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Excited states of65Ga and67Ga nuclei were populated through the12C(58Ni,ap) and 12C(58Ni,3p) reac-
tions, respectively, and investigated by in-beamg-ray spectroscopic methods. The NORDBALL array
equipped with a charged particle ball and 11 neutron detectors was used to detect the evaporated particles and
g rays. The level schemes of65,67Ga were constructed on the basis ofgg-coincidence relations up to 8.6 and
10 MeV excitation energy, andI p527/2 and 33/21 spin and parity, respectively. The structure of65,67Ga
nuclei was described in the interacting boson-fermion plus broken pair model, including quasiproton,
quasiproton-two-quasineutron, and three-quasiproton fermion configurations in the boson-fermion basis states.
Most of the states were assigned to quasiparticle1 phonon and three quasiparticle configurations on the basis
of their electromagnetic decay properties.@S0556-2813~99!02004-X#

PACS number~s!: 23.20.Lv, 21.10.Hw, 21.60.Fw, 27.50.1e
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I. INTRODUCTION

The Ga nuclei have three protons above theZ528 shell
closure. The simplest way to interpret their low-lying sta
is to couple the odd proton to the collective states of
corresponding even-even cores. Even within such a sim
approximation the yrast sequence could be described u
spin 9/22, but the order of the states above the yrast line w
mixed up even in the low-spin region@1#. A more exact
treatment of the Ga nuclei can be achieved, if the three p
tons are handled microscopically taking care for the Pa
principle, too, while the neutron excitations can be collec
into a set of phonon states. This kind of description was q
successful, and the direct treatment of the three quasip
cles had visible effects even on the properties of the lo
lying states@2#. By exciting the Ga nuclei to higher energie
the role of the broken pair states is increasing, and they
be yrast even at a relatively low energy, as the phonon
ergy in the Zn core nuclei is relatively high,'1 MeV, re-
sulting in high-energy multiphonon states. At higher energ
the break up of the neutron pairs must also be taken
account. A model which is able to handle an odd nucle
coupled to a general anharmonic vibrator core and an a
PRC 590556-2813/99/59~4!/1956~19!/$15.00
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tional pair of nucleons was recently developed@3#, and tested
by describing of the bands of a deformed nucleus@4#. A real
challenge for the nuclear models is a description of
nucleus, where the collective structures are already de
oped, but they are competing with the single-particle degr
of freedom. Thus, a more stringent test of the model wh
its strength and possible weak points can be revealed w
be an attempt to interpret both the excitation energies and
transition probabilities in a transitional nucleus. Because
the available experimental and theoretical information on
low-spin states, as well as on their complexity at high
spins, the Ga nuclei can serve as the test bed for the mo

The low-lying levels of65,67Ga were already investigate
previously via single nucleon transfer reactions@5#, radioac-
tive decay of65Ge @6# and 67Ge @7#, as well as (p,n) reac-
tion @8# and other light ion induced reactions@9#. Informa-
tion on nuclear properties of higher spin states is availa
from 58Ni( 12C,apg)65Ga, 60Ni( 7Li,2ng)65Ga @10#, and
53Cr(16O,png)67Ga @11#, 57Fe(12C,png)67Ga @12#, as well
as, from 46Ti( 25Mg,3pxng)65,67Ga @13# reactions. The ex-
perimental results achieved so far were summarized in re
Nuclear Data Sheets~NDS! compilations for65Ga @14# and
67Ga @15#. These measurements led to a fairly well esta
1956 ©1999 The American Physical Society
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PRC 59 1957COLLECTIVE AND BROKEN PAIR STATES OF65,67Ga
lished level scheme up to 4 MeV and spin 15/2–17/2 and
yrast states have been observed up to the 8613 keV (312)
level in 65Ga and the 6590 keV (27/21) level in 67Ga.

The 12C158Ni reaction was studied in order to clarify th
origin of background lines in an experiment devoted to
vestigations of nuclei in the region of100Sn @16#. As a by
product, a substantial amount of new experimental inform
tion on the65,67Ga nuclei was collected, too. The aim of th
present work is to extend the available information on
cited states of65,67Ga in the region where the broken pa
states dominate the excitation spectrum, and to test the in
acting boson-fermion plus a broken pair model by interpr
ing the experimental data.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The experiment was carried out at the Tandem Accele
tor Laboratory of the Niels Bohr Institute in Denmark usin
the NORDBALL multidetector array@17,18#. A 1.5 mg/cm2

thick 12C target evaporated onto a 23 mg/cm2 thick gold
backing was bombarded with a 261 MeV beam of58Ni. The
detection ofg rays was performed with 15 Compton su
pressed Ge detectors having a total photo peak efficienc
about 1%. The detectors were placed in three rings at an
of 79.1o,100.9o, and 142.6o with respect to the beam direc
tion. In order to help the selection of the nucleus of inter
from the numerous ones produced in the reaction theg rays
were measured in coincidence with the charged particles
the neutrons emitted by the70Se compound nucleus. Ligh
charged particles were detected with a 21-elementDE-type
silicon ball covering about 90% of the total solid angle@19#.
The average efficiency for the detection and identification
protons anda particles was about 60% and 40%, respe
tively. The forward 1p solid angle was covered by the Ne
tron Wall consisting of 11 liquid scintillator detectors assi
ing in deducing the neutron multiplicity of each event@20#.
The discrimination betweeng rays and neutrons detected
the neutron detectors was achieved by combining the p
shape discrimination technique based on the zero-cross
principle and the time-of-flight method@21,22#. The total
neutron detection efficiency was about 24%. The dete
setup contained also ag-ray calorimeter composed of 3
individual BaF2 crystals for totalg-ray multiplicity and sum
energy filtering. Furthermore, the logical OR signal from t
BaF2 detectors provided the time reference for all other s
nals.

Two different trigger conditions were combined. The fir
of them required at least twog rays to be detected in the G
detectors with maximum time difference of 80 ns and at le
oneg ray detected in the BaF2 calorimeter. The second trig
ger condition was fulfilled, if at least one Ge detector a
one BaF2 detector fired in coincidence with at least one ne
tron detected in the liquid scintillators. A total of about 12
million coincidence events were collected and sorted off-l
into a set ofgg matrices gated by different conditions on th
numbers of the detected charged particles and neutrons
energy and efficiency calibration of the Ge detectors
standard133Ba and 152Eu radioactive sources were used.
the off-line analysis gain matching and gain correction p
cedures were applied.

Altogether 22 residual nuclei were populated in the e
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periment. The yield of the65Ga and67Ga nuclei was abou
12 and 18%, respectively. For studying the65Ga nucleus a
gg-coincidence matrix was created with the requirement t
onea particle and one proton were detected in coinciden
with the g rays. In the case of67Ga the events containing
three protons were used to create thegg-coincidence matrix.
These particle gated matrices contained also theg rays of
62,64Zn and 64,66Ga since some of the particles were not d
tected, or due to misinterpretation of particles~e.g., two pro-
tons asa particle!. Thegg matrices were analyzed in deta
using a standard gating procedure with the aid of
RADWARE software package@23#. Cleaned total projection
spectra from the 1a1p and the 3p gated matrices are show
in Figs. 1 and 2, respectively. Typical gated spectra
shown in Figs. 3 and 4.

The most probable multipolarities were assigned to
transitions on the basis of a simplifiedgg-correlation analy-
sis. The angular distribution ratio

Rang5
I g~143o!

I g~79o!1I g~101o!

deduced from the intensity of a transition detected at 1o

and at 79o or at the equivalent 101o angle relative to the
beam direction in coincidence with ag ray observed at any
direction is sensitive to the angular momentum transfer
by theg ray. In order to reduce the uncertainty of the me

FIG. 1. Total projection spectrum of65Ga obtained from the
1a1p gatedgg matrix after subtraction of the contaminating cha
nels.

FIG. 2. Cleaned total projection spectrum of67Ga from thegg
matrix obtained by putting a gate on the 3p events.
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1958 PRC 59I. DANKÓ et al.
suredRang values we have taken the weighted average
numerous intensity ratios determined by using different
incidentg rays as gating transitions.

TheoreticalRang values have been calculated previous
@24# assuming that transitions of pure multipolarity we
emitted from completely aligned initial states. According
that,Rang;1.5 corresponds to a stretched quadrupole tra
tion, andRang;0.8 to a stretched dipole one. The measu
values are expected to lie between these calculated va
and the value of 1 representing the complete attenuatio
the alignment. The dependence ofRang on the gating transi-
tion was found normally to be smaller than the typical u
certainties in the peak fitting@25#. Furthermore, the fine ef
fects of the angular correlation influenced relatively wea
the Rang ratio because the gating transition was chosen fr
any of the detectors, and thus both the angle between the
detectors and the angle of the detector relative to the b
direction were integrated over a wide range. In the case
mixed transitions, theRang varies in the range of 0.3–1.
depending on the spin difference between the initial and fi
states and on the mixing ratiod of the transition@24#. This
kind of ambiguity could only be resolved, if a full angula
correlation analysis would have been performed on a hig
statistics data set. During the multipolarity assignments o
E1, M1, mixed M11E2, andE2 transitions were consid
ered. In spite of the fact that the unambiguous determina
of the multipolarities of the transitions was not possible,
states were quite often populated or depopulated via diffe
decay paths, which enabled us to assign unique spin to m
of the states.

FIG. 3. Typical gg-coincidence spectra of12C(58Ni,ap)65Ga
reaction.
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It was also taken into account for spin-parity assignme
that in a heavy-ion induced fusion-evaporation reaction hi
spin states are populated and the decays mainly procee
stretched transitions along the yrast line. Thus, the maxim
possible spin value allowed by the angular distribution rat
and by the coincidence relationships of the transitions w
assigned to the states. Definite parity was assigned to a
if E2 or M11E2 multipolarity was determined for one o
the deexciting transition, while in the case ofDI 51 transi-
tions only tentative parities given in parenthesis were
cribed.

III. RESULTS

Tables I and II include the energies, relative intensiti
and angular distribution ratios of the65Ga and67Ga g tran-
sitions, respectively, together with the deduced spins of
initial and final states. Theg-ray energies and intensitie
were determined from thegg-coincidence matrices. The sys
tematic errors due to the energy and efficiency calibrat
was estimated to be;0.3 keV and;7%, respectively.

On the basis of the measured angular distribution rat
most of theg rays could be arranged into two groups. T
first group includedg rays havingRang<0.8 within 1s un-
certainty. The 191 keV transition of65Ga, depopulating the
191 keV state, was also put into this group in spite of hav
Rang50.8560.03 that can be cosidered to be 0.8 only with
2s uncertainty. Theseg rays were assigned to beDI 51
transitions~stretched dipole orM11E2 mixed ones!. Tran-

FIG. 4. Typicalgg-coincidence spectra of the12C(58Ni,3p)67Ga
reaction.
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TABLE I. Energies, intensities, and angular distribution ratios ofg rays from the12C(58Ni,apg)65Ga
reaction.

Eg ~keV! I g(%) R ratio Ei ~keV! I i
p→I f

p

190.5~3! 100.0~87! 0.85~3! 191 5/22→3/22

216.2~3! 1.5~2! 0.80~9! 4546 19/21→17/21

277.1~4! 0.3~1! 3064 13/21→13/22

310.3~3! 6.0~5! 1.30~7! 4432 17/21→17/21

349.9~3! 0.6~1! 0.73~14! 6293 23/2→21/2
390.3~4! 0.3~1! 0.77~40! 4122 17/21→15/21

419.0~3! 0.4~1! 1.21~23! 5916 21/21→21/21

420.2~3! 2.1~2! 0.85~14! 4330 17/21→15/2(1)

421.5~4! 0.2~1! 6136 21/2→19/2,21/2
423.8~3! 1.4~1! 0.81~12! 4546 19/21→17/21

521.9~4! 0.2~1! 6815 25/21→23/2
544.2~4! 0.4~1! 1353 (7/22)→(5/22)
558.6~4! 0.4~1! 3732 15/21→11/21,13/21

579.5~5! 0.1~1! 6293 23/2→19/2,21/2
594.2~4! 0.4~1! 0.78~34! 4330 17/21→15/2(2)

597.8~3! 2.5~2! 1.13~17! 4330 17/21→15/21

616.5~3! 2.9~3! 0.71~8! 4739 19/2(1)→17/21

667.5~3! 4.0~3! 0.70~9! 3732 15/21→13/21

670.1~3! 1.5~2! 0.56~15! 6136 21/2→19/2
684.6~4! 0.8~1! 2037 9/21→(7/22)
700.6~3! 1.2~1! 0.43~15! 4432 17/21→15/21

727.1~3! 2.1~2! 1.44~10! 5466 19/2→19/2(1)

750.6~3! 53.6~46! 1.28~4! 2037 9/21→9/22

775.5~3! 1.0~1! 2813 11/2(1)→9/21

796.9~3! 5.2~5! 0.71~8! 6293 23/2→21/21

808.7~4! 0.4~1! 809 (5/22)→3/22

814.2~3! 15.3~14! 1.34~4! 4546 19/21→15/21

827.8~3! 10.6~9! 1.35~4! 6293 23/2→19/2
833.6~4! 0.3~1! 5466 19/2→17/21

845.3~4! 0.7~1! 3910 15/2(1)→13/21

884.4~3! 9.2~8! 0.70~5! 1075 7/22→5/22

899.1~3! 5.0~5! 1.28~7! 6815 25/21→21/21

919.0~3! 3.3~3! 3732 15/21→11/2(1)

919.5~4! 0.4~1! 5466 19/2→19/21

944.1~3! 20.0~17! 0.81~3! 3732 15/21→13/22

962.1~3! 11.3~10! 0.71~10! 2037 9/21→7/22

1026.9~3! 60.0~52! 1.31~4! 3064 13/21→9/21

1033.2~3! 6.0~5! 0.74~5! 5466 19/2→17/21

1057.7~3! 38.1~33! 1.36~4! 4122 17/21→13/21

1063.7~3! 1.6~2! 5496 21/21→17/21

1067.7~3! 8.8~7! 1.43~15! 7361 27/2→23/2
1075.2~3! 8.0~8! 1.34~9! 1075 7/22→3/22

1096.0~3! 88.8~77! 1.30~3! 1287 9/22→5/22

1097.2~3! 4.6~4! 3910 15/2(1)→11/2(1)

1121.8~4! 0.7~1! 3910 15/2(1)→13/22

1125.2~3! 1.0~1! 7940 →25/21

1135.3~4! 1.2~2! 3173 11/21,13/21→9/21

1136.0~3! 1.7~2! 0.65~17! 5466 19/2→17/21

1162.6~4! 0.6~1! 1353 (7/22)→5/22

1166.8~3! 2.9~3! 1.45~27! 5496 21/21→17/21

1242.1~3! 1.1~1! 8603 →27/2
1265.5~3! 5.7~5! 4330 17/21→13/21

1268.6~4! 0.6~1! 3736 15/2(2)→11/2(2)

1283.5~4! 0.4~1! 5916 21/21→17/21



1960 PRC 59I. DANKÓ et al.
TABLE I. ~Continued!.

Eg ~keV! I g(%) R ratio Ei ~keV! I i
p→I f

p

1318.1~3! 3.0~3! 6815 25/21→21/21

1343.8~3! 5.7~5! 0.73~6! 5466 19/2→17/21

1352.9~4! 3.1~9! 1353 (7/22)→3/22

1368.2~3! 2.8~3! 4432 17/21→13/21

1374.5~3! 6.9~6! 1.36~8! 5496 21/21→17/21

1391.7~3! 1.8~2! 2467 11/2(2)→7/22

1397.4~3! 4.9~5! 0.73~10! 5943 21/2→19/21

1483.0~4! 0.6~1! 5916 21/21→17/21

1501.0~3! 19.8~17! 1.33~5! 2788 13/22→9/22

1526.2~3! 8.2~7! 0.73~7! 2813 11/2(1)→9/22

1567.7~3! 1.3~1! 4632 17/21→13/21

1591.8~4! 1.0~1! 5714 19/2,21/2→17/21

1784.6~4! 0.5~1! 6523 →19/2(1)

1793.6~3! 3.4~3! 1.29~12! 5916 21/21→17/21

1847.0~3! 1.5~2! 2037 9/21→5/22
ea
,
2

la
4

b
th
to
a
t

o

av
b

om

ity

t

d
46
nd

-

ng
al-
ace-
67

tain
eV

us
by

of
via-

ches
96,

ave

dy
de-
l-

gu-
ere-
. In
een
se of

-
and
ipo-
ls.
16,

keV
-

sitions in the other group haveRang51.32 within 1s uncer-
tainty in 65Ga ~calculated as the weighted average of m
suredRangvalues of knownDI 52 transitions of 1027, 1058
1075, 1096, and 1501 keV decaying from the 3064, 41
1075, 1287, and 2788 keV states! and 1.47 in67Ga ~calcu-
lated as the weighted average of knownE2 transitions of
712, 824, 888, 958, 1160, 1167, 1202, 1636 keV depopu
ing the 4290, 3855, 6379, 3031, 1519, 4198, 1202, and 5
keV levels!. ~The lowerRang value for 65Ga is connected to
lower alignment of the states in this nucleus which can
explained by the larger angular momentum transferred by
evaporateda particle.! These transitions were assigned
have stretched quadrupole character except for those c
when this assumption led to contradiction. In these cases
overlapping DI 50 dipole multipolarity was assigned t
them.

In the case of the65Ga, the 670, 701, and 884 keVg rays,
decaying from the 6136, 4432, and 1075 keV levels, h
Rang over 1.5s less than 0.8, thus they were assigned to
DI 51 mixed multipolarity transitions. For the 390 keVg
ray from the 4122 keV state and the 594 keV transition fr
the 4330 keV state, which haveR;0.8 but with too high
uncertainty (.20%), we could exclude theDI 52 stretched
quadrupole possibility. We could not deduce multipolar
for the 419, 598, 727, and 1167 keVg rays, decaying from
the 5916, 4330, 5466, and 5496 keV levels, because of
large uncertainties in theirRang values.

In the case of the67Ga, six transitions could not be place
into one of the above two groups. Three of them, the 5
843, 1387 keVg rays, depopulating the 3577, 1202, a
5677 keV states, haveRang over 1.5s less than 0.8. They
were assumed to beDI 51M11E2 transitions. Although,
the 925, 1364, and 1714 keVg rays, decaying from the
4780, 6589, and 2073 keV levels, haveRang51.5, as their
uncertainties are too high (.20%) we did not deduce mul
tipolarity for them.

A. Level scheme of65Ga

The proposed level scheme of65Ga obtained from the
12C(58Ni,apg) reaction is shown in Fig. 5. Allg rays have
-

2,

t-
91

e
e
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e
e
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,

been assigned to65Ga and placed in the level scheme usi
the gg-coincidence relationships. Energy and intensity b
ances have also been taken into account to confirm the pl
ment of transitions in the level scheme. However, the 24
and 3173 keV levels are ambiguous due to the uncer
order of the 1392 and 1269 keV, and the 1135 and 559 k
transitions.

Our level scheme is basically consistent with the previo
results obtained from heavy-ion induced reactions
Kawakamiet al. @10# and Zhuet al. @13#, except for someg
transitions which were replaced or removed on the basis
our coincidence measurement. The most significant de
tions from the level scheme of Zhuet al. @13# are that the
1794 keVg ray has been placed below the 899–1125 keVg
cascade and the order of the 1068 and 828 keVg rays has
been changed because of the newly obtained decay bran
from the 5916, 6815, and 6293 keV levels. The 900, 10
and 1392 keV transitions of Banerjeeet al. @9# were also
replaced. In addition, several new levels and transitions h
been placed in the level scheme.

The 3/22 spin and parity of the ground state was alrea
established from proton transfer reactions and radioactive
cay study of65Ga. The previously deduced spin-parity va
ues of the 191 keV 5/22, the 1075 keV 7/2, the 1287 keV
(9/2)2, the 2037 keV 9/21, the 2788 keV (13/22), the 3064
keV (13/21), and the 4122 keV~17/2! excited states@14# are
strengthened by our angular distribution ratios. Unambi
ous spin values could be deduced for the above states, th
fore we have adopted these values without parenthesis
addition, the parity of the 1075 and 4122 keV states has b
assigned to be negative and positive, respectively, becau
the E2 multipolarity assigned to the 1075 and 1058 keVg
rays decaying from them to 3/22 and 13/21 states, respec
tively. Using these spin-parity values we assigned spins
parities to the other states considering the deduced mult
larities of the transitions and decay properties of the leve

The group of 2467, 3736, 3910, 4330, 4632, 5496, 59
and 6815 keV states: The strong 899–1794 keVg-ray cas-
cade decays through the 5916 keV state from the 6815
level leading to the 4122 keV 17/21 state. The angular dis
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TABLE II. Energies, intensities, and angular distribution ratios ofg rays from the12C(58Ni,3pg)67Ga
reaction.

Eg ~keV! I g(%) R ratio Ei ~keV! I i
p→I f

p

139.7~5! 0.2~1! 5225 21/22→19/2(2)

168.8~4! 0.2~1! 3031 13/21→11/21

278.4~4! 0.5~1! 3855 17/21→15/21

304.2~4! 0.2~1! 5491 21/21→21/21

324.0~3! 0.8~1! 4179 →17/21

328.4~4! 0.1~1! 3190 11/21→11/21

335.8~7! 0.2~1! 5085 19/2(2)→17/22

342.5~3! 7.5~7! 1.46~11! 4198 17/21→17/21

349.1~4! 0.3~1! 5574 →21/22

358.9~3! 80.4~65! 0.77~3! 359 5/22→3/22

387.1~3! 1.3~1! 1.50~21! 3577 15/21→11/21

417.4~3! 1.5~2! 0.76~10! 3577 15/21→13/22

434.3~4! 0.5~1! 4290 19/21→17/21

441.1~4! 0.3~1! 6185 (23/22)→21/2(2)

469.9~5! 0.2~1! 4750 17/22→13/22,15/22

475.2~3! 0.8~1! 1.49~22! 5225 21/22→17/22

493.4~3! 1.6~2! 1.49~14! 4349 17/21→17/21

501.4~4! 0.2~1! 1412 7/22→5/22

519.3~3! 1.7~2! 1.48~12! 5744 21/2(2)→21/22

526.0~4! 0.4~1! 5751 →21/22

546.1~3! 38.7~34! 0.62~4! 3577 15/21→13/21

554.4~3! 44.4~38! 1.45~7! 2073 9/21→9/22

595.4~4! 0.4~1! 3627 →13/21

646.1~4! 0.2~1! 5396 (19/22)→17/22

659.3~4! 0.4~1! 5744 21/2(2)→19/2(2)

660.2~7! 0.1~1! 2073 9/21→7/22

705.3~4! 0.4~1! 4995 21/21,23/21→19/21

712.4~3! 31.8~27! 1.44~8! 4290 19/21→15/21

715.4~3! 2.6~3! 1.47~17! 3577 15/21→11/21

789.9~3! 1.0~1! 1.46~16! 6185 (23/22)→(19/22)
824.0~3! 41.3~36! 1.46~10! 3855 17/21→13/21

842.9~3! 15.8~14! 0.60~6! 1202 7/22→5/22

871.3~3! 63.5~55! 0.77~3! 2073 9/21→7/22

888.4~3! 19.0~17! 1.46~10! 6379 25/21→21/21

896.2~4! 0.4~1! 5186 21/21→19/21

910.9~4! 0.2~1! 911 5/22→3/22

924.6~4! 0.6~1! 1.53~63! 4780 →17/21

935.2~3! 17.3~15! 0.76~5! 5225 21/22→19/21

958.0~3! 100.0~86! 1.45~7! 3031 13/21→9/21

997.0~3! 5.8~5! 1.50~12! 8616 33/21→29/21

1022.5~4! 0.8~1! 3884 →11/21

1053.2~4! 1.0~1! 1412 7/22→5/22

1086.5~6! 0.3~1! 7958 (27/22)→23/2(2)

1100.0~4! 0.4~1! 6185 (23/22)→19/2(2)

1116.9~3! 1.1~1! 3190 11/21→9/21

1126.0~5! 0.4~1! 6870 23/2(2)→21/2(2)

1141.7~3! 2.5~2! 1.48~20! 5491 21/21→17/21

1159.8~3! 61.3~53! 1.48~4! 1519 9/22→5/22

1166.9~3! 8.3~7! 1.50~12! 4198 17/21→13/21

1172.6~4! 0.8~1! 7552 →25/21

1183.9~7! 0.6~2! 2596 →7/22

1193.0~4! 0.6~1! 6379 25/21→21/21

1202.0~3! 51.7~46! 1.45~7! 1202 7/22→3/22

1219.0~4! 0.6~1! 5417 →17/21
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TABLE II. ~Continued!.

Eg ~keV! I g(%) R ratio Ei ~keV! I i
p→I f

p

1222.6~4! 0.7~1! 7602 →25/21

1230.0~3! 2.4~3! 0.71~15! 5085 19/2(2)→17/21

1239.8~3! 6.7~6! 1.48~15! 7619 29/21→25/21

1292.7~3! 9.4~8! 1.52~14! 5491 21/21→17/21

1317.7~3! 3.1~3! 1.51~18! 4349 17/21→13/21

1330.9~3! 1.3~1! 1.48~22! 5186 21/21→17/21

1343.0~3! 5.3~5! 0.68~9! 2862 11/21→9/22

1363.8~4! 0.9~1! 1.47~48! 6589 (25/22)→21/22

1368.8~4! 0.6~1! 7958 (27/22)→(25/22)
1383.2~5! 0.2~1! 6379 25/21→21/21,23/21

1387.2~4! 0.6~1! 0.51~20! 5677 21/21→19/21

1412.2~7! 0.2~1! 1412 7/22→3/22

1451.3~4! 1.9~2! 1.52~24! 2653 11/22→7/22

1467.6~6! 0.4~1! 10084 →33/21

1540.1~4! 0.6~1! 5396 (19/22)→17/21

1589.9~3! 1.7~2! 1.46~14! 4750 17/22→13/22

1627.2~4! 0.9~1! 4280 13/22,15/22→11/22

1635.5~3! 6.3~5! 1.50~12! 5491 21/21→17/21

1641.3~3! 4.4~4! 1.47~21! 3160 13/22→9/22

1645.4~4! 1.1~1! 0.85~12! 6870 23/2(2)→21/22

1714.4~3! 2.3~3! 1.51~36! 2073 9/21→5/22
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tribution ratios measured for the 1794 and 899 keV tran
tions give E2 multipolarities; thus we assigned 21/21 and
25/21 spin-parity values to the 5916 and 6815 keV stat
respectively. Another decay branch formed by the 131
1375 keVg cascade leads also to the 4122 keV 17/21 state
via the 5496 keV state from the 6815 keV level. As the 13
keV g ray hasE2 multipolarity, we assigned 21/21 spin
parity to the 5496 keV state also. This assignment is in
cordance with the possibleDI 50 character of the 419 keV
transition decaying from the 5916 keV 21/21 state to the
5496 keV state.

The 4330 keV state decays to the 3064 keV 13/21 state
via the 1266 keVg ray and it is fed from the 5496 keV
21/21 state by the 1167 keV transition. As the spin gap
DI 54 along the cascade,I 517/2 spin is proposed for th
4330 keV state instead of the~15/2! spin proposed previ-
ously @14#. Similarly, the 4632 keV state decays to the 30
keV 13/21 state and is fed from the 5916 keV 21/21 state.
Because of theDI 54 spin gap,I 517/2 spin can be assigne
to the middle lying 4632 keV state, if we excludeDI .2
multipolarity transitions. As the cascade ofM2 transitions
can be excluded by lifetime considerations, positive pa
was assigned to the 4330 and 4632 keV states.

The 3736 keV state decays to the 1075 keV 7/22 state
through the 2467 keV state via the 1269–1392 keVg cas-
cade, and it is fed by the 594 keVg ray from the 4330 keV
17/21 state. As theRang value of the 594 keV transition
allows for 0 or 1 spin change,I 515/2,17/2 spin is allowed
for the 3736 keV state. The latter value can be exclud
since, assuming onlyDI<2 multipolarity transitions, the
1269–1392 keVg-ray cascade can bridge only aDI 54 spin
gap to its 7/22 final state; thus we accepted theI 515/2
value. This assignment resulted in spin 11/2 for the 24
keV state lying in the middle of the cascade. The parity
i-
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c-
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both states was tentatively assigned as negative on the
of analogy with 67Ga.

The 3910 keV state is connected to the 2813 keV 11/2(1)

state via the 1097 keVg ray and populated from the 433
keV 17/21 state by the 420 keV transition. The angular d
tribution ratio of the latter transition gaveDI 51 character,
thus 15/2 spin is assigned to the 3910 keV state. Since
DI .2 transitions are excluded, it is highly probable that t
1097 keV transition hasE2 multipolarity leading to tentative
positive parity for the 3910 keV state.

The 2813, 3173, 3732, and 4432 keV states: The 5916
keV 21/21 and the 3064 keV 13/21 states are connecte
through a cascade ofg rays with the 4432 keV state being i
the middle position. The connecting transitions are expec
to have E2 multipolarities resulting in 17/21 spin-parity
value for the 4432 keV state. The proposed 17/21 value is in
contradiction with the~21/2! value accepted by NDS@14#,
but it is in accordance with the excitation function measu
ment of Kawakamiet al. giving I>17/2 spin for this state
@10#.

The 3732 keV state is populated from the 4432 k
17/21 state via the 701 keVDI 51 transition havingM1
1E2 multipolarity, thus 15/21 spin parity was assigned t
the 3732 keV state. This assignment is in agreement with
DI 51 characteristics of the 668 and 944 keV transitio
decaying from the 3732 keV state to spin 13/2 levels.

The 3732 keV 15/21 state decays to the 3173 keV stat
which feeds the 2037 keV 9/21 state. As the spin gap is
DI 53 and DI .2 multipolarity transitions are excluded,I
511/21 or 13/21 spin-parity values are allowed for the 317
keV state.

The 2813 keV state decays to the 1287 keV 9/22 state
through the 1526 keV transition havingDI 51 characteris-
tics resulting in 11/2 spin for the initial state in agreeme



PRC 59 1963COLLECTIVE AND BROKEN PAIR STATES OF65,67Ga
FIG. 5. Proposed level scheme of65Ga.
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with the ~11/2! value of the NDS@14#. As the 919 keV tran-
sition, feeding the 2813 keV 11/2 state from the 3732 k
15/21 one, is expected to haveE2 multipolarity because o
theDI 52 spin change, tentative positive parity was assign
to the 2813 keV state.

The 4546 keV state: The 4546 keV state decays to th
3732 keV 15/21 state via the 814 keVg ray havingE2
multipolarity, and feeds 17/21 states through the 216 an
424 keV transitions havingDI 51 nature. On this basis
19/21 spin parity was assigned to this state.

The 4739, 5466, and 6136 keV group of states: According
to the measuredRangvalues, the 1033, 1136, and 1344 keVg
rays decaying from the 5466 keV state to 17/2 states have
DI 51 nature, thusI 519/2 spin was assigned to the 546
keV state contradicting the previous value of (25/21) @13#.
The parity of this state is probably positive, because it dec
mainly to positive parity states. The 5466 keV state dec
via another branch to the 4739 keV state through the
keV g ray, which may haveDI 50 character according to it
Rang value. The 4739 keV state feeds the 4122 keV 171

state via the 617 keVg ray having stretched dipole natur
Thus, I 519/2(1) spin and parity was assigned to the 47
keV state. The 6136 keV state is established by the 670
g ray decaying to the 5466 keV 19/2 state. TheRangvalue of
this transition givesDI 51M11E2 multipolarity, thus spin
21/2 was assigned to its initial state.

The 5714, 5943, and 6293 keV states: I 523/2 spin was
assigned to the 6293 keV state on the basis of theE2 mul-
tipolarity of the 828 keVg ray decaying from it to the 5466
d

he

ys
s
7

V

keV 19/2 state. It is also strengthened by theDI 51 nature of
the 797 keV transition decaying from it to the 5496 ke
21/21 state. The 5943 keV state is connected to the 45
keV 19/21 state and to the 6293 keV 23/2 state. Both tra
sitions haveDI 51 multipolarity, thus 21/2 spin was as
signed to this state. The 5714 keV state is established by
1592 keVg ray decaying to the 4122 keV 17/21 state and by
the 422 and 580 keVg rays decaying from the 6136 keV
21/2 and 6293 keV 23/2 states, respectively. These de
properties allowI 519/2,21/2 spin for the 5714 keV state.

The 7361 keV state: I 527/2 spin was assigned to th
7361 keV state according to theE2 multipolarity of the 1068
keV transition connecting it with the 6293 keV 23/2 state

The 809 and the 1353 keV states: We have tentatively
assigned (7/22) spin-parity value to the 1353 keV state an
(5/22) spin and parity instead of 1/22,3/22 @14# to the 809
keV state, because their decay properties are similar to th
of the 1412 and 911 keV states of67Ga.

B. Level scheme of67Ga

The proposed level scheme of67Ga from the
12C(58Ni,3pg) reaction is shown in Fig. 6. Allg rays have
been placed in the level scheme on the basis of
gg-coincidence measurement. Some low-energyg rays
~324, 349, 526, and 595 keV!, drawn with dashed lines in the
level scheme, have been observed in coincidence with low
lying transitions of 67Ga. However, their coincidence da
were too modest to exclude unambiguously higher energg
rays below these transitions.
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FIG. 6. Proposed level scheme for67Ga.
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Our level scheme is consistent with the previous res
obtained from heavy-ion induced reactions by Zobelet al.
@12# and Zhuet al. @13#, but our coincidence measureme
enabled us to establish several new levels above 3.8 M
excitation energy.

Beside the 3/22 ground state, spins, and parities of t
359 keV 5/22, 1202 keV 7/22, 1519 keV 9/22, 2073 keV
9/21, 2862 keV 11/21, 3031 keV 13/21, 3190 keV 11/21,
3577 keV 15/21, 3855 keV 17/21, 4198 keV (17/21), 4290
keV 19/21, 5491 keV (21/21), 6379 keV (25/21) excited
states have already been known@15#. Our angular distribu-
tion ratios strengthen these spin-parity assignments, eve
the uncertain cases, thus, the above values were acce
without parentheses. Using the above assignments, we
duced the spin-parity values for the other states, too, on
basis of the angular distribution ratios and the decay pro
ties of the levels. The 911 and 1412 keV states have b
excited very weakly in our experiment, their spin-parity va
ues shown in Fig. 6 are adopted values. The spin-parity
signments, which are new, or differing from the previo
ones are discussed below.

1. Positive parity states

The 4349 keV state: This state decays via the 493 an
1318 keVg rays to the 3855 keV 17/21 and to the 3031 keV
13/21 states, respectively. In addition, it is fed from the 54
ts
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keV 21/21 state by the 1142 keVg ray. According to the
Rang ratios, stretched quadrupole,DI 51 mixedM11E2 or
DI 50 dipole multipolarity was determined for all the thre
transitions. As the 1142–1318 keVg-ray cascade connect
21/21 state with a 13/21 state (DI 54), both transitions
must have stretched quadrupole~i.e., E2) multipolarity.
Thus, the 4349 keV state has 17/21 spin-parity and the 493
keV transition is aDI 50 dipole one in agreement with it
Rang value.

The 4995 keV state: This state is in the middle of the
1383–705 keVg-ray cascade connecting the 6379 ke
25/21 state to the 4290 keV 19/21 state. Both transitions
were too weak to get results for their multipolarities. As t
spin gap between the initial and final states of the cascad
DI 53, excludingDI .2 transitions, 21/21 or 23/21 spin-
parity values are allowed for the intermediate 4995 k
state.

The 5186 keV state: This state is established by the 133
keV g ray populating the 3855 keV 17/21 state, and the
1193 and 304 keVg rays decaying from the 6379 keV 25/21

and 5491 keV 21/21 state, respectively. AsDI 53 multipo-
larity transitions have been excluded, the 1331 and 1193
g rays must be quadrupole transitions to bridge theDI 54
spin gap. This is in accordance with the measuredRang ratio
of the 1331 keVg ray. Thus, 21/21 spin-parity value was
assigned to the 5186 keV state.
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The 5677 keV state: This state was established by th
presence of the 1387 keVg ray on top of the 4290 keV
19/21 state in accordance with Zhuet al. @13#. 21/21 spin-
parity was assigned to it on the basis of the deducedDI
51M11E2 multipolarity.

The 7619 and 8616 keV states: The 7619 keV state wa
reported previously by Zobelet al. @12# to decay by a 1240
keV g ray to the 6379 keV 25/21 state. An additionalg ray
of 997 keV was put on the top of 7619 keV state on the ba
of our coincidence relations, leading to the 8616 keV sta
From the measuredRang ratio, stretched quadrupole natu
was assigned to bothg rays, suggesting 29/21 and 33/21

spin-parity values for the 7619 and 8616 keV states, resp
tively.

2. Negative parity states

The 2653, 3160, 4280, 4750, and 5225 keV states: The
3160 keV state, decaying via the 1641 keVg ray to the 1519
keV 9/22 state, has already been proposed previou
@11,12#. In the NDS compilation@15#, from the 3160 keV
state two additionalg rays decaying to the 3/22 ground and
to a 1081 keV 1/22 states have been reported. These la
two transitions were obtained only from the radioactive d
cay of 67Ge @7#, while the 1641 keVg ray was not seen in
that experiment. We have seen only the 1641 keV transi
in our coincidence spectra when putting a gate on the 1
and 417 keVg rays, feeding the 3160 keV state. Thus, it c
be concluded that the 3160 keV state is a doublet: one of
levels is a low-spin state, excited only in the decay exp
ment, and may have 1/22 or 3/22 spin-parity value. The
other one, which has been seen from the heavy-ion indu
reactions, is a state of 13/22 spin and parity according to th
stretched quadrupole nature of the 1641 keV transition
well as theDI 51 character of the 417 keVg ray, leading
from the 3577 keV 15/21 state to the 3160 keV state.

The 4750 keV state is established by the above-mentio
1590 keVg ray, populating the 3160 keV state, and by t
475 keV g ray decaying from the previously known 522
keV state. The other branch from the 5225 keV state via
935 keV g-ray decaying to the 4290 keV 19/21 state, has
already been observed earlier. (23/21) spin and parity has
been assigned to the 5225 keV state by Zobelet al. @12# on
the basis of the angular distribution analysis of the 935 k
g ray. As this transition was contaminated by the 935 k
66Ga line they applied some correction on the angular dis
bution coefficients. Our angular distribution analysis bas
on a particle gated two-dimensional matrix was free from
contamination and gave theRang50.76(5) ratio, resulting in
the DI 51 assignment for the 935 keVg ray. Thus, we pro-
pose 21/2 spin value for the 5225 keV state. This assignm
is also supported by the fact that stretched quadrupole m
tipolarity has been obtained for both members of the 47
1590 keVg-ray cascade connecting the 5225 keV state w
the 3160 keV 13/22 sate. The existence of such a casca
excludes the 23/2 spin for the 5225 keV state, and result
17/22 spin and parity assignment for the intermediate 47
keV state. The parities of both states are negative, if
assume that the quadrupole transitions are ofE2 multipolar-
ity. The positive linear polarization value measured for t
935 keV transition by Zobelet al. previously, also supports
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negative parity, if it is a dipole~that isE1) transition.
The 2653 keV state, decaying by the 1451 keV transit

to the 1202 keV 7/22 state, has already been proposed p
viously @11#. The newly found 4280 keV state is connect
to this state and to the 4750 keV 17/22 one via the 1627 and
470 keVg rays, respectively. As the 470–1627–1451 keVg
ray cascade connects a 17/22 state to the 1202 keV 7/22

state (DI 55), none of the three transitions can be aDI 50
dipole transition. Thus, the 1451 keVg ray has to be a
stretched quadrupole transition in agreement with itsRang
51.52(24) value, leading to 11/22 spin-parity value for the
2653 keV state. The 4280 keV state then must have 13/22 or
15/22 spin-parity.

The 5085, 5396, 5744, and 6185 keV states: The DI 51
nature of the 1230 keVg ray, decaying from the 5085 keV
state to the 3855 keV 17/21 one, allows forI 519/2 spin
value for its initial state. This assignment is in accordan
with the fact that the 5085 keV state is fed from the 52
keV 21/22 state by a 140 keVg ray, which is expected to
have a dipole character on the basis of its low energy,
relatively high branching ratio.

The 519 keVg ray, connecting the 5744 keV state to th
5225 keV 21/22 state has either stretched quadrupole
DI 50 dipole character, resulting inI 521/2 or 25/2 spin
value for the initial 5744 keV state. The latter possibility c
be excluded taking into account the existence of the 659 k
transition leading from the 5744 keV state to the 5085 k
19/2(2) state. Thus, the 21/2 spin value can be assigne
the 5744 keV state.

On the basis of the decay properties of the 5396 and 6
keV states and the stretched quadrupole character of the
keV g ray between them, we tentatively propose~19/2! and
~23/2! spin values for them, respectively.

We have tentatively proposed negative parity for t
above group of states as they have more connections to n
tive parity states than to positive parity ones.

The 6589 keV state: It has already been reported prev
ously by Zobelet al. @12# that this state is connected via th
stretched quadrupole 1364 keVg ray to the 5225 keV state
As the spin-parity value of the 5225 keV final state has be
changed to 21/22, I 5(25/22) spin and parity is proposed
for the 6589 keV state, instead of the previous (27/21) one.

The 6870 keV state: The 1645 keVg ray from the 6870
keV state to the 5225 keV 21/22 one hasDI 51 nature, thus
I 523/2 spin was suggested for the 6870 keV state. Tenta
negative parity was proposed for this state, since it is c
nected to other negative parity ones.

The 7958 keV state: It decays to the 6589 keV (25/22)
and to the 6870 keV 23/2(2) states via the 1369 and the 108
keV g rays, respectively. Assuming that there is noDI .2
multipolarity transition in the level scheme,I 5(27/22) spin-
parity value is proposed for it.

The 2596, 3884, 4780, 5417, 7552, and 7602 keV sta:
Each of them was established by oneg ray only. In the
absence of measured angular distribution ratio, we were
able to assign spin-parity values to these states.

IV. INTERACTING BOSON-FERMION PLUS BROKEN
PAIR MODEL „IBFBPM …

The interacting boson model~IBM ! @26,27#, the interact-
ing boson-fermion model~IBFM! @28–30# and the interact-
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ing boson-fermion fermion model~IBFFM! @31,32# provide
a useful framework for the description of nuclear structure
even-even, odd-even, and odd-odd nuclei, respectively.
IBM framework for even-even nuclei was further extend
by including broken pairs in addition to the interactings and
d bosons@33–36#. Analogously, the IBFM for odd-even nu
clei has been extended by adding one broken pair@3,4#. This
model will be referred to as interacting boson-fermion p
broken pair model~IBFBPM!. The IBFBPM and its counter
part for even-even nuclei are used in descriptions of hi
spin states. The IBFBPM configuration space of an odd-e
nucleus with 2N11 valence nucleons comprises

uN bosonŝ 1 fermion&

1u~N21! bosonŝ 1 broken pair̂ 1 fermion&.
~4.1!

In this way, both the one- and three-quasiparticle sta
coupled to the boson core are included and mixing betw
them is accounted for. The IBFBPM Hamiltonian includ
four terms: the interacting boson model~IBM ! Hamiltonian
@26#, the boson-fermion interactions of the interacting bos
fermion model~IBFM! @28#, the fermion Hamiltonian and a
pair-breaking interaction that mixes one-fermion and thr
fermion states. The definition of parameters in the IBM a
IBFM terms in this article is taken according to Ref.@37#,
and in the fermion and pair-breaking terms according to R
@3#.

In the IBFBPM calculation for65,67Ga we account for
broken neutron and proton pairs, i.e., one-quasiproton, o
quasiproton-two-quasineutron, and three-quasiproton st
are included in the basis states~4.1!. We note that the
IBFBPM calculations with broken neutron and proton pa
have to be done separately, due to the prohibitively la
configuration space that would include both type of pa
Therefore, mixing between broken neutron and proton p
is not accounted for. The IBFBPM Hamiltonian is diagon
ized in the basis~4.1!:

uI k
p&5 (

jndvR
j j ,ndvR;I up j̃ ,ndvR;I &

1 (
j j 8 j 9I aaI paandvR

h j j 8 j 9I aaI paa ,ndvR;I

3u@p j̃ ,~a j̃ 8,a j̃ 9!I aa#I paa ,ndvR;I &. ~4.2!

Here p j̃ stands for a proton quasiparticle, anda j̃ 8,a j̃ 9
for neutron quasiparticles (a5n), or proton quasiparticles
(a5p), which are coupled to the angular momentumI aa .
Angular momentaj and I aa are coupled to the three
quasiparticle angular momentum denoted byI paa . In the
boson part of the wave function, thendd bosons are coupled
to the total boson angular momentumR. The additional
quantum numberv is used to distinguish between th
nd-boson states having the same angular momentumR. We
note that the number ofs bosons associated with the bos
stateundvR& is ns5N2nd , whereN is the total number of
bosons.
n
he

s

-
n

s
n

-

-
d

f.

e-
tes

e
.
rs
-

V. CALCULATION FOR 65Ga IN IBFBPM

As a continuation of our study of the series of nuclei
the A'70 region@38–45#, in this paper we investigate th
structure of65,67Ga nuclei. The core parameters adjusted
the low-lying levels of the30

64Zn34 even-even nucleus:h1

50.8,h2520.2,h350, h4050.1,h42520.15,h4450.3 ~all
hi parameters in MeV! and the total boson numberN54,
corresponding to the number of valence-nucleon pairs, w
previously used in the IBFM calculation for low-lying state
of 65Ga,65Zn and in the IBFFM calculation for66Ga @39#.
This parametrization corresponds to a transition between
SU~5! and O~6! dynamical symmetries, being closer to th
SU~5! ~vibrational! limit.

As pointed out in Ref.@38#, spectroscopic data for odd
even Ga isotopes cannot be accounted for using proton
siparticle energies and occupation probabilities from st
dard Kisslinger-Sorensen@46# and Reehal-Sorensen@47#
parametrizations. The most appropriate is the parametr
tion @38# close to the values obtained from a fit to expe
mental data in Ref.@48#. Therefore, we have taken the ene
gies and occupation probabilities of proton quasipartic
very close to those from Ref.@38#: E(p p̃3/2)50.91 MeV,
E(p p̃1/2)51.61 MeV, E(p f̃ 5/2)51.63 MeV, E(pg̃9/2)
54.15 MeV, v2(p p̃3/2)50.60, v2(p p̃1/2)50.08, v2(p f̃ 5/2)
50.05,v2(pg̃9/2)50.01. These values can be obtained fro
BCS calculations starting from Reehal-Sorensen@47# single-
particle energies with additional shifts (f 5/2 and g9/2 being
shifted 0.6 and 0.9 MeV up andp1/2 0.6 MeV down!. The
resulting E(p f̃ 5/2) and E(p p̃1/2) quasiparticle energies ar
lowered by 0.42 and 0.05 MeV, respectively, andE(pg̃9/2)
is increased by 0.34 MeV.

The quasiparticle energies and occupation probabili
for neutrons have been calculated using single-particle e
gies and pairing strength from the calculations for65Zn @39#

and 65Ge @43#. The resulting quasiparticle energyE(n f̃ 5/2)
was lowered by 0.14 MeV andE(ng̃9/2) by 0.8 MeV ~as in
67Ge @45#!. Therefore, for 65Ga we use:E(n f̃ 5/2)51.20
MeV, E(n p̃3/2)51.45 MeV, E(n p̃1/2)52.37 MeV,
E(ng̃9/2)52.47 MeV, v2(n f̃ 5/2)50.41, v2(n p̃3/2)50.71,

v2(n p̃1/2)50.08,v2(ng̃9/2)50.04.
In the calculation for negative parity states the boso

fermion interaction strengths for protons are@39#: G0
p50.48

MeV, L0
p51.4 MeV, A0

p50.05 MeV,xp520.5. For posi-
tive parity states the monopole strength is reduced toA0

p

50 MeV. For neutrons we takeG0
n50.02 MeV, L0

n51.65
MeV, A0

n50 MeV, xn521.0, i.e., the values used in th
previous IBFBPM calculation for67Ge @45#.

The values of the pair-breaking interaction streng
U0 ,U2 and the surfaced interaction strengthVd both for
protons and for neutrons in broken pairs are taken in ac
dance with the previous IBFBPM calculations@49,50# and
are equal to the values used in the calculations for67Ge @45#:
U050 MeV, U250.2 MeV, andVd520.1 MeV.

In Fig. 7 we present the calculated energy spectrum
65Ga in comparison to the available data. Only states t
have tentative experimental counterparts are shown.

Using the IBFBPM wave functions we have calculat
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FIG. 7. Calculated states in65Ga of ~a! negative parity and~b! positive parity, in comparison to the available data. Below 1.35 MeV
excitation energy all calculated states are shown, and above 1.35 MeV only those that have experimental counterparts. Calculate
tentatively assigned to the experimental levels~see text for discussion!.
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the E2 and M1 electromagnetic properties. The effecti
charges and gyromagnetic ratios are taken from the prev
IBM/IBFM/IBFFM calculation for 64,65,66,67Zn and
65,66,67,68Ga @38,39#: ep51.5, en50.5, evib51.35,x520.5,
gl

p51, gl
n50, gs

p50.4 gs
p,free52.234, gs

n50.9 gs
n,free5

23.443, gt
p5 1

50 ^r 2&gs
p,free51.56, gt

n5 1
50 ^r 2&gs

n,free5
21.07,gR5Z/A50.477. The calculatedE2 andM1 transi-
tions are compared with the experimental data in Table
The branching ratios from 21 states were investigated. It
found that all the calculated weak transitions are weak
were not seen in the experiment. All the transitions expec
to be strong are found experimentally, except the 19/2qp1

1

→15/2bp1

1 transitions, which is predicted to be strong b

even so it is below the detection limit. This quality of th
description, where the characteristic branches can be un
stood may serve as a basis for the assignment of the ex
mental states to the theoretical ones.

To make it easier to follow the origin of states, for th
indexing of the theoretical states we useI qpi

for the

quasiparticle1phonon states,I bpi
for proton broken pair

states andI bni
for neutron broken pair states. Here the ind

i denotes thei th state of the denoted type. In the standa
notationI k , the indexk is used as total label obtained fro
the IBFBPM calculation. The indexingI k is pointed out only
for states whereiÞk. Otherwise, the indexesi and k are
equal.

The lower part of the observed negative parity spectrum
dominated by low-spin parity states, where thep p̃1/2,p p̃3/2,
and p f̃ 5/2 quasiproton states are coupled to the core. T
levels at 0, 650, and 809 keV, assigned to the 3/2qp1

2 ,1/2qp2

2 ,

and 5/2qp2

2 states respectively, are based on thep p̃3/2 state.
us
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The IBFBPM states 5/2qp1

2 ,9/2qp1

2 ,11/2qp1

2 , and 13/2qp1

2 ,

based on thep f̃ 5/2 state, are assigned to the levels at 19
1287, 2467, and 2788 keV, respectively. The level at 62 k

is assigned to the 1/2qp1

2 state havingp p̃1/2 andp f̃ 5/2 domi-

nant components, while thep p̃3/2 andp f̃ 5/2 states are domi-
nant in the 7/2qp1

2 ,7/2qp2

2 , and 15/2qp1

2 states associated wit

the experimental levels at 1075, 1353, and 3736 keV, resp
tively. The level at 815 keV assigned as 3/2qp3

2 , as well as

the 3/2qp2

2 calculated state, have a more complex struct

with components from all the three negative parity quasip
ton states. We note that the 1/2qp2

2 assignment to the level a

650 keV is based on the analogy with a similar level in67Ga;
nevertheless its decay properties give a preference for
3/2qp2

2 assignment. The calculated transitions from the 13/2qp1

2

and 15/2qp1

2 states to all the other calculated states bel

them that are not observed in experiment are negligible,
from the 11/2qp1

2 state are less than 0.6% of the main bran

The lowest lying calculated high-spin one-quasiprot
states of negative parity 17/2qp1

2 ,19/2qp1

2 , and 21/2qp1

2 are the

17/21
2 , 19/23

2 , and 21/22
2 ones. These states are based on

p f̃ 5/2 quasiparticle state, and are predicted to lie at 41
5539, and 5721 keV, respectively. According to the IBFBP
calculation, the observed highest spin negative parity o
quasiproton state could be the 17/22 one. This level, corre-
sponding to the level at 4750 keV in67Ga, was not observed
in 65Ga ~there is no evidence for a transition of'1400 keV
to the 13/2qp1

2 level!.

The lowest lying low-spin negative parity states based
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TABLE III. CalculatedE2 andM1 transitions for65Ga in comparison to data. ExperimentalI g values for
transitions that are not observed in the present experiment are from Ref.@14#.

I i
p → I f

p Ei→Ef B(E2)(e2b2! B(M1)(mN
2 ) I g

(\) (\) Expt. Expt. IBFBPM IBFBPM Expt. IBFBPM

1/2qp1

2 →3/2qp1

2 62→0 0.010 0.043 100 100
5/2qp1

2 →1/2qp1

2 191→62 0.028 3.6
→3/2qp1

2 →0 0.003 0.003 100 100
1/2qp2

2 →5/2qp1

2 650→191 0.001 6 0.4
→1/2qp1

2 →62 0.020 8 99
→3/2qp1

2 →0 0.020 0.009 100 100
5/2qp2

2 →1/2qp2

2 809→650 0.001 0.0003
→5/2qp1

2 →191 231025 0.001 7 0.7
→1/2qp1

2 →62 0.003 6 1.8
→3/2qp1

2 →0 0.035 0.42 100 100
3/2qp3

2 →5/2qp2

2 815→809 0.004 0.098 0.0004
→1/2qp2

2 →650 0.001 0.164 18
→5/2qp1

2 →191 0.004 231026 6
→1/2qp1

2 →62 0.022 0.001 100 100
→3/2qp1

2 →0 0.015 731025 43 94
7/2qp1

2 →3/2qp3

2 1075→815 0.002 0.006
→5/2qp2

2 →809 0.007 0.025 2.2
→5/2qp1

2 →191 0.015 331025 115 26
→3/2qp1

2 →0 0.021 100 100
9/2qp1

2 →7/2qp1

2 1287→1075 231025 0.002 0.04
→5/2qp2

2 →809 0.0006 0.02
→5/2qp1

2 →191 0.048 100 100
7/2qp2

2 →9/2qp1

2 1353→1287 0.005 0.025 0.02
→7/2qp1

2 →1075 0.002 0.011 0.7
→3/2qp3

2 →815 0.0004 0.04
→5/2qp2

2 →809 331026 0.060 13 30
→5/2qp1

2 →191 0.009 0.012 19 100
→3/2qp1

2 →0 0.010 100 100
11/2qp1

2 →7/2qp2

2 2467→1353 0.001 0.8
→9/2qp1

2 →1287 0.006 0.001 8
→7/2qp1

2 →1075 0.039 100 100
13/2qp1

2 →11/2qp1

2 2788→2467 0.0002 0.010 0.1
→9/2qp1

2 →1287 0.054 100 100
15/2qp1

2 →13/2qp1

2 3736→2788 0.002 0.0007 2
→11/2qp1

2 →2467 0.033 100 100
23/2bn2

2 →21/2bn1

2 6293→5943 0.007 0.001 1.3 2.5
→19/2bn1

2 →5466 0.013 100 100
27/2bn2

2 →23/2bn2

2 7361→6293 0.015 100 100
13/2qp1

1 →11/2bn1

1 3064→2813 0.000 0.000
→9/2qp1

1 →2037 0.035 100 100
11/2qp1

1 →13/2qp1

1 3173→3064 0.001 0.152 0.1
→11/2bn1

1 →2813 0.000 0.000
→9/2qp1

1 →2037 0.034 0.080 100 100
15/2bp1

1 →11/2qp1

1 3732→3173 0.003 10 28
→13/2qp1

1 →3064 0.002 0.001 100 100
15/2bn4

1 →15/2bp1

1 3910→3732
→11/2qp1

1 →3173
→13/2qp1

1 →3064 15
→11/2bn1

1 →2813 0.006 100 100
17/2qp1

1 →15/2bp1

1 4122→3732 0.0006 0.003 0.8 0.5
→13/2qp1

1 →3064 0.048 100 100
19/2bp1

1 →17/2qp1

1 4546→4122 0.00002 0.0001 9 0.2
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TABLE III. ~Continued!.

I i
p → I f

p Ei→Ef B(E2)(e2b2! B(M1)(mN
2 ) I g

(\) (\) Expt. Expt. IBFBPM IBFBPM Expt. IBFBPM

→15/2bp1

1 →3732 0.017 100 100
21/2qp1

1 →19/2bp1

1 5496→4546 0.00004 0.0007 0.4
→17/2qp1

1 →4122 0.043 100 100
19/2qp1

1 →21/2qp1

1 5714→5496 0.0007 0.234 1.6
→19/2bp1

1 →4546 0.00003 0.011 11
→17/2qp1

1 →4122 0.007 0.027 100 100
→15/2bp1

1 →3732 0.002 23
25/2qp1

1 →21/2qp1

1 6815→5496 0.026 60 60
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the broken pair configurations p p̃1/2(p p̃3/2)
2 and

p f̃ 5/2(p p̃3/2)
2 appear between 1.6 and 2.2 MeV. These c

figurations do not contribute to the higher-spin states near
yrast. The next structure, built on neutron broken pair c
figurations p p̃3/2(n f̃ 5/2)

2 and p f̃ 5/2(n f̃ 5/2)
2, is a group of

states with spin 1/22211/22 at '2.422.8 MeV, while
above them are the higher-spin states. The structure base
thep p̃3/2(p f̃ 5/2)

2 configuration is also not relevant for high
spin states, being'1 MeV above the high-spin one
quasiproton states.

There are two additional negative parity broken pair str
tures that could be important. Thepg̃9/2(n f̃ 5/2ng̃9/2) one with
its lowest lying high-spin 21/22 state predicted at 6754 keV
and the (p p̃3/2 and thep f̃ 5/2)(pg̃9/2)

2 configurations gener
ating lower spins above 7.2 MeV and higher spins (23/2

and 25/22) at 8.78 MeV. Both structures are 1–2 Me
above the negative parity yrast and are not associated
the observed levels.

The only remaining negative parity broken pair config
rations contributing to high-spin yrast states are
p p̃3/2(ng̃9/2)

2 andp f̃ 5/2(ng̃9/2)
2 ones. On the yrast they gen

erate 100–200 keV separated doublets of the 19/22, 23/22,
25/22, and 27/22 states and a rather isolated 21/22 state. On
the basis of decay patterns we assign the 19/2bn1

2 , 21/2bn1

2 ,

23/2bn2

2 , and 27/2bn2

2 @predominantly based onp p̃3/2, p f̃ 5/2,

p p̃3/21p f̃ 5/2, andp f̃ 5/2 proton quasiparticle states couple
to (ng̃9/2)

2, respectively# to the observed levels at 5466
5943, 6293, and 7361 keV, respectively. Transitions
IBFBPM from 23/2bn2

2 and 27/2bn2

2 states to the calculate

states that are not assigned to any observed levels are n
gible. The 21/2bn1

2 →19/2bn1

2 transition is weak. The calcu

lated reduced transition probabilities are:B(E2) (21/2bn1

2

→19/2bn1

2 )50.003 (e2b2!; B(M1) (21/2bn1

2 →19/2bn1

2 )

50.009 (mN
2 ). Since theB(E2) values to the calculate

17/22 states are also extremely small, the 21/2bn1

2 state de-

cays to the 19/21 level at 4546 keV only because of the larg
transition energy. The IBFBPM calculation predicts that
possibleB(E2) andB(M1) values in the decay of 19/2bn1

2 to

lower-lying 17/22 and 15/22 states are by many orders o
magnitude hindered, and therefore this level is also force
decay into positive parity levels.

The lowest energy positive parity level is the 9/2qp1

1 one at
-
e
-

on

-

ith

-
e

n

gli-

l

to

2037 keV, which is based on thepg̃9/2 one-quasiproton state

At 2901 keV we predict a 5/2qp1

1 pg̃9/2 core coupled state tha

was not observed in the present experiment. Since the o

pation probabilityv2(pg̃9/2),0.5 andxp,0, the band struc-

ture based on thepg̃9/2 configuration is of decoupled type
i.e., the lowest 11/21 state of this structure lies above th
corresponding 13/21 state, both having strong and comp
rable transitions to the 9/21 band head. The 11/2(1) level at
2813 keV lying below the 13/21 level and decaying pre
dominantly to the 9/2qp1

2 level, with a very weak branch to

the 9/21 level, evidently does not belong to the band bas

on thepg̃9/2 configuration.

States based on thep p̃1/2, p p̃3/2, andp f̃ 5/2 quasiparticle

states coupled to the neutron broken pair (n f̃ 5/2ng̃9/2) appear
in our calculation above'3 MeV, with members up to spin
19/21. The 19/21 member of this structure is predicted
3461 keV, i.e., below the observed yrast states. States
higher spins built on this configuration are also predicted

lie 0.5–0.8 MeV below the members of thepg̃9/2 one-
quasiproton band. Our calculation cannot prove that un
served high-spin states based on this broken pair config
tion are on the yrast due to the following arguments:

~1! The nature of this structure forbids or at least high
hinders transitions from other families of levels into the
states.

~2! States based on this configuration do not show a

tinct band structure. Thep p̃1/2, p p̃3/2, and p f̃ 5/2 compo-
nents are fragmented in wave functions, resulting in a h
level density above 3 MeV, and therefore even transitio
between members of this family are extremely weak.

~3! The effective core for a negative parity broken pair
high excitation energy could be different from the core th
influences the one-quasiproton band, shifting this broken
configuration above the yrast.

Therefore, we can conclude that it is possible that,
though the calculated positive parity yrast states are'0.5
MeV below the observed yrast levels, they cannot be po
lated from the observed levels. The lowest state of this n
tron broken pair configuration is the calculated 11/2bn1

1 state.

We assign it to the 2813 keV level. The only state having
sizeable transition into it is the calculated 15/2bn4

1 state based

on the same fermion configuration@B(E2)(15/2bn4

1
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→11/2bn1

1 )50.006 e2b2#. We tentatively assign 15/2bn4

1 to

the level at 3910 keV.
An important three-quasiproton configuration, t

pg̃9/2(p p̃3/2p f̃ 5/2) one, appears above 4 MeV. Among th
relevant high-spin states, the 15/21, 19/21, and 23/21 states
based on this broken pair structure are below the corresp
ing one-quasiproton states. We associate the 15/214

1 and
19/218

1 IBFBPM states with the observed levels at 3732 a
4546 keV. As mentioned previously, the other 15/21 and
19/21 states below are based on neutron pairs. Therefore
shall label the 3732 and 4546 keV levels by 15/2bp1

1 and

19/2bp1

1 . In Table III the transitions from 15/2bp1

1 to 11/2bn1

1

and 13/2qp1

2 are omitted, as in the present version of IBFBP

they cannot be calculated. The strong transition to the 13/qp1

2

state can be attributed to the components based

(n f̃ 5/2ng̃9/2) in the wave function of 15/2bp1

1 .

Levels at 3064, 3173, 4122, 5496, 5714, and 6815 k
are assigned to the 13/21

1 , 11/22
1 , 17/26

1 , 21/26
1 ,19/222

1 , and
25/23

1 ~i.e., 13/2qp1

1 , 11/2qp1

1 , 17/2qp1

1 , 21/2qp1

1 , 19/2qp1

1 , and

25/2qp1

1 ) members of thepg̃9/2 one-quasiproton band, respe

tively. The strongE2 transition of 899 keV from the 6815
keV state does not correspond to any of the calculated t
sitions, therefore we are not able to assign an IBFBPM s
to the 5916 keV 21/21 level fed by it.

Transitions from the levels withp p̃3/2(ng̃9/2)
2 and

p f̃ 5/2(ng̃9/2)
2 configurations are forbidden or highly hin

dered in leading order to the 19/21 level at 4546 keV, based
on the pg̃9/2(p p̃3/2p f̃ 5/2) configuration, and also to othe
positive parity levels containing this dominant configuratio
as well as to those states, which are predominantlypg̃9/2
core coupled states. StrongE1 transitions are possible i
n f̃ 7/2 components are present in positive parity final states
order to keep the size of configuration space manageable
n f̃ 7/2 states have been omitted from the present calculat
Nevertheless, we have performed an IBFBPM calculat
with n f̃ 7/2 included in the configuration space, but the bos
space was reduced. The energy of then f̃ 7/2 quasiparticle was
taken 3.7 MeV above the Fermi level. In this schematic c
culation we obtained 17/21 and 19/21 states as members o
the lowest-lying structure containing then f̃ 7/2 state, in the
p p̃3/2(n f̃ 7/2ng̃9/2) configuration, at'5.5 MeV, i.e., at the
calculated energy of thepg̃9/2(p p̃3/2p f̃ 5/2) states in the real-
istic calculations. Therefore, we conclude that 17/21,19/21,
and other positive parity levels~including the 4546 keV
level! above 4 MeV should have additionalp p̃3/2(n f̃ 7/2ng̃9/2)
components that enableE1 transitions from (ng̃9/2)

2 levels.
The residual interaction between broken proton and neu
pairs could lower the calculated energy of states contain
both types of pairs, in agreement with the rather low ene
of the 4546 keV 19/21 level. The present version o
IBFBPM cannot account for states containing both types
pairs.

We note that thepg̃9/2(p p̃3/2)
2 broken pair configuration

appearing at 3.7–3.9 MeV does not generate high-spin s
d-
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near the yrast, nor does thepg̃9/2(p f̃ 5/2)
2 one ~with high-

spin states'1 MeV above the observed one-quasiprot
levels! or the (pg̃9/2)

3 one being active above 10 MeV. Th
IBFBPM calculation predicts the lowest 25/21 state based on
pg̃9/2(ng̃9/2)

2 at 7336 keV. This level was not populated
the present experiment.

VI. CALCULATION FOR 67Ga IN IBFBPM

The core nucleus for67Ga is 30
66Zn36. Here we use the

parametrization from Ref.@38#: h151.039, h250, h350,
h4050.147,h42520.2292,h4450.5595~all hi parameters in
MeV! and the total boson numberN55.

From Ref. @38# the boson-fermion interaction strength
for protons are:G0

p50.4 MeV, L0
p50.5 MeV. Only the

monopole strengthA0
p50 MeV is slightly adjusted to the

high-spin data.
Starting from the same single-particle energies and p

ing strength for neutrons as in65Ga and lowering the
E(ng̃9/2) by 0.4 MeV, we obtainE(n f̃ 5/2)51.42 MeV,
E(n p̃3/2)51.80 MeV, E(n p̃1/2)52.00 MeV, E(ng̃9/2)
52.42 MeV, v2(n f̃ 5/2)50.60, v2(n p̃3/2)50.82, v2(n p̃1/2)
50.14, v2(ng̃9/2)50.07. All other parameters are the sam
as in the calculations for65Ga.

In Fig. 8 we present the calculated energy spectrum
67Ga in comparison to the available data and in Table IV
calculatedE2 and M1 transitions are compared with th
experimental branching ratios. Altogether branchings fr
27 states were analyzed. Similar to the case in65Ga, all the
transitions predicted to be strong were found, or are be
the detection limit, except the 17/2bp2

1 →15/2bp1

1 transition,

which is at least a factor of 20 weaker than expected. All
transitions predicted to be weak are weak or not seen,
though, the 17/2qp1

2 →15/2qp1

2 and the 7/2qp2

2 →3/2qp1

2 transi-

tions are much stronger than expected.
One-quasiproton negative parity states in67Ga correspond

to their counterparts in65Ga, with the exception of the
17/2qp1

2 state that is observed in67Ga, in agreement with the

IBFBPM prediction. Therefore, we associate the 3/2qp1

2 ,

1/2qp1

2 , 5/2qp1

2 , 3/2qp2

2 , 5/2qp2

2 , 1/2qp2

2 , 7/2qp1

2 , 7/2qp2

2 , 9/2qp1

2 ,

11/2qp1

2 , 13/2qp1

2 ,15/2qp1

2 , and 17/2qp1

2 IBFBPM states,

with the observed levels at 0, 167, 359, 828, 911, 10
1202, 1412, 1519, 2653, 3160, 4280, and 4750 keV, resp
tively. Compared to the corresponding states in65Ga, some
states have different dominant components in their w
functions. The 3/2qp2

2 , 7/2qp1

2 , 11/2qp1

2 , and 15/2qp1

2 states are

based mainly onp p̃3/2 and 7/2qp2

2 is based on thep f̃ 5/2 qua-

siproton state. We note that the 11/2qp1

2 and 15/2qp1

2 states are

negligible above the calculated yrast states. For negative
ity, broken pair configurations do not exhibit sizeable diffe
ences with respect to65Ga. As in the lighter isotope, the
observed high-spin negative parity states above 5 MeV
based onp p̃3/2(ng̃9/2)

2 andp f̃ 5/2(ng̃9/2)
2, with the two low-

est members of this structure, 19/2bn1

2 and 21/2bn1

2 , assigned

to the levels at 5085 and 5225 keV, respectively. Abo
these states, we assigned the IBFBPM 21/2bn2

2 , 23/2bn1

2 ,
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FIG. 8. Calculated states in67Ga of ~a! negative parity and~b! positive parity, in comparison to the available data. Below 1.50 MeV
excitation energy all calculated states are shown, and above 1.50 MeV only those that have experimental counterparts. Calculate
tentatively assigned to the experimental levels~see text for discussion!.
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25/2bn1

2 , 23/2bn2

2 , and 27/2bn2

2 states to the 5744, 6185, 658

6870, and 7958 keV levels, respectively.
The positive parity spectrum of67Ga exhibits some dif-

ferences with respect to65Ga. Levels that have evident coun
terparts are

~1! Members of thepg̃9/2 one-quasiproton band 9/21
1 ,

13/24
1 , and 11/26

1 . We labeled these states~due to reasons
discussed in the case of65Ga in connection to high density o
levels based on neutron broken pairs above 3 MeV! as
9/2qp1

1 , 13/2qp1

1 , and 11/2qp1

1 . These states correspond to t

2073, 3031, and 3190 keV levels, respectively.
~2! The level at 2862 keV, assigned to the IBFBP

11/2bn1

1 state which is based on the neutron broken p

(n f̃ 5/2ng̃9/2) configuration.
~3! Levels at 3577 and 4290 keV, associated with

calculated 15/214
1 and 19/212

1 states~labeled as 15/2bp1

1 and

19/2bp1

1 ). They are members of thepg̃9/2(p p̃3/2p f̃ 5/2) broken

pair structure.
The main difference with respect to65Ga is due to the

17/21 and 21/21 levels. Electromagnetic transitions from
and into these levels, as well as their pattern, can be as
ated with an interplay ofpg̃9/2, pg̃9/2(p p̃3/2p f̃ 5/2), and
pg̃9/2(p f̃ 5/2)

2 components in the wave functions of the
levels. The 17/212

1 and 21/216
1 states~labeled as 17/2qp1

1 and

21/2qp1

1 ) are based predominantly onpg̃9/2 and are associate

with 4198 and 5491 keV levels, respectively. The levels
3855, 4349, 4995, and 5186 keV, with dominant thre
quasiproton components, are assigned to the 17/27

1 , 17/220
1 ,

21/29
1 , and 21/25

1 IBFBPM states ~labeled as 17/2bp1

1 ,
ir

e

ci-

t
-

17/2bp2

1 , 21/2bp2

1 , and 21/2bp1

1 , respectively!.

Calculations in IBFBPM predict that positive parity yra
levels above 6 MeV are based onpg̃9/2(ng̃9/2)

2. The calcu-
lated 25/2bn2

1 , 29/2bn1

1 , and 33/2bn1

1 states, belonging to this

structure, are assigned to the 6379, 7619, and 8616 keV
els.

VII. CONCLUSION

The experimental level schemes of65,67Ga have been sig
nificantly extended. While the existence, as well as spin
parity values of the states below 3.5–4.0 MeV were co
firmed, the experimental information on the high-spin sta
has been doubled concerning the number ofg rays, the num-
ber of levels, and the amount of spin assignments by add
15–20 new levels in the 3.5–7.0 MeV region. As a result
these investigations 1–3 additional states could be obse
above the yrast in the spin 15/2–23/2 region.

The present calculation of nuclear structure of65,67Ga re-
veals an interplay of one- and three-quasiparticle states in
framework of the interacting boson-fermion model. In bo
nuclei the negative parity states observed below'4 MeV
were assigned to quasiparticle1phonon states, above it th
proton quasiparticles and the phonons are coupled to a c
pletely aligned pair of neutrons in the yrast states. The p
tive parity sequence of thepg9/2 1 phonon excitations could
be revealed up to spin 25/2 and 21/2 in65Ga and 67Ga,
respectively. Between 3.5 and 5.5 MeV a set of three pro
states could be identified in67Ga, while the high-spin yras
sequence is based on the alignedg9/2 neutron configuration
as in the case of negative parity states. In65Ga only a pair of
broken proton states could be identified. Although, in bo
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TABLE IV. CalculatedE2 andM1 transitions for67Ga in comparison to data. ExperimentalI g values for
transitions that are not observed in the present experiment are from Ref.@15#.

I i
p → I f

p Ei→Ef B(E2)(e2b2! B(M1)(mN
2 ) I g

(\) (\) Expt. Expt. IBFBPM IBFBPM Expt. IBFBPM

1/2qp1

2 →3/2qp1

2 167→0 0.013 0.058 100 100

5/2qp1

2 →1/2qp1

2 359→167 0.027 1.8

→3/2qp1

2 →0 0.003 0.006 100 100

3/2qp2

2 →5/2qp1

2 828→359 131025 0.013 4 6

→1/2qp1

2 →167 231025 0.022 10 27

→3/2qp1

2 →0 0.027 0.028 100 100

5/2qp2

2 →3/2qp2

2 911→828 0.002 0.306 0.9

→5/2qp1

2 →359 931025 0.0005 2.2 0.5

→1/2qp1

2 →167 0.003 2.2 2.0

→3/2qp1

2 →0 0.029 0.010 100 100

1/2qp2

2 →5/2qp2

2 1082→911 0.0004 0.0002

→3/2qp2

2 →828 0.0003 0.533 12 37

→5/2qp1

2 →359 0.003 1.7

→1/2qp1

2 →167 0.030 100 100

→3/2qp1

2 →0 0.021 0.005 33 122

7/2qp1

2 →5/2qp2

2 1202→911 0.002 0.131 6

→3/2qp2

2 →828 0.0004 0.0004

→5/2qp1

2 →359 0.002 0.012 31 14

→3/2qp1

2 →0 0.033 100 100

7/2qp2

2 →7/2qp1

2 1412→1202 0.002 0.002 0.06

→5/2qp2

2 →911 0.002 0.011 20 5

→3/2qp2

2 →828 0.001 0.2

→5/2qp1

2 →359 0.024 0.008 100 100

→3/2qp1

2 →0 331025 20 0.3

9/2qp1

2 →7/2qp2

2 1519→1412 0.003 0.018 0.03

→7/2qp1

2 →1202 0.0007 0.005 0.2

→5/2qp2

2 →911 0.0003 0.02

→5/2qp1

2 →359 0.049 100 100

11/2qp1

2 →9/2qp1

2 2653→1519 0.001 0.007 5

→7/2qp2

2 →1412 0.0004 0.4

→7/2qp1

2 →1202 0.051 100 100

13/2qp1

2 →11/2qp1

2 3160→2653 0.0003 0.004 0.1

→9/2qp1

2 →1519 0.065 100 100

15/2qp1

2 →13/2qp1

2 4280→3160 0.0009 0.004 1.5

→11/2qp1

2 →2653 0.056 100 100

17/2qp1

2 →15/2qp1

2 4750→4280 831025 0.002 12 0.04

→13/2qp1

2 →3160 0.067 100 100

21/2bn2

2 →21/2bn1

2 5744→5225 231026 0.003 100 100

→19/2bn1

2 →5085 0.0003 0.002 24 161

23/2bn1

2 →21/2bn2

2 6185→5744 0.0004 0.718 30 89

→21/2bn1

2 →5225 0.0007 0.007 10

→19/2bn1

2 →5085 0.025 40 40

25/2bn1

2 →23/2bn1

2 6589→6185 0.0006 0.006 0.4

→21/2bn2

2 →5744 831026 0.002

→21/2bn1

2 →5225 0.036 100 100

23/2bn2

2 →25/2bn1

2 6870→6589 0.007 0.598 20

→23/2bn1

2 →6185 0.0002 0.0004 0.2

→21/2bn2

2 →5744 431025 0.003 36 6

→21/2bn1

2 →5225 0.008 0.0003 100 100

→19/2bn1

2 →5085 331027 0.005
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TABLE IV. ~Continued!.

I i
p → I f

p Ei→Ef B(E2)(e2b2! B(M1)(mN
2 ) I g

(\) (\) Expt. Expt. IBFBPM IBFBPM Expt. IBFBPM

27/2bn2

2 →23/2bn2

2 7958→6870 0.041 50 259
→25/2bn1

2 →6589 0.005 0.0001 100 100
→23/2bn1

2 →6185 931026 0.6
13/2qp1

1 →9/2qp1

1 3031→2073 0.037 100 100
11/2qp1

1 →13/2qp1

1 3190→3031 0.001 0.119 0.4
→9/2qp1

1 →2073 0.041 0.058 100 100
15/2bp1

1 →11/2qp1

1 3577→3190 0.002 3.4 33
→13/2qp1

1 →3031 0.0009 431025 100 100
17/2bp1

1 →15/2bp1

1 3855→3577 0.006 0.039 1.2 22
→13/2qp1

1 →3031 0.015 100 100
17/2qp1

1 →17/2bp1

1 4198→3855 631025 0.095 90 6
→15/2bp1

1 →3577 0.001 0.028 11
→13/2qp1

1 →3031 0.043 100 100
19/2bp1

1 →17/2qp1

1 4290→4198 0.002 0.001 0.02
→17/2bp1

1 →3855 0.004 931025 1.6 1.2
→15/2bp1

1 →3577 0.029 100 100
17/2bp2

1 →19/2bp1

1 4349→4290 631025 0.004 0.02
→17/2qp1

1 →4198 331025 0.008 0.8
→17/2bp1

1 →3855 0.0004 0.001 52 5
→15/2bp1

1 →3577 0.0001 0.012 ,10 146
→13/2qp1

1 →3031 0.0014 100 100
21/2bp2

1 →17/2bp2

1 4995→4349 0.035 24
→19/2bp1

1 →4290 231025 0.033 100 100
→17/2qp1

1 →4198 0.009 17
→17/2bp1

1 →3855 0.0002 2.7
21/2bp1

1 →21/2bp2

1 5186→4995 0.0002 0.005 0.03
→17/2bp2

1 →4349 0.0002 0.04
→19/2bp1

1 →4290 0.003 0.106 31 67
→17/2qp1

1 →4198 0.0003 0.2
→17/2bp1

1 →3855 0.040 100 100
21/2qp1

1 →21/2bp1

1 5491→5186 0.0002 0.029 2.1 0.7
→21/2bp2

1 →4995 131025 0.001 0.1
→17/2bp2

1 →4349 0.008 27 9
→19/2bp1

1 →4290 0.0004 0.004 7
→17/2qp1

1 →4198 0.048 100 100
→17/2bp1

1 →3855 0.002 67 14
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65,67Ga there are positive parity states which could be
signed to a broken low-spin neutron pair1 proton configu-
ration, this set of states remains problematic. This group
states is predicted to be yrast in the spin 11/2–23/2 ran
which is not the case. These states might be weakly c
nected to the rest of the level scheme, or the core may
somewhat different for different families of broken pair co
figurations, resulting in additional energy shifts betwe
these families of states. Such an energy difference is o
present, e.g., in total routhian surface calculations. In spit
the above-mentioned problems, the general agreemen
tween the present IBFBPM calculation and experimen
reasonable. For a majority of the observed levels we p
posed the dominant configuration in the wave function on
-

f
e,
n-
be

n
n

of
e-

s
-
e

basis of comparison of their electromagnetic properties w
the experimental ones. It is important that not only the en
gies, but also the branching ratios could be described at l
in a qualitative way. The main branches were always cal
lated to be strong, and the strength of the side branches w
estimated with a precision better than an order of magnit
in most cases, making possible the assignment of most o
states.
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Dombrádi, S. Brant, and V. Paar, Nucl. Phys.A618, 35 ~1997!.
@45# D. Sohleret al. ~unpublished!.
@46# L.S. Kisslinger and R.A. Sorensen, Rev. Mod. Phys.35, 853

~1963!.
@47# B.S. Reehal and R.A. Sorensen, Phys. Rev. C2, 819 ~1970!.
@48# T. Paradellis and S. Hontzeas, Can. J. Phys.49, 1750~1971!.
@49# G. de Angelis, M.A. Cardona, M. de Poli, S. Lunardi, D. B

zzacco, F. Brandolini, D. Vretenar, G. Bonsignori, M. Savo
and R. Wyss, Phys. Rev. C49, 2990~1994!.

@50# C.M. Petracheet al., Nucl. Phys.A617, 228 ~1997!.


