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Abstract. High-spin states in the nuclei °3*Ga and %°Ga were studied following the reaction 22S + *°Ca at a
reaction energy of 125 MeV and using the GASP v-ray spectrometer in combination with the ISIS charged-
particle detector system. In addition to low-lying negative-parity states with single-particle character,
rotational-like cascades built on the 9/2% and 19/2~ states have been observed in both nuclei. Sidebands
with negative parity in ®*Ga and positive parity in %°Ga could be established. The experimental results
are compared with Total Routhian Surface calculations which describe the nuclei as moderately deformed
(B2 =~ 0.25) and ~ soft at low rotational frequencies. The highest experimentally observed positive-parity
state in ®°Ga (41/27) is in good agreement with the calculated crossing of the collective band with a
non-collective one terminating at this spin.

PACS. 21.60.Ev Collective models — 23.20.En Angular distribution and correlation measurements —
23.20.Lv Gamma transitions and level energies — 27.50.+¢ 59 < A < 89

1 Introduction isotopes have negative-parity ground states: I™=3/27,

and 5/27 states have been identified as lowest excited
The low- to medium-spin states in the doubly magic nu- levels in %Ga [4], ®Ga, and ®"Ga [5]. Other low-lying
cleus %SNi and its nearby neighbours [1] show single- negative-parity states have been interpreted by the cou-
particle excitations which can well be interpreted in terms pling of the odd proton to the 0T or 2T states in the
of the spherical shell model. Following the N = Z line to- respective even-even cores 52:64.667n,

wards higher masses, the light Kr and Sr isotopes show On the other hand, collective states are favoured by
collective properties with a strong dependence of the de- {}e energy gap in the Nilsson diagram at N, Z = 34, 36 for
formation parameters on the number of nucleons (see, for  ghlate deformation and N , Z = 38 for prolate deformation.
example, [2,3]). The neutron-deficient Ga isotopes fall in Here, the occupation of the positive-parity gg/, intruder
the transitional region between these two domains. Thus, orbital plays an important role for the structure of excited
excitation in these nuclei occurs as an interplay between giates. In the odd-A Ga isotopes, the 9/27 levels at about
single-particle states and collective states with prolate or 9 () MeV excitation energy with all probability originate
oblate deformation. With respect to the doubly magic fom the promotion of the unpaired proton into the gg /o
N = Z = 28 core *°Ni, the isotopes “*Ga and **Ga have o 1hjital. These states mark the band head of positive-parity
three valence protons and four and six valence neutrons, cascade in the respective nucleus. Higher spin values in
respectively. In the spherical case and for low excitation {hege bands are then obtained by the alignment of one
energies these valence particles occupy the negative parity g9/ neutron pair.

P3/2 and f5/; orbitals. Consequently, the light odd-A Ga Recently, excited states in the odd-odd N = Z nucleus

® e-mail: matthias@tsl.uu.se 62Ga have been identified [6,7] and studied theoretically
> Present address: Defense Research Establishment (FOA), within the framework of the spherical shell model as well
172 90 Stockholm, Sweden. as the cranked Nilsson-Strutinsky model [8].
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In this paper, we present results on the odd-A isotopes
63Ga and %°Ga.

2 Experimental procedure and results
Experimental details

An experiment aiming at a detailed study of high-spin
states in %*Ge [9,10] and neighbouring nuclei was per-
formed at the Tandem XTU accelerator at the Legnaro
National Laboratory in Legnaro, Italy. The target con-
sisted of a 0.4 mg/cm? thick “°Ca layer on a 3 mg/cm?
thick Au backing. From the other side, the Ca surface was
protected against oxidation by a 50 ug/cm? thin Au film.
To prevent Doppler broadening of the v-ray transitions
due to a varying velocity of the emitting nucleus, the tar-
get was mounted with the backing facing the beam. This
target was bombarded with a 140 MeV 32S beam. In the
backing, the beam energy was reduced to a reaction en-
ergy of about 125 MeV. The nuclei discussed in this paper
were populated by the reactions *°Ca(32S, 2ap)%3Ga and
10Ca (328, a3p)°Ga, respectively.

The ~-radiation was detected in the 4 © v-ray spec-
trometer GASP [11] containing 40 Compton suppressed
large-volume Ge detectors and an 80 segment BGO multi-
plicity filter. The distance of the Ge detectors from the tar-
get was 28 cm, resulting in a photopeak efficiency of 3% at
1.3 MeV ~-ray energy. The Ge detectors were mounted in
seven rings under average angles of 35° (145°), 59° (121°),
72° (108°), and 90° with respect to the beam axis. This
geometry allows to measure ~-ray angular distributions
and correlations.

A distinction of the various reaction channels after the
formation of the compound nucleus was done on the ba-
sis of charged-particle detection in the 40 element Si-ball
ISIS [12]. Each element consists of a 130 pum thin AE
and a 1000 pm thick E detector. To protect the Si detec-
tors against the beam, the elements were shielded with Al
absorbers. Sorting the ISIS signals off-line into AE — FE
matrices allowed for a good separation between protons,
a-particles, and double-hits by means of two-dimensional
gates. With the used absorbers and electronic thresh-
olds and the chosen gates for the charged particles, an
identification efficiency of 35% for protons and 21% for
a-particles was achieved.

An event was qualified by the coincidence of at least
two Compton suppressed y-rays in the Ge detectors and
three y-rays in the multiplicity filter. In total, 10° events
were recorded. The energy calibration of the Ge detectors
was done with 152Eu, 3Ba, and *6Co sources. A compar-
ison of peak positions at different detector angles yielded
an average velocity of the recoiling nuclei of v/c = 3.7%.
A Doppler correction of the -ray energies was carried
out on an event-by-event basis. This correction includes
a kinematics correction to account for the change of the
velocity of the residual nucleus due to the emission of the
detected charged particles. y-rays were accepted as be-
longing to 63Ga if either two a particles or two a-particles

and one proton were detected. For °Ga, the detection of
one a-particle and three protons was required.

To determine the spins of excited states, DCO ratios
(Directional Correlations from Oriented states [13]) of a
number of transitions have been measured. The DCO ratio
is defined as

I(~ at ©; gated by 2 at ©s)
I(y1 at O3 gated by 72 at ©1)’

(1)

Rpco =

where the gate is set on a transition with known multipo-
larity. For the GASP geometry, v correlations between
detectors in the rings at ©; = 35° (145°) with 12 detectors
and the ring at @ = 90° (8 detectors) have been anal-
ysed. When gating on a stretched quadrupole transition,
the DCO ratio is Rpco = 1.0 for a stretched quadrupole
and Rpco = 0.5 for a stretched dipole transition. For
dipole transitions with Al = 0 and small mixing ratios
(|6] < 0.5), the DCO ratio becomes Rpco =~ 1.0.

In order to take profit from the full efficiency of the
GASP spectrometer, the angular restriction for the gat-
ing transition can be released. Instead of an angular cor-
relation, the measured quantity then is a “gated” angular
distribution, defined by the ADO ratio (Angular Distri-
butions from Oriented states [14])

I(v at ©; gated by 72)
I(y; at ©3 gated by 72)’

Rapo = (2)
with @1 = 35° (145°) and @2 = 90°. The coincidence
yields have to be corrected for the different detection ef-
ficiencies at the corresponding angles. The ADO ratios
are about Rapo =~ 1.1 for a stretched quadrupole and
Rapo =~ 0.6 for a stretched dipole transition.

In a further step, angular correlations can be used to
determine the nuclear alignment and the multipole mixing
ratios 0 of transitions. For this purpose, angular correla-
tion values as defined by

Wpbeo = I(y1 at ©; gated by 2 at any other ©3) (3)

have been formed for ©; = 35°, 59°, 72°, and 90°. The
corresponding theoretical value is given by [13]

W(O1,0:,8) = Y By, (1)A3" (X1) Ay, (X2)

A1 A2

D T (A10A|A20) Yag(O1,0)Y5, (02, 8).  (4)

q

47
2X9 +1

For a comparison with the experimental data, an addi-
tional summation over all possible angles @ between the
two involved detectors has to be performed. The orien-
tation parameters B),([1) depend on the initial align-
ment of the state I, the radiation distribution param-
eters A32*(X;) and Ay, (Xs) on the multipolarity and
the mixing ratio of the respective transition. In case of
known mixing ratios (e.g., within a cascade of stretched
E2 transitions, 0, (M3/E2) = 62(M3/E2) = 0) the initial
alignment of the residual nucleus can be determined. For
nuclei produced in heavy-ion compound nucleus reactions,
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the population parameters for the nuclear substates for a
given spin can be represented by a Gaussian distribution
[15]. As a consequence, the alignment parameter ay is a
unique function of as, which thus is the only free param-
eter in the fit. On the other hand, the knowledge of the
alignment allows to deduce the mixing ratio of one of the
transitions if the other one is known (e.g., 6(M2/E1) or
0(E2/M1) for an E2-E1 or E2-M1 cascade, respectively).
The absence of detectors at © = 0° in the GASP geometry
prohibits the precise determination of these values. How-
ever, this procedure provides a valuable aid when judging
the electric or magnetic nature of stretched dipole transi-
tions.

Level scheme of %3Ga

The ground-state spin and parity of %3Ga are tentatively
known from [-decay studies [16]. The allowed decay of
63Ga to the 3/2~ and 5/2 states in %3Zn demands a
3/2~ or 5/2~ ground state of the 53Ga mother nucleus. In
the spherical limit, the unpaired proton in %3Ga occupies
the 2p; /o, subshell. This consideration as well as the sys-
tematics of odd-mass Ga isotopes led the authors of [16]
to the spin-parity assignment of I™ = 3/2~ for the ground
state in %3Ga.

A previous study [4] resulted in a level scheme for
63Ga based on neutron-v, charged-particle-y, and vy co-
incidences. The authors established yrast states up to a
probable spin of about 23/2 at an excitation energy of
7.7 MeV.

Since the ground-state spin and parity in %3Ga have
not been unambiguously determined and only spin differ-
ences have been deduced in the present experiment, all
absolute spin values have to be considered as tentative.
However, for the following discussion as well as in all ta-
bles and figures, brackets have been omitted if the spin
difference to the ground state is well established and set
just in cases of insecure spin differences. The level scheme
of 83Ga, as obtained in the present work, is shown in fig. 1,
energies, y-ray intensities, spins, ADO-, and DCO-ratios
are summarised in table 1.

The decay of the 9/2% band head of the positive-parity
cascade at F, = 2047 keV is dominated by the 894 keV-
1077 keV-75 keV cascade (9/27 — 9/27 — 5/27 — 3/27)
and the 625 keV-1423 keV sequence (9/27 — 7/27 —
3/27) [4]. Parallel to the 1423 keV transition, two se-
quences and one interconnecting transition could be es-
tablished. Due to the uncertainties in the intensities, the
order of these transitions could not be determined un-
ambiguously. Furthermore, the intensity of the 625 keV
transition is about the same as the summed intensities of
the 1423 keV transition and its parallel sequences, see ta-
ble 1. However, an analysis of the intensities of all feeding
and depopulating transitions in cuts on all involved tran-
sitions results in a reversion of the order of the 1423 keV
and the 625 keV transitions as compared to the level
scheme in ref. [4]. The ADO ratio of the 1423 keV line
(Rapo = 0.95(5)) establishes it as a quadrupole transi-
tion, whereas the DCO and ADO ratios for the 625 keV
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Fig. 1. Level scheme of ®*Ga as obtained in the present work.
The thickness of the lines indicates the v-ray intensity. All
energies are given in keV.

line (Rpco = 0.63(9), Rapo = 0.77(4)) indicate stretched
dipole character. Thus, spin and parity of I™ = 7/27 is
assigned to the intermediate state. The quadrupole nature
of the 1077 keV line has been measured in [4] and could
be confirmed. The measured DCO and ADO ratios for the
894 keV doublet (13/2% — 9/2% and 9/27 — 9/27) are
compatible with the assignment of one quadrupole and
one non-stretched dipole component.

The positive-parity band, based on the 9/27 state,
has been observed up to 12831 keV excitation energy.
Spins could be determined up to the (33/2%) state at
E, = 10.3 MeV, which is connected to the 9/27 state via a
sequence of stretched quadrupole transitions. The order of
the 1269 keV and 1427 keV transitions which connect the
29/2" and the 21/2" states has been determined on the
basis of the intensities in the cut on the 1140 keV 17/2%
— 13/2" and the 1635 keV 21/2% — 17/2% transitions.
However, in the vy projection the 1427 keV transition ap-
pears more intense than the 1269 keV line (see table 1).
For this reason, the order of these transitions is assigned
tentatively. Due to the doublet structure of the 1922 keV



28 The European Physical Journal A
Table 1. Level and transition energies, intensities, DCO-ratios and level spins in *3Ga.
E, (keV) E, (keV) Yiel Rpco Rapo i I
75.3(2) 752 (2) 5/2~ 3/2°
443.2(3) 4431 (2) 25 (2) 3/2”
722.5(4) 7222 (2) 26 (7) 3/2”
279.2  (4) 02 (1)
1152.6(3) 10772 (2) 346  (15) 093  (8)* .01 (2)° 9/2~ 5/27
1422.0(3) 1422.6  (2) 123 (7) 095  (5)* 7/2” 3/2”
9784  (2) 22 (1) 7/2”
699.3  (2) 24 (1) 7/2”
2046.5(3) 893.7  (2) 575  (19) 1.07  (4)°° 1.05 (1) 9/27" 9/2”
624.6  (2) 6.1 (5) 0.63 (9 0.77 (4 9/27F 7/27
2940.6(5) 894.0  (2) 100.0  (31) 1.07 (4’ 1.05  (1)>° 13/2%F 9/2%
4080.4(5) 1139.9  (2) 93.9  (29) 097 (1) 117 (4)¢ 17/2% 13/2%
4958.8(10) 8784  (2) 33 (2 17/2F
5243.3(14)  2306.0  (7) 06 (5 13/2%
5715.5(7) 1634.9  (2) 13.3  (5) .36 (17)° 1.30  (6)° 21/2% 17/2F
5852.7(6) 17723 (2) 1.8 (22) 0.55  (4)° 0.60  (1)° 19/2~ 17/27F
609.6  (3) 09 (1) 19/2°
6251.0(22)  1292.1  (4) 1.5 (1)
6501.4(6) 785.7  (2) 6.3 (2 0.68  (9)° 0.67  (3)° 23/27 21/2%
648.7  (2) 78.8  (24) 1.09  (5)° 113 (2)° 23/2° 19/2°
6984.7(11)  1269.2  (2) 29 (2 094  (3)° 25/2% 21/2%
7655.0(9) 1153.6  (2) 58  (2) 23/2°
7710.3(7) 1208.9  (2) 73.7  (22) 112 (57 1.20  (2)f 27/2° 23/2”
7914.3(16) 14134  (3) 23 (1) 038  (3)f 25/2 23/27
8411.3(14)  1426.6  (2) 44 (4) .22 (12)° 29/2% 25/2%
9014.9(12) 13046  (2) 32 (1)
9040.0(7) 1329.7  (2) 472 (14) 115 (7)f 1.28  (3)F 31/2~ 27/2”
9254.4(12)  1544.7  (3) 29 (1) (29/2) 27/27
1341.9  (5) 1.0 (1) (29/2) 25,2
9635.0(17)  1980.0  (3) 24 (1)
10333.2(23)  1921.9  (4) 24 (1) .05 (9)*° (33/2%) 29/2%F
10826.3(16)  1811.5  (3) 32 (1)
10869.0(8) 1828.6  (2) 182  (6) 1.08  (12)¢ .22 (4)¢ 35/27 31/2°
10964.3(9) 1924.3  (2) 96  (3) .02  (6)" 35/27 31/27
10976.6(12)  1939.5  (3) 22 (1) (33/2) 31/2°
17254 (4) L1 (1) (33/2) (29/2)
12737.0(13)  1864.0  (3) 40 (2 040  (2)% (37/2) 35/3~
1763.5  (3) 43 (2 (37/2) (33/2)
12831(4) 2497.4  (6) 09 (3
12832.6(9) 1963.6  (2) 36 (1) 093  (6)¢ 39/2° 35/27
1868.3  (2) 91  (3) 040  (2)% 39/2° 35/2°
13039(4) 2213.0  (6) 07 (1)
14463.5(11)  1631.0  (2) 85  (3) 1.25  (8)" 43/2° 39/2°

a) Gate on 1140 keV.

b) Both components of the doublet.

c) Gate on 1077 keV and 1140 keV.

d) Gate on 1077 keV.

e) Gate on 1077 keV, 1140 keV, and 1209 keV.

f) Gate on 1077 kev, 1140 keV, and 649 keV.

g) Gate on 1077 keV, 1140 keV, 649 keV, and 1209 keV.
h) Gate on 649 keV and 1209 keV.
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Fig. 2. ~-ray spectra from the reaction “°Ca(3?S,2ap)%®Ga gated by two a-particles. The energies are labelled in keV. (a) Gate

on the 649 keV 23/2(7) — 19/2(7) transition. (b) Gate on the
23/2(7) — 21/2% transition.

line (1924 keV, 35/2~ — 31/27) and the low statistics in
the positive-parity branch, an unambiguous spin assign-
ment of the (33/27) state has not been possible.

Above the 17/2% state at E, = 4080 keV, the main
~-intensity flux is carried via the 1772 keV and 649 keV
transitions to a cascade of stretched quadrupole (E2) tran-
sitions. In contrast to the level scheme published in [4] and
despite of the slightly higher v intensity of the 649 keV
line (79(2)% compared to 72(2)% of the 1772 keV line) de-
termined from the ~ projection, the 1772 keV transition
has been placed below the 649 keV line. This is based on
the relative intensities in cuts on the 1140 keV, 1772 keV,
and 649 keV lines and confirmed by the identification of
the 610 keV and 2306 keV transitions which were found
parallel to the 1772 keV-1140 keV sequence. The DCO
and ADO ratios for the 1772 keV line show that this is
a stretched dipole transition. The 649 keV line displays
quadrupole character.

Parallel to the 649 keV-1772 keV cascade, a sequence of
two transitions with 786 keV and 1635 keV, also connect-
ing the 23/2(7) and the 17/2% states, has been identified.
Spectra with gates on these two transitions are displayed
in fig. 2. The peaks at 649 keV and 1772 keV in the cut on
the 1635 keV transition are due to the doublet structure of
this line with the second component being the 1631 keV
43/2(=) — 39/2(7) transition. The high intensity of the
1922 keV (33/2%) — 29/27 line as compared to the 1269
keV (25/2%) — 21/2% transition can as well be explained
by this doublet and the resulting coincidence between the

1635 keV 21/27 — 17/2% transition. (c) Gate on the 786 keV

1631 keV 43/2(-) — 39/2() and the 1924 keV 35/2(7)
— 31/2(_) transition.

The E2 cascade that starts with the 649 keV transition
and reaches up to an excitation energy of £, = 14.5 MeV
can be used to determine the nuclear alignment. For this,
the DCO values Wpco (see eq. 3) are calculated from
the experimental data for the 27/2 — 23/2 — 19/2 and
the 31/2 — 27/2 — 23/2 sequences and compared to the
theoretical values for different initial alignments. Figure 3
shows the experimental results for the 27/2 — 23/2 —
19/2 cascade in comparison with calculations for initial
alignments between as = 0.5 and ay = 0.8. For E2 tran-
sitions, the mixing ratio is practically zero and the only
free parameter is the initial nuclear alignment. A y? anal-
ysis yields a result of ap = 0.6(1).

With this value for the alignment it is possible to deter-
mine the mixing ratio for the 1772 keV 19/2 — 17/2 tran-
sition from the angular correlation between this line and
either the 649 keV or the 1140 keV E2 transition. This is
illustrated in fig. 4 for the 19/2 — 17/2 — 13/2 cascade.
Calculations for different mixing ratios for the 1772 keV
transition show best agreement for small negative mixing
ratios 6 = —0.3(2). This result is compatible with an F1
assignment to the 1772 keV transition. For this reason,
the 19/2 state is suggested to have negative parity, which,
however, is considered as tentative. The cascade built on
it reaches up to spin 35/2(7). A second 35/2(~) state has
been identified only 95 keV above the yrast state. Based
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Fig. 3. DCO values for the 27/27 — 23/27 — 19/27 cas-
cade in %3*Ga. Displayed are the experimental values for the
four GASP detector angles and calculated ones for different
alignment parameters ao.

on it, another cascade reaching up to spin 43/ 2(2) was
found.

The 1342 keV, 1725 keV, and 1763 keV transitions
form a sideband to the negative-parity cascade, which
extends from an excitation energy of F,=7914 keV to
E, = 12737 keV. Within this sideband, no multipolarities
could be determined. The measured ADO ratio for the
1413 keV transition which depopulates the band head,
Rapo = 0.38(3), determines the spin of the 7914 keV
level to be 25/2. The decay pattern of the other states
in this cascade, in-band transitions and high-energy tran-
sitions feeding the 27/2(7), 31/2(-) and 35/2(~) levels,
allows to assume dipole character also for the other tran-
sitions depopulating the band and thus quadrupole transi-
tions inside the cascade. This way, tentative spin values of
(29/2), (33/2), and (37/2) have been assigned to the 9254
keV, 10977 keV, and 12737 keV levels, respectively. Since
the levels in this cascade decay exclusively into negative-
parity states, tentative negative parity is also assigned to
this sideband.

A few more side structures have been placed into the
level scheme. Due to the low statistics of the transitions
it was, however, not possible to determine any spins for
these states.

Level scheme of %°Ga

The ground-state spin and parity in %°Ga, I™ = 3/27, has
been established on the basis of radioactive-decay stud-
ies [17] and proton transfer reactions [18,19], which also
yielded information about low-lying levels. Prior to the
present study, the most comprehensive study on high-spin
states in 9*Ga was done by Danké et al. [5]. From the re-
action °®Ni on 2C at a beam energy of 261 MeV these
authors obtained a level scheme for %°Ga reaching up to
an excitation energy of 8.6 MeV with assigned spin values
up to a 27/2 state. One weakly populated cascade con-
necting the 17/2% and the 9/2% states, a negative-parity

121+

30 40 50 60 70 80 90
0

Fig. 4. DCO values for the 19/27 — 17/27 — 13/27 cascade
in %®Ga. Experimental values are compared with calculations
for different mixing ratios § for the 19/2~ — 17/2" transition.
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Fig. 5. Level scheme of %°Ga as obtained in the present work.
The thickness of the lines indicates the 7-ray intensity. All
energies are given in keV.



M. Weiszflog et al.: High-spin spectroscopy of $3Gasy and $5Gasy 31
Table 2. Level and transition energies, intensities, DCO-ratios and level spins in *°Ga.

E. (keV) E, (keV) Yrel Rpco Rapo Ir I
190.8(1) 190.8 (1) 100.0  (29) 082  (2)° 0.68  (1)° 5/2~ 3/2°
808.8(8) 809.3  (2) 1.0 (2) 3/2°

1075.3(2) 1075.2 (1) 9.6  (4) .09  (5)° 7/2” 3/2°

884.6 (1) 9.7  (3) 0.75  (4)° 7/2” 5/2~
1286.9(2) 1096.2 (1) 93.6  (28) 077  (4)° 094  (2)° 9/2~ 5/2”
1353.0(6) 1352.9  (4) 09 (1) 3/2°
544.4  (2) 05 (1)

2037.7(2) 962.3 (1) 145  (4) 0.67  (4)° 0.68  (2)° 9/2" 7/27
750.9 (1) 734 (22) 1.16 (5 .08  (2) 9/2% 9/2”
684.8 (1) 0.8 (1) 9/2%

2788.5(2) 1501.5 (1) 172 (5) 094  (9)° 1.04  (5) 13/2° 9/2~

2813.4(3) 1526.3 (1) 6.8 (2 0.66  (3)¢ 11729 9/2~
5.7 (2) 08 (1) 11/2) 9/27"

3064.7(2) 1027.1 (1) 85.6  (26) 1.28  (8)° 1.23  (4)° 13/27F 9/2F

3732.8(2) 944.3 (1) 178 (5) 0.60  (3)° 0.69  (2)° 15/2(+) 13/2°
919.1 (1) 26 (1) .05  (6)? 15/2(+) 11/2)
668.3 (1) 51 (2) 0.68  (4)° 15/2(H) 13/2%

3910.1(3) 1096.6 (1) 6.2  (3) 15/2(+) 11/2(H)

4122.8(3) 1057.9 (1) 65.9  (20) 112 (4)° .13 (2)° 17/2F 13/2F

4330.7(3) 1266.0 (1) 7.7 (2) 092  (9)° 118 (7)° 17/2F 13/2F

597.9 (1) 46 (1) 17/27F 15/5+)

4207 (1) 26 (1) 0.79  (4)° 17/27F 15/2%

4433.6(3) 1369.2 (1) 3.2 (1) 139 (11)* 17/2% 13/2*
700.7 (1) 22 (1) 0.51 (5)° 17/2% 15/2H)

310.8 (1) 95  (3) .22 (6)f .15 (3)f 17/2% 17/2%

4547.1(3) 8144 (1) 141 (4) 117 (8)° 1.21  (4)° 19/2(H) 15/2(H)
4242 (1) L3 (1) 19/2(+) 17/2"

216.4 (1) 1.2 (1) 19/2(9) 17/2F

4632.8(3) 1568.5 (1) 55 (2 1.18  (6)* 17/27F 13/2%
4850.1(3) 1785.8  (3) 0.7 (1) 17/2% 13/2*
7273 (1) 3.1 (1) 1.10  (6)f 17/2% 17/2*

5467.1(3) 13446 (1) 59  (2) 0.56  (2)¢ 19/2° 17/2F
1136.1  (2) 1.8 (1) 19/2° 17/2F

1033.4 (1) 7.1 (2) 0.64  (4)7 0.67  (3)7 19/2° 17/2F

919.2  (2) 09 (1) 19/2~ 19/2(+)

834.4  (2) 0.6 (1) 19/2° 17/2%

616.9 (1) 38 (1) 050  (3)f 19/27 17/2%

5497.9(3) 1375.1 (1) 175  (5) 1.03 (5 1.04  (3)f 21/2% 17/2%
1167.1 (1) 8.6  (3) 0.97  (6)* 21/2% 17/2%

1063.7  (2) 2.1 (1) 21/2% 17/2*

a) Gate on 1096 keV and 1027 keV.

b) Gate on 1096 keV.

c) Gate on 1027 keV and 1058 keV.

d) Gate on 1096 keV and 814 keV.

e) Gate on 1096 keV and 1501 keV.

f) Gate on 1096 keV, 1027 keV, and 1058 keV.

g) Gate on 1096 keV, 1027 keV, 1058 keV, and 828 keV.
h) Gate on 1096 keV, 1501 keV, and 814 keV.

i) Gate on 1096 keV, 1027 keV, 1058 keV, and 1375 keV.
j) Gate on 1096 keV, 1027 keV, 1058 keV, and 1125 keV.
k) Gate on 1125 keV and 1390 keV.

1) Gate on 1096 keV, 1027 keV, 1058 keV, 1125 keV, and 1390 keV.
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Table 2. Continued.
E, (keV) E, (keV) Yiel Rpco Rapo T IF
5917.2(3) 1794.0 (1) 19.6  (6) 084  (5)7 17 (3)F 21/2% 17/2%
1484.0 (1) 3.4 (1) 21/2% 17/2%
1284.7 (1) 41 (1) 1.18  (10)° 21/2% 17/2%
4196 (1) 3.1 (1) 21/2% 21/2%
5944.8(3) 1397.9 (1) 6.6 (2 061  (2)" 21/29) 19/27F
6121.3(6) 15742 (1) 29 (1) 19/2(H)
6295.1(3) 828.0 (1) 153 (5) 095  (6)f 1.00  (3)f 23/27 19/2°
797.3 (1) 71 (2) 070  (3)7 23/27 21/2%
350.5 (1) 1.0 (1) 23/2° 21/2(-)
6816.5(3) 13185 (1) 19.1  (6) .01 (10)* 1.29  (8)f 25/2% 21/2%
899.4 (1) 33.7  (10) .31  (6)F .35  (3)f 25/2% 21/2%
521.6 (1) 22 (1) 25/2% 23/2~
7089.6(5) 1144.8 (1) 26 (1) .27 (8)" 25/2(~) 21/2(2)
7362.9(3) 1067.8 (1) 182  (6) 082  (6) 1.24  (5)° 27/27 23/27
7941.7(3) 1125.2 (1) 48.6  (15) 114 (47 1.29  (3)f 29/2+ 25/2%
8199.3(5) 1382.7 (1) 52 (1) (27/2%) 25/2%
8498.9(6) 1409.2 (1) 1.4 (1) 1.25 (9" 29/2(7) 25/2(7)
11356 (2) .3 (1) 29/2(~) 27/2°
8605.0(4) 12421 (1) 77T (2) 113 (4)7 31/2° 27/27
9402.2(4) 1460.5 (1) 2.9 (1) (31/2%) 29/2%
12029 (1) 23 (1) (31/2%) (27/2%)
9331.8(4) 1390.0 (1) 35.0  (11) .10 (4) 1.24  (3)f 33/2% 29/2%
10168.9(9) 1563.9  (2) 1.4 (1) 31/2°
10192.7(9) 1693.6  (2) 1.4 (1) 29/3()
1589.6  (4) 04 (1) 31/2°
10507.4(9) 2565.3  (5) 08  (3) 29/2%
10977.5(5) 1644.9 (1) 1.6 (1) 0.36  (3)* (35/21) 33/2%
1575.3 (1) 31 (1) (35/27) (31/27)
11067.5(4) 1737.9 (1) 20.0  (6) .01 (4) .31 (3) 37/2% 33/2%
12188.0(9) 2857.3  (5) 0.7 (4 33/2%
1680.4  (2) 1.3 (2
12790.3(6) 18123 (1) 29 (1) (39/21) (35/21)
17246 (2) 1.4 (1) (39/2™) 37/2%
13236.9(5) 2169.2 (2) 57 (2) 1.25  (9) .32 (5)! 41/27F 37/2%
14024.1(10)  2956.2  (5) 0.6 (4 37/2%
1836.3  (2) 0.9 (2
15043.4(8) 2253.5  (3) 1.5 (2) (43/2%) (39/2%)
1804.2  (3) 07 (1) (43/27%) 41/27F
15980.3(12)  2741.5  (9) 02 (2 41/27F
19562  (2) 1.4 (2

band built on the 7/27 state, and a few weak transitions,
identified in [5] could not be observed in the present ex-
periment. One sequence of transitions had to be reverted.

Due to the higher «y-ray efficiency of the GASP spec-
trometer as compared to the NORDBALL array used in
[5] and because of the much higher angular momentum
of the compound nuclei after the reaction 32S + 49Ca, a
number of new bands developing at high excitation en-
ergies could be established in this work. Very recently, a
partial level scheme for 5°Ga resulting from an experiment
using the Euroball spectrometer has been presented [20].
These authors identified the main positive-parity band up
to spin 41/2% and two sidebands to this cascade. The
negative-parity sequence could be extended as compared
to the level scheme in [5]. Apart from one tentative line

feeding the 15980 keV level and an additional decay out
of one of the sidebands all states and transitions included
in [20] have also been identified in the present work. Fur-
thermore, a number of transitions mentioned neither in [5]
nor in [20] could be established.

The level scheme of °Ga as deduced from this work is
displayed in fig. 5. The ~-ray energies, intensities, ADO-
and DCO-ratios as well as level energies and spins are sum-
marised in table 2. Figure 6 shows examples of particle-
gated y-spectra. The low-lying states with negative parity
and the positive-parity structure up to the 25/2% state
presented in [5] could be confirmed in the present anal-
ysis. The ground state of ®°Ga is populated mainly from
the decay of the 9/2% band head of the positive-parity
structure via a 9/2%7 — 9/27 — 5/27 — 3/2~ cascade. In
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Fig. 6. ~-ray spectra from the reaction 4OCa(3QS, a3p)65Ga gated by one a-particle and three protons. The energies are labelled

in keV. (a) Gate on 1125 keV. (b) Gate on 828 keV.

contrast to 53Ga, where the positive-parity band continues
up to spin (33/2%) without any side structures, two paral-
lel cascades emerging from the 25/27 state and feeding the
17/27% state with comparable intensity have been observed
in %5Ga. Above the 25/2% state, a sequence of stretched
FE2 transitions could be established reaching up to spin
41/2% at an excitation energy of £, = 13.2 MeV. Parallel
to this sequence of positive-parity states and decaying into
them, two sidebands have been identified. Due to the low
relative intensity of the transitions inside and out of these
bands, only the multipolarity of one transition connecting
one of these side bands to the main positive-parity cascade
could be determined. The 1645 keV transition populating
the 33/2% state has an ADO ratio of Rapo = 0.36(3) and
thus can be identified as dipole transition depopulating a
(35/27) state. The structure of this sideband and its decay
to the main cascade allow tentative spin assignments also
to the other states. The band reaches from spin (27/27) to
spin (43/2%) at an excitation energy of F, = 15.0 MeV.
The tentative assignment of positive parity is based on
the partial decay of these states into the positive-parity
band and on the lack of connections to any states with
negative parity. The second side structure, connected to
the main positive-parity band via four high-energy transi-
tions (E, ~ 2.5-3 MeV) is too weakly populated to allow
any spin assignments.

Below 5 MeV excitation energy it has been possible to
assign positive parity to a number of levels. For the 17/2%
states at 4331 keV, 4434 keV, 4633 keV, and 4850 keV,
this is based on their decay into the 13/27 state and on
their population from the 21/2% state. For the 19/2(+)
— 15/24) — 11/2H) cascade, positive parity can just
tentatively be assigned, in agreement with the results in
[5], but in contradiction to [21].

A state at 5467 keV excitation energy decays via stret-
ched dipole transitions into several 17/27 states. This de-

termines the spin of this level to 19/2, in agreement to the
results in [5], but the parity cannot be deduced from the
present data. Due to the relatively high number of decay
paths of the 19/2 state, an analysis of the mixing ratio for
any depopulating dipole transition, as performed in %3Ga,
is not possible. Negative parity for this state is proposed
on the basis of the measured ADO ratio for the 19/2(~)
— 17/2% transition (Rapo = 0.56(2) as compared to
Rapo = 0.60(1) in %3Ga) and because of the similarity of
the decay patterns of %3Ga and %*Ga, but an experimen-
tal proof for this is still to be given. As compared to [5],
the order of the 727 keV and 617 keV transitions depopu-
lating the 19/2(7) state has been reversed. The 1785 keV
transition populating the intermediate state is now depop-
ulating it and feeds the 13/2% state. Based on the 19/2(7)
state, a sequence of three E2 transitions could be estab-
lished, followed by a fourth transition of too low intensity
to determine the multipolarity. One side structure to this
band has been found. It is based on the 19/2(+) state and
consists of one dipole and two quadrupole transitions plus
one of unknown multipolarity. Due to the connecting tran-
sitions between this side structure and the negative-parity
states, negative parity is also suggested for this band.

3 Discussion

In [4], the excited states in %3Ga were explained by single-
particle excitations and their coupling to the even-even
627n core. High-spin states in °Ga have been interpreted
in the framework of the interacting boson fermion and
broken pair model (IBFBPM) [5].

With respect to the higher spins observed in the
present experiment and in order to gain comparable in-
terpretations for both isotopes, we performed extended
Total Routhian Surface (TRS) calculations [22]. In this
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Fig. 7. Total Routhian Surfaces for positive and negative parity in ®*Ga. The (+,41/2) configuration for iw = 0.0 MeV (a)
and hw = 0.8 MeV (b) and the (——1/2) configuration for iw = 0.0 MeV (c) and Aiw = 0.8 MeV (d) are shown. The distance

between the contour lines is 200 keV.

model, the nucleus is rotated externally about a fixed axis
and the energy is calculated in this rotating frame of refer-
ence. The total Routhian contains the macroscopic liquid
drop energy of the nucleus, a single-particle shell correc-
tion, and the pairing energy. The single-particle energies
are obtained from a Woods-Saxon potential, the pairing
includes a monopole and a double-stretched quadrupole
interaction [23]. The Routhian is minimized with respect
to the deformation parameters (B2, B4, and .

In both nuclei, the 3/2~ ground state can be inter-
preted by the unpaired proton occupying a subshell emerg-
ing from the spherical the ps /5 orbital. The low-lying 5/27
state results from the promotion of the proton into the f5 /5
orbital. Other low-lying negative-parity states in 636°Ga
can be understood as the coupling of one of these configu-
rations to positive-parity states of the respective even-even
cores of the nuclei. In this picture, the 7/2~ states have a
[T P3j2 ® 280e)7/2-» the 9/27 states a [7 f5/5 @ 28,.0]0/2-
structure. In both isotopes, the band head of the positive-
parity band is formed by the 9/2% state. This state results
from the excitation of the unpaired proton into the gg /o
orbital.

Results in ©3Ga

The TRS calculations for positive parity predict the sig-
nature @« = +1/2 to be lower in excitation energy, in
agreement with the experimentally observed spins. The
TRS plots for this configuration are shown in fig. 7. At
hw = 0 (see fig. 7a), which corresponds to a spin projec-
tion of I, = 4h, the nucleus shows a moderate deformation
(B2 = 0.25) and appears quite v soft. The energy mini-
mum is calculated for a triaxial shape with v = 22°. This
minimum stabilizes at higher rotational frequencies (see
fig. 7b). Figure 8 shows the aligned spin I, for this config-
uration in comparison with the experimental data. Also
shown are the proton and neutron contributions to the
spin. Whereas the proton spin increases smoothly with the
rotational frequency, the gain in neutron spin —about 8%
between hw = 0.6 MeV and hiw = 1.0 MeV— corresponds
to the spin of a fully aligned gg,/, neutron pair, indicating
that the higher spin values in the positive-parity band are
obtained by the alignment of two neutrons. The overall
agreement between the experimental data and the calcu-
lation is good. However, the experimental values show a
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53Ga. The experimental values (symbols) are compared to the
calculated ones (solid lines). Proton and neutron contributions
are also displayed separately. For details, see text.

backbending between I, = 10k and I, = 15h, which is
not reproduced by the calculations. This indicates that
the band interaction between the zero quasi-neutron and
the two quasi-neutron configurations is weaker than pre-
dicted by the calculations.

At very high rotational frequencies, hw ~ 1 MeV,
the deformed collective configuration is crossed by a non-
collective oblate configuration (82 = 0.29, v = 60°),
which terminates at I™ = 41/2%, the maximum value for
a [V(g9/2)? v(f5/2)? m(gg/2) m(f5/2)? | configuration. This
configuration is also included in fig. 8(a). However, due
to the lack of statistics, neither the band crossing nor the
terminating state have been observed in the present ex-
periment.

The negative-parity band in %3Ga is based on the
19/2(7) state. Possible configurations for this state involve
the alignment of proton and neutron pairs in the fp-shell
while the unpaired proton occupies the pz/p orbital with
negative parity and favoured signature @ = —1/2. How-
ever, in order to gain higher spin values, these configura-
tions would require the excitation of a proton or neutron
pair into the gg/o orbital and its alignment there. This is
connected to a strong backbending, which is not observed
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Fig. 9. Total Routhian Surfaces for positive parity in >Ga.
The (+,+1/2) configuration for fiw = 0.2 MeV (a) and hw =
1.2 MeV (b) are shown. The distance between the contour lines
is 200 keV.

~—

experimentally. We therefore suggest the negative-parity
states to be built on a 7(gg/2) V(g9 2) v(f5/2) configura-
tion. Via Pauli blocking, the odd proton and neutron in
the gg /5 orbital prevent a backbending in the cascade built
on the 19/27 state. With the assumption that particle-
hole excitations across the N,Z = 28 shell gap do not
occur, the proposed configuration for the negative-parity
states can be extended to m(gg/2) 7(f5/2)% v(g9/2) v(f5/2)
v(ps/2)? which reaches a maximal spin of 35/2~ which
corresponds to the 10869 keV level.

A second 35/27 state at 10964 keV, a 39/2~
(12833 keV), and a 43/27 state (14464 keV) have been
identified in the experiment. Due to the exclusive decay
of this cascade into the (7, @) = (—,—1/2) band similar con-
figurations can be assumed for the states in both cascades.
Based on the states in the (7, ) = (——1/2) cascade, the
only feasible way to gain higher spins is the promotion of
the p3/2 neutron pair into the gg/o orbital. We therefore
suggest a 7(gg/2) m(f5/2)? v(go/2)® v(f5/2) configuration
which can create a maximal spin of 43/27.
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With the spins and parity discussed in the previous
chapter, the sideband reaching from spin 25/2(_) at an
excitation energy of 7914 keV up to spin (37/27) at
12737 keV can either be interpreted as the signature part-
ner of the negative-parity band or by the promotion of
one of the p3/, neutrons into the f5 /5 orbital. One test for
the configurations of the sideband is on the basis of the
B(M1)/B(E2) ratios [24,25]. The experimental values are
B(M1)/B(E2)=2.4(3), 2.9(3), 1.7(1), for the 9254 keV,
10977 keV, and 12737 keV level. A possible quadrupole ad-
mixture (the mixing ratios have not been determined ex-
perimentally) in the transitions causes that these numbers
overestimate the pure B(M1) strength. However, the cal-
culated values are some orders of magnitude smaller than
the experimental ones, which rules out a pure v(ps/2) o =
+1/2 character of the sideband. On the other hand, the
calculated signature splitting for the negative-parity cas-
cade agrees well with the experimental results. For - defor-
mations as obtained from the TRS calculations, the (7, o)
= (—,+1/2) states are strongly mixed. The main compo-
nents are the orbitals emerging from the spherical ps/o
and the f5/5 orbit.

Figures 7(c) and (d) show TRS plots for the (7,a) =
(——1/2) configuration in %3Ga. At rotational frequencies
up to hw =~ 0.6 MeV, the minimum for this configura-
tion is predicted to lie at B2 ~ 0.28 and v =~ 25° (see
fig. 7(c)). The calculated spin at this frequency is 12.3%,
which corresponds roughly to the 27/27 state. Contrary
to the positive-parity band, no backbending is observed
in the (m,«a) = (—,-1/2) cascade. At higher frequencies,
the proton and neutron spins increase simultaneously and
smoothly.

At hw ~ 0.9 MeV, a configuration with v ~ 50° be-
comes yrast (see fig. 7(d)), which at even higher rotational
frequencies moves towards v = 60°. However, the corre-
sponding states have not been observed in the experiment.

The interpretation of the negative-parity states above
the 19/27 level by the excitation of one neutron into the
go/2 orbit instead of the promotion of the unpaired proton
into the f5/5 or ps/, orbital can also explain the striking
similarity between the level schemes of %3Ga and ®4Ge
[10,26]. In ®*Ge, the negative-parity cascade decays via
the 1665 keV 5~ — 4% transition into the ground-state
band. The 5~ state is populated via the 528 keV 7= — 5~
and the 1127 keV 97 — 7~ transitions. This cascade has
been extended up to spin (157). In %3Ga, the correspond-
ing numbers are 1772 keV (19/27 — 17/2%), 649 keV
(23/27 — 19/27), 1209 keV (27/27 — 23/27), and spin
35/27. The negative-parity states in *Ge are interpreted
as the promotion of one particle into the gg/, orbital [9].
The comparison with the data now available for 3Ga sug-
gests that this particle is a neutron rather than a proton.

Results in %°Ga

Figure 9(a) shows the TRS plot for the (7, a) = (+,+1/2)
configuration in ®*Ga at a rotational frequency of hw ~
0.2 MeV. The calculated spin at this frequency corre-
sponds to the J™ = 9/2% band head of the cascade. The
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Fig. 10. Aligned spin vs. rotational frequency for the (m, &)
= (4+,4+1/2) configuration in %°Ga. The experimental values
(symbols) are compared to the calculated ones (solid lines).
Proton and neutron contributions are also displayed separately.
For details, see text.

calculated deformation parameters are G2 = 0.25, as for
the (m,a) = (+,+1/2) band in %3Ga, and v = 54°. The
nucleus, however, appears to be quite v soft: A second
minimum appears at 32 = 0.25 and v = 25°. This de-
formation becomes yrast at higher rotational frequencies.
The ~y softness could explain the parallel structures in the
positive-parity band between the 13/27 and the 25/2%
states. The calculated deformation above the 25/2% state
(B2 = 0.25, v =~ 25°) is stable up to rotational frequency
of hw = 1 MeV, which corresponds to a spin of about
17h. Whereas the proton contribution to the total spin
increases only slowly with the rotational frequency, ad-
ditional angular momentum is gained by the alignment
of a gg/o neutron pair (see fig. 10). Above hw = 1 MeV
the configuration is crossed by a non-collective one (33
= 0.29, v = 60°, fig. 9(b)), which terminates at a spin of
about 20.5%. The spin value is the maximal possible within
a [v(goy2)? v(f5/2)* m(goy2) m(f5/2)?] configuration space.
This terminating state is in very good agreement with the
41/2% state, the highest one experimentally observed in
this cascade.

In spite of the tentative spin and parity assignments for
the cascade between the (27/2%1) state at E, = 8199 keV
and the (43/2%) state at E, = 15043 keV, we will con-
sider this sequence as the signature partner of the (7, ) =
(+,+1/2) band. The (m,a) =(+,-1/2) configuration is
predicted to be slightly more deformed than the (7, a) =
(+,41/2) states. For the negative signature the calculated
deformation parameters are B, = 0.29 and v = 20°. In
contrast to the (m,a) = (+,4+1/2) band, the (7,a) =
(+,-1/2) configuration is not crossed by a non-collective
one. The collective configuration remains yrast even at
high rotational frequencies and angular momenta.

The aligned angular momentum I, for both signatures
is shown in fig. 10 in combination with the calculated val-
ues and the contributions from protons and neutrons. The
alignment of the gy, neutron pair at hw ~ 0.5 MeV in
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the (7, @) = (+,+1/2) band is clearly visible. In the ex-
perimental data as well as in the calculations the values
for the aligned angular momentum I, nearly coincide for
both signatures, pointing towards similar configurations.
The calculations, however, underestimate the aligned an-
gular momentum by about 2h, whereas the slope with
increasing rotational frequency is reproduced correctly.

In contrast to 93Ga, negative-parity states are only
weakly populated in %°Ga. The probable band head of
the (m,a) = (-,-1/2) cascade is the 19/2(~) state. The
calculations for the (7,«) = (—,-1/2) configuration pre-
dict a sudden gain of angular momentum at Aiw =~ 0.8
MeV, a higher value than the experimentally observed ro-
tational frequencies. The calculated deformation for I, ~
10A, B2 = 0.33, v = 18° remains stable up to high fre-
quencies. However, due to the weak population of this
band, the corresponding states could only be observed up
to spin 31/2(_) with a possible extension of the band up
to (35/27).

4 Conclusions

We have studied high-spin states in the neutron-deficient
nuclei %3Ga and %°Ga. In both nuclei the previously
known single-particle states below an excitation energy of
1.5-2.0 MeV could be confirmed. Above the 9/27 states,
which are formed by the promotion of the unpaired proton
into the gg/5 orbital, rotational-like structures were identi-
fied or extended in both isotopes. The level scheme of 53Ga
is dominated by a negative-parity sequence built on the
19/2(=) level and reaching up to spin 43/2(~) at an exci-
tation energy of 14.5 MeV. These states are interpreted as
being based on a 7(gg,2)v (g9 2)v(f5/2) configuration. The
excitation of both, a proton and a neutron into the gg /o
orbital can explain the similarity between the excitation
patterns of 3Ga and %4Ge. The positive-parity bands in
both Ga isotopes are governed by a v(gg /2)2 alignment at
rotational frequencies of hw ~ 0.7 MeV in %3Ga and hw ~
0.6 MeV in °Ga. In 5°Ga, the 41/27 state is a likely can-
didate for the band termination of the [v(gg/2)? v(f5/2)*

7(g9/2) m(f5/2)?] configuration.

The authors would like to thank the operational staff of the
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experiment. The work was supported by the Swedish Natural
Science Research Council.
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