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g-ray spectroscopy of odd-odd62Cu

B. Mukherjee, S. Muralithar, R. P. Singh, R. Kumar, K. Rani, and R. K. Bhowmik
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~Received 4 September 2000; published 20 April 2001!

Excited states of the odd-odd62Cu isotope were populated and studied via the16O ~65 MeV)152Cr reaction
using a gamma detector array equipped with a charged-particle detector array for reaction channel separation.
On the basis ofg-g coincidence relations and angular distribution ratios, an extended level scheme was
constructed up toEx510.88 MeV andJp5(141)\, and (142)\, and this result was interpreted in terms of
shell model calculations with a restricted basis of thef 5/2, p3/2, p1/2, andg9/2 orbitals outside a28

56Ni core.
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The generation of higher spin states in theA;60 region
requires either a breaking of the56Ni core and/or excitation
into the positive parityg9/2 shell. The identification of this
competing mechanism is one of the main motivations beh
this study. The neutron deficient, odd-odd29

62Cu33 has been
studied by several experimental techniques such as he
ion fusion-evaporation reactions@1,2#, e decay and transfe
reactions such as those in Refs.@3–5#. These studies identi
fied states in62Cu up toEx57.6 MeV andJp5(12)\. The
most recent heavy-ion fusion-evaporation reaction study
this nucleus was that of Singhet al. @2#, who identified 70g
rays in 62Cu, of which one was placed ambiguously and
many as 20 were not placed in the level scheme due to
lack of proper coincidence requirement. Due to the we
population of this nucleus, Singhet al. were unable to deter
mine the directional correlation orientation~DCO! ratios for
many of the observed decays.

Here we report on the observation of 34 newg rays and
21 unreported states, and a determination of DCO ratios
many of theg rays associated with this nucleus. Spheri
shell model calculations have been performed, and we fo
that these calculations adequately describe the obse
high-spin states in62Cu.

High-spin states in62Cu were populated using the fusio
evaporation reaction52Cr(16O,apn)62Cu at 65 MeV of
beam energy, provided by the 15UD Pelletron accelerato
the Nuclear Science Centre~NSC!. A 1-mg/cm2 thin natural
~85% abundance! target layer of52Cr was evaporated onto
7.2-mg/cm2 gold support foil. Promptg rays were detected
using the Gamma Detector Array~GDA! ~with a total pho-
topeak efficiency of;0.5% only! @6# of 12 Compton-
suppressed germanium detectors~HPGe!, in coincidence
with the evaporated lightly charged particles to provide
action channel selection. The charged particles were dete
in the 4p Charged-Particle Detector Array~CPDA! @7#,
which comprises 14DE2E phoswich plastic scintillating
~BC400 and BC444! detectors. A total of 9.43107 particle-
g-g events were collected in four days of beam time.

Altogether some six nuclei were produced, with meas
able cross sections in this fusion reaction. Among them,
strongest channel,62Cu1apn, comprises nearly one-third o
the total fusion cross section. Theg-g coincidence relation-
ships for 62Cu were derived from a 4k34k matrix gated on
the 1a1p channel. A representativeg spectrum of 62Cu,
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shown in Fig. 1, is obtained by putting separate gates
350-, 925-, and 980-keV transitions of a most intense yrasg
cascade, and summing them together. Coincidence, inten
balance, and summed energy relations were inspected to
duce the high-spin excitation scheme. Theg-ray energies
and intensities presented in the level scheme are based o
1a1p gatedg-g spectrum matrix. But for weak transition
and/or doublet structures,g-gated spectra obtained from tot
g-g matrix were considered. Spin and parity assignme
were made on the basis of a DCO-type analysis@8# and from
the known 11 spin-parity value of the ground state. A sep
rateg-g coincidence matrix was constructed with events d
tected in detectors at 144° (u1) versus those at 99° (u2)
detectors. By gating a transition of known multipolarity o
each axis of the matrix, a DCO ratio

RDCO5
I g1

~u1! gated by g2~u2!

I g1
~u2! gated by g2~u1!

could be obtained. For an (E2, E2) coincidence,RDCO was
found to be approximately 1.25, while for (E2, E1/M1)
pairs, RDCO'0.62. Pure nonstretched dipole (L51, DJ
50) transitions are also expected to haveRDCO close to

FIG. 1. g-g coincidence spectrum for62Cu gated on 1a1p and
the transitions 350, 925, and 980 keV, highlighting the represe
tive transitions of this nucleus.
©2001 The American Physical Society02-1
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unity. Definite parities were assigned to the excited state
one of their deexciting transitions was a stretchedE2 or
mixed M1/E2 transition, while in the case of pure dipo
transitions only tentative parities were ascribed.

The level scheme of this nucleus, as determined in
experiment, is presented in Fig. 2, while representative sp
tra can be seen from Fig. 1. Tentative spin and/or pa
assignments are indicated within parentheses. Unlike the
cross section of the reaction studied by Singhet al. @2#, this
nucleus was populated with a much higher fraction of to
fusion cross section, making spectroscopy of this nucl
much easier. The level scheme presented in Fig. 2 is alm
similar to that of Ref.@2# up to a moderate spin. Table
summarizes the results of this work. The identification a
placement of the 519-keV transition is confirmed here. T
DCO ratio measurements here are in good agreement
the tentative assignments made in Ref.@2#.

Notable differences between this work and the work
Singh et al. @2# are as follows.~a! The 222-, 358-, 404-,
493-keV transitions, observed but unplaced due to lack
proper identification in Ref.@2#, have been determined t
form a part of the level scheme. On the other hand, the 6
and 681-keV transitions mentioned in above reference co
not be observed at all in our study.~b! The 202-, 272-, 378-,
688-, 859-, 881-, 1058-, 1464-, and 1490-keV transitio
observed and identified but not placed in the level schem
Ref. @2#, due to the lack of statistics and proper coinciden

FIG. 2. Proposed level scheme for62Cu. All transitions have
satisfiedg-g coincidence conditions, and the width of the arrow
corresponds to the relativeg-ray intensities. Newly placed trans
tions are marked by an asterisk.
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requirement, have been properly placed in the level sche
But the 439-, 587-, 668-, and 1729-keV transitions, refer
to in that paper, could not be observed in our study.~c!
Compared with what was determined by Singhet al., a total
of 21 previously unreported states and 34 newly observeg
transitions have been properly placed, thereby extending
level-scheme of62Cu up to an excitation energy of;10.88
MeV. We have observed someg transitions viz. 202, 575,
600, 731, 744, 788, 881, 990, 1002, 1843, and 1869 k
linking some already established levels. It should be m
tioned here that three transitions at 788, 1437, and 1869 k
decaying from 3977-, 4627-, and 4165-keV levels, resp
tively, happen to beM3-type multipoles, although the spin
parity assignments of first two levels are tentative in natu

Spherical shell model calculations were performed
62Cu, with a model space basis restricted to thef 5/2, p3/2,
p1/2, andg9/2 orbitals ~henceforth calledf pg shell calcula-
tions!, using theOXBASH code@9#. The two-body matrix el-
ements were taken from the work of Koops and Glaudem
@10#. The model assumes a closed28

56Ni core, and does no
allow for core breaking. For both protons and neutrons,
single-particle energies of these active orbitals were ca
lated relative to the lowestf 5/2 state, and found to be 1.0
MeV for the p3/2 orbital, 2.83 MeV for thep1/2 orbital, and
0.68 MeV for theg9/2 orbital.

FIG. 3. A comparison of experimental data andf pg-shell model
calculations for62Cu. The highly nonyrast calculated levels are n
shown.
2-2



of
.

BRIEF REPORTS PHYSICAL REVIEW C 63 057302
TABLE I. Level energies (Ex), transition energies (Eg), initial ( I i
p) and final (I f

p) spin parities of the transitions, relative intensities
g-ray transitions (I g) and DCO ratios (Rdco) are shown for62Cu. Level energies and transition energies are given to the nearest keV

Ex ~keV! Eg ~keV! I i
p ~\! I f

p ~\! I g ~%! RDCO Ex ~keV! Eg ~keV! I i
p ~\! I f

p ~\! I g ~%! RDCO

40 4104a 477a 82 4.260.7
243 202a 21 21 2.160.6 4165 490a 92 1.160.5

243 21 11 12.361.0 b 538 92 82 3.161.2 b

390 147 41 21 3.460.9 0.7660.2c 731a 92 82 1.160.5
350 41 21 100.060.3 1.1760.1c 1135 92 72 2.461.0 0.9660.2d

425 385 31 21 35.260.4 0.5160.1c 1273 92 72 15.260.4 1.1860.1d

675 285 31 41 1.360.9 1.4360.3d 1869a 92 62 1.160.7
432 31 21 3.761.2 1.6760.1e 4447 468 92 9(2) 1.261.0 0.6260.2d

698a 272a 31 31 2.860.3 0.9060.2f 1013 92 82 2.060.4 0.4560.3d

1248 575a 41 31 4.460.7 1418 92 72 1.060.7
822 41 31 9.261.0 1.1860.2f 1555 92 72 2.360.8 1.0260.3d

859 41 41 1.260.7 4597a 493a 2.260.8
1006 41 21 3.060.7 4627 1194 (92) 82 4.160.8 1.8760.3d

1370 944 51 31 12.760.4 0.3660.1f 1437 (92) 62 1.260.8
980 51 41 61.860.3 3.8060.1d 4746 1119 91 82 9.560.5 2.4260.1d

1483a 1058a 41 31 1.260.5 4999 253a 10(2) 91 1.361.0
1673 190a 51 41 1.060.6 404a 10(2) 1.060.3

427 51 41 3.361.2 0.7160.4f 835 10(2) 92 9.460.4 1.6160.2d

1002a 51 31 2.060.3 896a 10(2) 0.360.3
1251 51 31 4.561.4 1.4360.5f 1372 10(2) 82 3.160.5 1.3560.2d

1287 51 41 2.660.3 1.5360.4d 5046 419 ~102) ~92) 3.060.7 0.5660.3d

1916a 1490a (51) 31 5.360.3 0.8960.3c 600a (102) 92 1.560.7
1920a 243 (51) 51 1.060.8 b 881a (102) 92 0.960.5

1222a (51) 31 2.160.3 0.4060.2f 1069 (102) 9(2) 0.860.7
2147 777 61 51 3.460.8 0.5860.3d 5107a 660a (102) 92 3.161.0 0.4760.3d

1758 61 41 4.560.8 1.0560.4d 5258a 811a (102) 92 1.060.3 0.5160.2d

2295 378a 62 (51) 2.760.3 0.5460.3c 5617 512a (112) (102) 3.360.8 0.6760.3d

618 62 51 1.460.5 571 (112) (102) 4.260.6 0.6860.2d

925 62 51 53.660.3 1.5260.1d 990a (112) (92) 1.060.4
1905 62 41 1.060.7 5839a 222a (122) (112) 2.260.3 0.5860.3d

2518a 222a (62) 62 1.060.4 793a (122) (102) 1.360.7
1148a (62) 51 1.360.3 1.2060.5d 6008 1008 111 10(2) 3.261.0 0.8860.2d

2834a 538a (71) 62 3.260.6 b 1262 111 91 6.060.6 1.2360.1d

686a (71) 61 3.360.7 0.5860.3d 1843a 111 92 0.360.3
1464a (71) 51 1.360.4 1.1260.4d 6175a 1429a 10(1) 91 1.760.3 0.6160.3d

2892 597 72 62 24.260.4 2.4660.1d 6214a 1168a (112) (102) 1.060.3 0.4960.3d

744a 72 61 4.560.3 6527a 688a (132) (122) 1.360.4 0.4560.3d

3029 137 72 72 1.560.8 0.7860.4d 7101 1093 12(1) 111 1.660.7 2.0260.3d

734 72 62 7.660.4 b 7132a 1293a (132) (122) 1.060.6
3190 1514 62 51 1.260.7 1515a (132) (112) 1.160.7 1.0560.5d

1821 62 51 2.361.0 2.8760.5d 7239a 712a (142) (132) 0.560.3
3433 243 82 62 2.361.1 b 7286a 1111a (121) 10(1) 0.960.3

544 82 72 2.360.7 1277a (121) 111 2.160.4 0.5960.3d

1140 82 62 10.261.0 1.7860.1d 7620 335a 12(1) (121) 1.060.8
3626 437 82 62 3.560.8 1.3260.2d 519 12(1) 12(1) 1.560.5 0.4760.3d

600a 82 72 1.560.6 1612 12(1) 111 1.560.7 0.6260.3d

735 82 72 7.260.3 b 8600a 980 (131) 12(1) 1.060.8
1332 82 62 16.460.4 1.3360.1d 1500a (131) 12(1) 1.060.7

3675a 783a 72 2.361.0 8959a 358a (141) (131) 0.560.5
3977 351 9(2) 82 2.061.2 1858a (141) 12(1) 1.060.7 1.8760.6d

544 9(2) 82 10.361.2 2.4060.2d ~10884! a ~1925! (141) 0.560.5
788a 9(2) 62 1.560.5

aEnergy level/g ray, either not reported or not placed earlier.
bCould not be measured because of overlap with the doublet partner.
cE2 gating transition: 1332 keV.
dE2 gating transition: 350 keV.
eM1 gating transition: 243 keV.
fM1 gating transition: 385 keV.
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For 29
62Cu33, the f pg-shell model space has five valen

neutrons and one valence proton in the four active orbit
and the maximum angular momentum that can be gener
is (pg9/2)9/21

1
^ (ng9/2)121

4
^ (n f 5/2)5/22

1
5192\. Guided by

the transfer data, we restricted the configuration ink<5 with
the (0f 5/2, 1p3/2, 1p1/2)

A2562k (0g9/2)
k model space. The

results of this calculation are compared with the experim
tal levels in Fig. 3. It is noted that the coupling is we
among differentk (k50, 1, 2, 3, 4, and 5! configurations in
the calculated result. The calculation reproduces the y
states quite well in the whole region under investigation. F
all the yrast states the energy spacing, level density,
level ordering are correctly predicted. We do see a cross
of level sequences with different configurations. The ene
increases withJ are slower for the higher configuration
which is obvious around the crossing region. The cross
structure accounts for the parity change in the experime
yrast sequences. The negative parity level becomes yra
J56.

In summary, the high-spin states of62Cu have been stud
ied with the GDA1CPDA configuration, identifying previ-
ously unobserved states up to an excitation energy of 10
, J

s.

E.

ys

05730
s,
ed

-

st
r
d
g
y

g
al
at

88

MeV. From the observed decays of states and DCO ratio
was possible to assign spins and parities of many of
states observed. The resulting level scheme has been
pared with shell model calculations, using a simplef pg ba-
sis. In general, reasonable agreement has been establ
between experimental results and simplef pg-shell model
calculations, suggesting that the low-lying yrast excit
states in this nucleus correspond predominantly to vale
particle excitations into thef 5/2, p3/2, and p1/2 orbitals.
Higher-energy and spin states are fairly well accounted
by allowing only excitations into the1ve parity g9/2 orbital,
with no core breaking.
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