2
892.3(3) 11(1) 2763.8(6) 4t - oF - - 1.35(18) E2
919.9(3) 6.6(8) 3744.7(6) 57 — 37 - - 1.17(14) E2
943.8(4) 1(1) 3707.6(1) — 47 - - - -
953.7(1) 1.2(9) 2824.7(6) 37 — 2t - - - (E1*)
954.2(5) 45.9(2) 5204.9(7) 8T = 77 -0.38(2) -0.04(3) 0.80(2) E1*
981.3(2) 7.8(8) 3744.7(6) 57 — 47 - - 0.76(11) E1*
1025.8(5) 30.2(3) 5204.9(7) 8t — 6t - - 1.16(3) E2
1036.0(3) 56.4(3) 5109.6(7) 8 — 6~ - - 1.21(5) E2
1038.5(4) 207.4(9) 1038.5(4) 2t — ot 0.10(2) -0.08(2) 1.07(1) E2
1085.3(4) 66.0(3) 6290.2(8) 10t — 8t - - 1.22(2) E2
1087.8(5) 3.1(9) 5337.3(10) 8 — 7~ - - - (M1/E2)
1089.3(10) 1.7(1) 12276(2) 17t — 16t - - 0.70(19) M1/E2
1204.2(5) 8.9(10) 3075.7(7) 4t - ot - - 1.09(7) E2
1212.5(4) 57.8(3) 5462.1(8) 97 = T7° 0.25(3) -0.09(4) 1.20(1) E2
1224.7(7) 48.3(2) 7514.9(10) 12+ — 10t 0.15(3) -0.13(4) 1.13(3) E2
1263.9(3) 5.1(1) 5337.3(10) 8" — 6~ 0.16(9) -0.13(12) 1.35(12) E2
1271.0(10) 7.9(5) 9820(2) 157 — (1471) - - - -
1271.9(2) 3.5(3) 2310.4(1) (37) — 2t - - - -
1284.8(3) 6.9(9) 4058.0(1.9) (67) — (41) 1.24(10) E2
1286.0(5) 5.3(3) z + 1286.0 J+2 —J 0.22(10) 0.14(12) 1.27(1) E2
1295.6(4) 90.9(4) 3744.7(6) 57 — 4t -0.32(2) -0.05(2) 0.75(2) E1*
1307.1(7) 9.5(4) 6416.7(1) — 8~ - - - -
1366.6(2) 6.3(8) 11186.5(2) 167 — 15% - - 0.77(17) M1/E2
1385.3(5) 2.6(5) 9301.0(1) 141 — 12t - - 1.21(22) E2
1399.4(3) 5.7(7) 12275.8(2) 17T — 16T - - - (M1/E2)
1404.2(1) 22.6(3) 3852.6(1) 6T — 4t - - 1.21(54) E2
1408.5(2) 30.2(2) 6870.6(1) 117 = 9~ - - 1.14(4) E2
1410.3(8) 132.0(8) 2448.5(6) 4t — ot 0.22(4) 0.01(6) 1.14(1) E2
1432.4(4) 4.2(2) x + 2718.4 J+4 — J42 1.17(12) E2
1457.6(5) 2.2(6) 5515.6(2) 81 = (61) - - 1.33(11) E2
1484.2(2) 0.5(4) 12670.8(2) 17t — 16" - - 0.78(14) M1/E2
1486.2(5) 2.9(12) 4561.8(1) 617 — 4t 1.29(15) E2
1508.0(8) 2(1) 9022.9(2) 147 — 12t - - 1.22(43) E2
1537.0(6) 2.2(6) 7612.7(2) 117 — 9~ - - 1.17(41) E2
1575.5(2) 6.7(9) 10876.4(2) 16T — 14T 0.19(14) 0.02(18) 1.20(11) E2
1625.2(2) 11.2(11) 7915.7(1) 12T — 10" 0.21(10) -0.10(15) 1.16(9) E2
1628.7(5) 3.9(1) x + 4347.1 J+6 — J+4 - - 1.27(15) E2
1656.1(2) 0.7(5) 9268.8(2) 137 — 11~ - - 1.28(20) E2
1725.4(4) 25.8(3) 2763.8(6) 4t - oF - - 1.26(4) E2
1732.9(5) 34.3(2) 4180.3(7) 6T — 4t - - 1.25(4) E2
1785.3(7) 10.6(4) 2824.7(6) 37 — 2t - - - (E1*)
1786.1(2) 19.4(2) 9301.0(1) 14T — 127F - - 1.23(8) E2
1801.0(5) 4.1(8) 8671.6(2) 137 — 11~ - - 1.20(31) E2
1832.1(4) 4.4(9) z + 6179.2 J4+8 — J+6 - - 1.30(16) E2
1925.5(1) 1(1) 11226.5(2) (161) — 14t (E2)
2040.3(7) 2.1(7) x + 8219.5 J4+10 = J+8 - - 1.23(19) E2
2215.3(4) 0.7(4) x + 10434.8 J4+12 = J+10 - - - E2
2423.4(7) 1.0(4) x 4 12858.2 J4+14 - J+12 - - - E2
2679.4(4) 0.19(3) x + 15537.6 J4+16 — J+ 14 - - - E2
2933.1(4) 0.1(9) x + 18470.7 (J+18) = J+16 - - - -
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FIG. 3: (Color online) Total background corrected projection
spectrum obtained for *¢Zn.
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FIG. 4: (Color online) Coincidence gate on the 738-keV tran-
sition.

9~ and 5337.3(10)-keV 8~ states. As depicted in Fig. 2,
energy sums and intensity balances suggest the popula-
tion and depopulation of the 87, 5337.3(10)-keV level by
the 738- and 1264-keV + rays, respectively, in contrast
with the reverse order suggested in Ref. [21]. It should
be noted that none of the new transitions reported in
Ref. [20] following the *°Fe(*2C, 2py) fusion-evaporation
reaction is observed in the present work.

The rotational sequence identified as Band 1 in Fig. 2
is newly established. It consists of nine transitions; i.e.,
the 1286-, 1432-, 1629-, 1832-, 2040-, 2215-, 2423-, 2679-
and (2933-) keV « rays. A summed coincidence spec-
trum obtained by individually gating on all the in-band
transitions is presented in Fig. 5. This spectrum high-
lights an almost constant energy spacing, AE., between
these ~ rays, which suggests the onset of collectivity.
While it was not possible to connect it directly to the
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FIG. 6: (Color online) Coincidence spectra obtained by sin-
gle gating on transitions at (a) 1432 keV and (b) 1832 keV.
Members of the rotational band are marked in red.

low-to-medium spin structure of Fig. 2, presumably be-
cause of the low intensities and possible fragmented decay
paths, Band 1 is assigned to %6Zn based on the FMA fo-
cal plane information, and the observed coincidence rela-
tionships with lower-lying states. The quadrupole char-
acter of the in-band transitions was inferred from the
measured angular-distribution coefficients and the two-
point angular correlation ratios. In particular, as seen in
Fig. 1, the angular distribution of the 1286-keV v ray
and correlation ratios for the 1432-, 1629-, 1832-, 2040-,
and 2215-keV transitions (Table I) are all consistent with
a stretched- E2 nature. Due to limited intensities, no an-
gular correlation ratios could be determined for the tran-
sitions between the higher-spin states within the band.
However, because of the regularity of the band pointing
towards a rotational behavior, £2 multipolarity was as-
sumed for these 7 rays, and the information available on
Band 1 transitions is also summarized in Table I. Fur-
thermore, given the lack of decay-out transitions (the in-
tensity is most likely transferred out of the band before
reaching the bandhead), the absolute excitation energies
and spins of the levels in the band are not established.
However, the coincidence pattern shown in Figs. 6 (a) and
(b), obtained by gating on the 1432- and 1832-keV transi-
tions, suggests a feeding to the lower-lying states through
the 12?‘ level at 7515 keV in the yrast sequence. As a
result, a tentative excitation energy and spin-parity of
the bandhead greater or equal to ~ 10 MeV and 12F, re-
spectively, is proposed. This is consistent with the estab-
lished bandhead spin-parity for similar bands observed in
60-65,.687n [3-6, 8, 10], as discussed further below.



IV. DISCUSSION

The presence of high-j intruder orbitals in the vicinity
of the Fermi level plays a significant role in determin-
ing the structure and equilibrium shape of the nucleus.
In neutron-rich Zn isotopes, the rotational alignment of
TGy 2 and/or vgg /9 intruder orbitals, which come progres-
sively closer to the Fermi level with increasing neutron ex-
cess, give rise to a significant increase in aligned angular
momentum, resulting in the appearance of a large variety
of deformed, collective excitations as observed in several
nuclei of the A ~ 60 — 70 mass region [3-6, 8, 10]. At
low spins, however, the structure is dominated by single-
particle type excitations involving a few nucleons as a
result of their proximity to the Z = 28 shell closure. In
this section, the low-spin structure of %6Zn nucleus, with
two protons and eight neutrons outside the doubly-magic
core, *°Ni, is investigated by comparing the data with
results of large-scale shell-model calculations. The rota-
tional characteristics of the high-spin structure, on the
other hand, are compared with similar bands observed
in the region and discussed within the framework of the
combination of constrained covariant density functional
theory (CDFT) and particle-rotor model (PRM) as well
as the cranked shell model (CSM).

A. Low-spin excitations

Several theoretical approaches, such as the shell
model [28, 29] and its deformed configuration mixing
variant [30], the cluster vibration model [31, 32] and
a microscopic description within the framework of the
Hartree-Fock-Bogoliubov approximation [33] have been
previously employed to investigate the structure of low-
lying states in %6Zn. In Ref. [30], the yrast structure
is calculated to be composed of two parts; the ground-
state sequence with J™ = 0T, 2%, 4%, 6% described as
resulting predominantly from the 7v(ps/a, f5/2,01/2)"°
configuration, and a series of excited states with J™ =
8*, 10%, 12T, 14%, belonging mainly to the 2p-2h
(P32, f5/2,P1/2)® @ v(go/2)? configuration, which is as-
sociated with a small deformation. These two modes of
excitation are found to cross (see Fig. 8) as a result of the
two particle-hole excitation involving the neutron 1gg/o
orbital. Thus, in the total Routhian surface (TRS) cal-
culations of Ref. [21], the crossing is attributed to the
alignment of a pair of neutrons which drives the %6Zn
nucleus from an oblate shape in the ground state via the
triaxial shape at the intermediate spin to a collective pro-
late shape at high spin.

In the present study, the nature of the °Zn low-lying
states has been investigated by means of a configuration
interaction calculations in the jj44 model space which
comprises the 0f7/2, 1p3/2, 1p1/2, and Ogg /o orbitals for
both protons and neutrons and assumes a *Ni inert core.
The calculations were performed using the shell-model
code NUSHELLX [34] with an isoscalar effective charge

of ex + e, = 2.6 and two effective interactions tuned
for the f5/opgg 2 model space — the jj44b and JUN45
Hamiltonians. These interactions have been extensively
used to study low-lying structures in nuclei of the A =~
60 — 70 region, and were able to reproduce the general
features exhibited by the data quite well.

The results of shell-model calculations using both sets
of interactions are compared with the %6Zn experimen-
tal excitation energies for the yrast and near-yrast states
in Fig. 7. For clarity, the positive- and negative-parity
states have been separated into two groups and, in the
calculated spectra, only the lowest-energy levels for each
spin with corresponding experimental states are pre-
sented. The yrast levels are indicated by red lines. As can
be seen, the yrast structure is reproduced well by both
interactions for excitation energies below ~ 6 MeV, thus
indicating a predominately spherical or nearly-spherical
character at low spin. The limited number of valence
particles available outside the spherical ®6Ni core implies
that the low-lying structure will be dominated by spheri-
cal shell-model states. This is particularly evident in the
calculations, as the 2] level energy is predicted to within
13 and 20 keV of the experimental value of 1039 keV by
the jj44b and JUN45 interactions, respectively. Likewise,
the experimental 4] state at 2449 keV is reproduced by
the calculations, with the JUN45 interaction performing
slightly better (2451 keV) than the jj44b (2272 keV) one.
Overall, the yrast sequence of states comprising the 21+,
41, 67, 81, and 107 at 1039, 2449, 4180, 5205, and 6290
keV is reproduced better by the JUN45 interaction as il-
lustrated in Fig. 8, although the jj44b predictions remain
within 200 keV of the experimental values. This is not
surprising since %Zn is one of the nuclei to which the
effective single-particle energies (ESPE) and two-body
matrix elements (TBME) for both the JUN45 and jj44b
Hamiltonians were empirically adjusted in order to fit
the experimental binding and excitation energies. For the
yrast and near-yrast states, the two interactions predict a
predominantly mixed 7r(f5/2)2 Qv(p1/2, f5/2, p3/2)8 con-
figuration with minimal contribution (~ 4% probability)
from the 7T(fs/2,p3/2)2 ® V(p1/2, I5/25 P32, 99/2)8 com-
ponent. The contribution of the latter increases in am-
plitude towards higher spins. The average neutron occu-
pation of the vgg/, orbital increases from 0.8 for the 07
state (in agreement with single-neutron pickup data indi-
cating a particle occupation number in the ground state
of at least 0.7 for this gg/, state [35, 36]) to about 1.29
while that for the proton decreases from 0.10 (0] state)
to 0.06 (107 level) in the JUN45 calculations. A simi-
lar trend is observed in the jj44b computations. Beyond
the 107 state, the divergence between the calculated and
experimental yrast states becomes significant, with both
interactions systematically under-predicting the experi-
mental observations (see Fig. 8). As discussed below,
this could be due to the increasing role of collective ex-
citations at high angular momenta. Theoretical predic-
tions for the non-yrast states, indicated by black lines
in Fig. 7, follow a pattern similar to those for the yrast
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FIG. 7: (Color online) Experimental level energies in 567n compared with spherical shell-model calculations using the jj44b and
JUN45 effective interactions. The yrast levels are indicated by the red lines while the negative structure is colored dark-blue.

states; i.e., the calculations predict the energies of the
low-lying states well, but underestimate (overestimate
in the case of jj44b) the experimental energies at high
spin. This is apparent in Fig. 7 as both interactions
predict the excitation energy of the 2; and 4; states
well, but fail at higher energies. For the 2; state, a pre-
dominantly 7T(f5/2,p3/2)2®V(p1/27 I5/25 P32, 99/2)8 con-
figuration (46%) is predicted while the 7(f5/2,p3/2)* ®
v(p1/2, f5/2, P3/2s 99/2)8 component is about 2%. The
latter configuration is calculated to become the leading
component with 18% probability in the 47 state. Simi-
larly, the 2825-keV excitation energy of the I™ = 3~ state
is reproduced well by the jj44b interaction which is cal-
culated to within ~ 100 keV of the experimental value.
The overall good agreement between calculations and ex-
perimental levels demonstrates that the low-spin struc-
ture is predominantly of single-particle character and is,
thus, consistent with the expectation that the limited

number of valence particles outside of doubly-magic *6Ni
allows for a low angular momentum structure dominated
by spherical shell-model states.

B. High-spin structure

The results of the previous section indicate that, as is
the case for most nuclei in the A =~ 60 — 70 mass re-
gion, the %6Zn low-spin structure is determined primar-
ily by excitations involving the 1f5/5, 2p3/2, and 2p; /o
single-particle levels with minimal contributions from the
intruder 1gg/o orbital. With increasing spin, contribu-
tions from both neutron and proton occupation of this
shape-driving 1gg/o intruder orbital become significant,
thereby enhancing the possibility of observing deformed
shapes as well as the onset of specific collective rota-
tional behavior such as that manifested through rota-
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FIG. 8: (Color online) Comparison of the yrast level energies
in %°Zn with spherical shell-model states calculated using the
jj44b and JUN45 effective interactions (see text for details).

tional sequences such as smoothly terminating, highly-
deformed, and superdeformed (SD) bands. Microscopi-
cally, the emergence of SD bands in this mass region is
understood as a result of multiple excitations of f7 /o
and v f7/, particles/holes into the shape driving mgg /s
and vgg/o intruder orbitals. In a manner consistent
with theoretical predictions of SD shell gaps at parti-
cle numbers N, Z = 30, 32 [37], rotational bands associ-
ated with superdeformation have been reported in sev-
eral isotopes of Zn and Ge, thus enabling a systematic
study of highly-deformed shapes in nuclei with N ~ Z.
In the case of the Zn isotopes, bands with SD proper-
ties have been observed in 0=63.65.687y [3-6], with the
exception of 4:66:677n  Lifetime measurements in sev-
eral of these nuclei support the interpretation that these
bands are characterized by unusually large deformations.
For instance, an average transition quadrupole moment,

Q:, of 3.075> eb has been reported in 6'Zn [5]. This

; +0.07
corresponds to a quadrupole deformation of 0.507 54,

when assuming an axially symmetric shape. Calculations
within the Hartree-Fock formalism suggest that this band
most likely has the (Vgg/2)3(7ng/2)2 configuration. For
the SD band in 2Zn, a quadrupole moment of 2.770%
eb, corresponding to a deformation By = 0.45%512 [8],
has been measured. Similar deformation parameters have
been found in *:68Zn [3, 6]. While the SD bands ob-
served in 90:61Zn have been linked to the states of lower
spin, those reported in 63:65:68Zn have not, potentially
due to the fragmentation of strength associated with the
decay out of the SD band.

It is within this context that a closer examination
of the behavior of the rotational band observed in the
present work becomes important. Figure 9 presents a
plot of the angular momentum as a function of transition
energy for the SD bands in ®©:%%Zn [3, 6] and %3Ge [12],
the N = 36 isotone of %6Zn, compared with the band
established in this work. Due to lack of knowledge of the
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FIG. 9: (Color online) Angular momentum as a function of
transition energy for the superdeformed bands in %°Zn, ®3Zn,
and ®®Ge compared with the newly established band in *¢Zn.
The data for °®Ge and %6Zn are plotted for bandhead spins of
Ip = 14 and Ip = 16, and Iy = 12 and I, = 14, respectively
(see text for details).

absolute excitation energies and spins, the data for ®Ge
and %Zn are plotted for two bandhead spins, Iy = 14
and Iy = 16, and Iy = 12 and Iy = 14, respectively. Fur-
thermore, following the approach of Ref. [12], the tran-
sition energies for the band in %°Zn have been scaled by
(60/66)°/3 to account for the expected mass dependence
of the moments of inertia. As can been seen from Fig. 9,
the slope, which characterizes the moment of inertia, is
similar for all the bands. In particular, the variation in
the angular momentum as a function of v-ray energy for
band 1 (in %6Zn) and the SD band in ®Ge follow the
same trend, especially if the bandhead spins are taken
as 12 h and 16 h, respectively. This likely suggests a
similar intrinsic configuration. To highlight this similar-
ity further, the SD band in %8Ge is plotted alongside the
667n rotational sequence in Fig. 10. Note that the strik-
ing similarities between the levels of ®°Zn and %®Ge has
been extensively discussed in Ref. [21], albeit for lower
spin states. Theoretical calculations for all the cases pre-
sented in Fig. 9, as well as for the known SD bands in
63,657n [5], indicate that the band configurations involve
at least two proton holes in the f7/, subshell and it is,
thus, reasonable to expect that the band in %6Zn is based
on a similar configuration as well.

Since no direct linking to the low-energy levels is ob-
served, only the dynamic moment of inertia 7, which
is strongly influenced by the alignment of high-j config-
urations, can be extracted from the experimental data
with certainty. This moment is plotted for the newly-
established band in %6Zn as a function of the rotational
frequency, Aw, alongside those of 6%68Zn and %8Ge in
Fig. 11. In contrast to the SD band in ®Zn, which dis-
plays a regular, smooth decrease with increasing rota-
tional frequency, the 7 moments for 6%-66Zn and %Ge
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FIG. 10: Comparison of the rotational band in %¢Zn with
the SD sequence in %8Ge. The data for *®Ge are taken from
Ref. [12].

exhibit a more staggering behavior, with pronounced
peaks at certain frequencies. For ®°Zn, the rise in the
J@ moment of inertia at ~ 0.9 Aw has been inter-
preted as the simultaneous alignment of the gg/o pro-
tons and neutrons [3], mediated by various components
of the nucleon-nucleon interaction. A detailed system-
atic analysis of the J (2) moments of inertia for bands
in 60=657Zn [5] indicates that the rise cannot only be at-
tributed to changes in nn or pp pairing, but rather in-
volves a significant np component as the main cause for
the enhancement. These studies further suggest that the
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FIG. 11: (Color online) Variation of the experimentally de-
duced dynamic moment of inertia as a function of the ro-
tational frequency (hw) for Band 1 in %%Zn (present work),
compared with known SD bands in the neighboring ®®Ge [12]
and %%%Zn [3, 6].
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FIG. 12: (Color online) The calculated quasiproton routhian
(e’) as a function of rotational frequency (hw). The following
convention is adopted for the parity and signature (m, o) of
the Routhians: (4, 0) solid lines, (4, 1) dotted lines, (—, 0)
dash-dotted lines, and (—, 1) dashed lines.

rise appears only when the occupation of the gg/o in-
truder states is identical for valence protons and neu-
trons. It is, thus, conceivable that the enhancements
observed in %6Zn and %®Ge at about the same frequency
(~ 0.9 hw), but reduced strength, can be attributed to
similar configurations undergoing such interactions.

To understand these interactions, the alignment prop-
erties of the rotational sequence observed in %6Zn were
investigated within the framework of the cranked shell
model (CSM). The calculations were performed for
both quasiprotons and quasineutrons with the associ-



ated single-particle level energies determined using a de-
formed Wood-Saxon potential with universal parameters.
For the present calculation, the deformation parameter
set (B2 = 04, B4 = 0.0, and v = 23°) was chosen to
correspond with those of the highly-deformed bands in
the region [12]. The pairing energies at zero frequency
A, (w=0) =1.4542 MeV and Ap(w = 0) = 0.6473 MeV
were determined using the BCS formalism and kept con-
stant as a function of frequency. The resulting quasipro-
ton routhian is presented in Fig. 12 with the relevant
quasiparticle orbitals (i.e., those near the Fermi surface)
labeled according to the convention of Ref. [38]. The cal-
culation predicts an AB crossing, corresponding to the
alignment of a pair of gg/ protons, at a frequency (~ 0.63
MeV/h) lower than the point to which the available data
for Band 1 extend and hence, is unlikely to be observed
in the present measurement.

To gain further insight, the rotational characteristics
of Band 1 in %6Zn was analyzed with the help of the adia-
batic and configuration-fixed constrained covariant den-
sity functional theory (CDFT) [39-41] and the quantum
particle rotor model (PRM) formalism [42-44]. First,
the former approach was used to search for possible con-
figurations and deformations associated with the band.
In the calculations, the point-coupling effective interac-
tion PC-PK1 [45], with a basis of 10 major oscillator
shells, was employed, while the pairing correlations were
neglected for simplicity. It was found that the ground
state of %6Zn is triaxial with deformation parameters
(8 = 0.19,v = 29°). Based on this state and by always
keeping two aligned neutrons or protons in the first and
second states of the gg/o shell while the other nucleons
fill the orbitals according to their energies, the v(1gg/2)?
and (1gg/2)?* configurations were obtained. Their exci-
tation energies with respect to the ground state are about
2.0 and 11.8 MeV, respectively. As can be seen from the
experimental level scheme (Fig. 2) and following argu-
ments outlined in Sec. ITI, the bandhead energy of Band
1 is greater than 10 MeV at I™ > 12%. Thus, within
this framework, Band 1 is assigned the 7'('(199/2)2 con-
figuration with deformation parameters of 5 = 0.20 and
v = 45.9°.

With the configuration and deformation parameters
obtained from the adiabatic and configuration-fixed con-
strained covariant density functional theory, single-j shell
quantum particle rotor model [42-44] calculations were
performed to further examine the energy spectra for
band 1. For this purpose, the irrotational flow type
of moment of inertia J, = Josin®*(y — 2k7/3) with
Jo = 19.0 h2/MeV was adopted. The energy spectra ob-
tained as function of spin are compared in Fig. 13 with
the experimental data. Clearly, the theoretical calcu-
lations are able to reproduce the data and support the
configuration assignment of 7(1gg/2)? to Band 1.

In Fig. 14, the root mean square components along the
medium (m-), short (s-), and long (I-) axes of the core

Rir = (R?)Y/2, the active protons Jyj, = (j§k>1/2, and
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FIG. 13: (Color online) Energy as a function of spin for the
rotational band (Band 1) in ®®Zn calculated by particle rotor
model in comparison with the experimental data.
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FIG. 14: (Color online) The root mean square components

along the medium (m-), short (s-), and long (I-) axis of the

core Ry, = (R?)Y/2, the active protons Jrp = (5§k>1/2, and

the total nuclear system I, = (f,f)l/Q as function of spin cal-

géléated by means of particle rotor model for the Band 1 in
n.

the total nuclear system I, = (I2)'/? are displayed as
functions of spin when calculated for Band 1 by means
of the particle rotor model. As can be seen, the angular
momentum of the collective core is mainly aligned along
the m-axis, which corresponds to the largest moment of
inertia. It is noted that the [-axis component cannot be
neglected in the low spin region. The angular momen-
tum of the gg /5 active proton particles mainly align along
the s-axis with a value of about 7.5k at the bandhead,
which corresponds to maximal overlap with the triaxial
core [46]. With increasing spin, the protons tend to align
gradually along the m-axis, which is attributed to the
fact that the core induces a strong Coriolis force to the
proton particles and tries to align them along the m-axis



to minimize energy. As a result, the angular momentum
of the total nuclear system has comparable components
along the three principal axes in the low spin region. At
high spin, however, the nucleus aligns along the m-axis,
which is, in fact, the principal axis of rotation and leads
naturally to the observed Al = 2 quadrupole band struc-
ture.

Within the present theoretical framework, the prop-
erties of Band 1 are accounted for without invoking the
large deformation inferred on the basis of comparisons
with bands in other Zn isotopes and the %3Ge isotone.
It should be noted, however, that just as in the present
case, there is no lifetime information available for the SD
bands in ®Ge and %5Zn. The interpretation in terms of
extended shapes relies on striking similarities with bands
in other Zn isotopes where lifetimes data are available as
well as on theoretical approximations which differ from
those discussed above. Hence, it is clear that further
progress regarding the description of the %6Zn band and
the associated nuclear shape will have to await additional
lifetime measurements. The latter will likely be challeng-
ing in view of the small intensity (less than 10% relative
to the ground-state band) with which the band is fed,
at least with the reaction used in the present measure-
ments. Furthermore, a comparison of calculations within
the CDFT/PRM framework presented in this study with
the data on the other sequences observed in nuclei of
the region, which were interpreted in earlier works as su-
perdeformed bands, would be of considerable interest.

V. CONCLUSIONS

Medium and high-spin states in °°Zn have been inves-
tigated by means of the complex multinucleon transfer
reaction, 2Mg(48Ca, adn~), carried out at beam energies
of 275, 290 and 320 MeV in inverse kinematics. The pre-
viously reported low-spin structure was essentially con-
firmed. Large-scale shell-model calculations carried out
using the JUN45 and jj44b effective interactions have
successfully described the observations and confirmed
the view that the low-lying levels in this nucleus and
in other neighboring nuclei of the region are mostly as-
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sociated with single particle-hole excitations. In addi-
tion, evidence for a new, high-spin rotational sequence
of stretched-E2 transitions has been observed in coinci-
dence with the known low-spin states. Due to difficul-
ties in identifying linking transitions between the newly-
established sequence and the low-spin levels, presumably
because of the low in-band intensity and the fragmented
decay paths, the excitation energies of the levels, the
spins and parity could not be determined. The band
is, however, observed to share striking similarities with
rotational cascades associated with superdeformation in
neighboring A ~ 60— 70 nuclei. Calculations, carried out
within the framework of the adiabatic and configuration-
fixed constrained covariant density functional theory and
the quantum particle rotor model, suggest an associated
configuration involving two proton particles occupying
the gg/o intruder orbital. Within this theoretical frame-
work, the band is associated with triaxial deformation.
Further data will be required to firmly establish the asso-
ciated nuclear shape. Nevertheless, it is clear that despite
the limited number of orbitals present near the Fermi sur-
face, nuclei of the A ~ 60 — 70 mass region display a rich
diversity of phenomena similar to those seen in heavier
mass systems and, in particular, exhibit strong collectiv-
ity at high spins.
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