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Identification of excited states in theN5Z nucleus 68Se with cluster detectors
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A first level scheme of68Se with five states up to 4.2 MeV excitation energy and tentative spins 61 and 72

has been established fromggg coincidences measured with six EUROBALL Cluster detectors in close geom-
etry. The level scheme is interpreted in comparison with neutron deficient nuclei of theA'70 region and
cranking model calculations. In a similar experiment a triple coincidence between the72Kr transitions 710, 611,
and 792 keV has been proven.@S0556-2813~98!50207-5#

PACS number~s!: 27.50.1e, 23.20.Lv, 21.60.Ev
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Neutron deficient nuclei withA'70 and N'Z show
many fascinating features. Large prolate and oblate defor
tions (b2'10.45,20.30) and prolate-oblate shape coexi
ence at low spins occur in this mass region@1–7#. The ob-
served strong shape variation as a function of part
number, excitation energy, and spin has been interprete
resulting either from stabilizing energy gaps between
single-particle states at large deformations@8#, or from the
proton-neutron (pn) interaction acting among the valenc
nucleons@9,10#. Because of these spectacular shape effe
produced by well-deformed and spherical shell-model sta
the resulting strong variation of collective properties mak
the neutron-deficient nuclei in theA'70 region a favorite
testing ground for theoretical approaches@11#. Here, in the
heaviestN5Z nuclei accessible without radioactive bea
facilities, especially the isospinT50 andT51 components
of thepn interaction can be studied. TheT50 component is
deemed to be primarily responsible for configuration mixi
and the onset of collectivity in heavy nuclei@10#. In the
2s1d- and 2p1 f -shell N5Z nuclei, theT50 component is
stronger than theT51 component@12# and causes ground
state spinsIÞ0 in the N5Z odd-odd nuclei. In medium
massN5Z nuclei, theT50 coupling is predicted to increas
with rotational frequency and affects the moment of iner
and alignment frequencies@12#. In 74Rb an excited and pre
sumably odd-spin band is interpreted to haveT50 @13#.
Therefore, it is of general interest to investigate isospin
fects in medium massN5Z nuclei.

Both theN5Z nuclei 68Se and72Kr lie at the borderline
between modestg-soft ~e.g., 64Ge @14#! and strong prolate
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deformations~e.g., 76Sr @15#, 80Zr @16#!. In several nuclei
with N or Z'36 prolate-oblate shape coexistence has b
observed. The first example of shape coexistence in the m
regionA'70 was found in72Se @17#. The level schemes o
70,72Se show level repulsion arising from the interactions b
tween prolate and oblate deformed states@17,3#. For theg9/2

bands in69,71Se, collective oblate deformation has been d
duced from the positive sign of mixing ratios in combinatio
with a strongly coupledK59/2 band@4#. So far in the whole
mass region an oblate deformation stable against rotation
been very elusive. For the ground state of72Kr, an oblate
deformation should be stabilized by a gap between sin
particle states atN,Z536 @8#, and various theoretical ap
proaches, indeed, predict an oblate shape@8,18,19#. The level
schemes of73–75Kr have been interpreted in the frame
shape coexistence@7,20,6#. At N,Z534 two competing gaps
in the single-particle energy spectrum@8# may stabilize small
oblate as well as small prolate deformations. The aim of
present work was to test whether the predicted octupole s
ness@21# and oblate deformation@22# can be found in68Se.

First experimental information on72Kr transitions was ob-
tained a decade ago, when six transitions of 115, 324, 6
709, 790, and 925 keV were assigned to72Kr @23# using the
Daresbury recoil mass separator. Inferred from relative int
sities and the coincidence between the strongest two tra
tions a level scheme was suggested@23#. The coincidence
between the 613 and 709 keV transition was confirmed
@24#.

A few years later, three transitions were assigned to
N5Z nucleus68Se by Listeret al.using the Daresbury recoi
mass separator: 343, 854 and 1088 keV@15#. So far no level
scheme could be established. Two of the three transiti
occur also in68As ~344 and 854 keV!, a nucleus populated in
every fusion-evaporation reaction which can be used to p
duce68Se.

We found a first hint on an 854–1088 keV coincidence
the data of a69Se study@4#. But, the cross section for68Se in
the used reaction32S~100 MeV!140Ca is only minute. In
R5 © 1998 The American Physical Society
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fact, the largest part of the 1088 keV transition intens
seemed to belong to the very strong 3p channel69As. For-
tunately, the channel69As is not populated in the reactio
58Ni112C. Using this reaction and gating on the undisturb
1088 keV transition thus provides a unique chance to bui
level scheme of68Se without employing a particle trigger.

To establish the level schemes of68Se and72Kr, a large
g-ray detection efficiency was used employing six Clus
detectors@25# developed for the EUROBALL spectromete
Each Cluster detector is composed of 7 encapsulated@26#
Germanium crystals in a common cryostat. The six Clus
detectors were arranged in close geometry as a cube~CLUS-
TER CUBE! with two Cluster detectors in 90° above an
below the beam line~see Fig. 9 in@25#!. The target was
placed in the center of the cube and the beam entered
tween the two backward detectors positioned at 135°
225°. The compact geometry required the experiment to
performed without escape-suppression side shields, bu
back-catcher BGO crystals behind the encapsulated Ge c
tals were used during the68Se experiment in order to hav
some Compton suppression. The full energy peak efficie
at Eg51.3 MeV, provided by 42 Ge detectors, each with
relative efficiency of 60% compared to a 39339 NaI detec-
tor, wasPPh'13% including the add-back of Compton sca
tered events. With an average distance of 11 cm between
target and the front side of the Cluster Ge detectors,
resulting solid angle of 65% of 4p guaranteed the large e
ficiency required for the investigation ofN5Z nuclei with
A'70. As a consequence of the large solid angle per en
sulated detector of about 0.06p, the recoil velocity should be
minimized to reduce Doppler broadening, and theg-
multiplicity Mg should be less than 10 to reduce sum-
events. Both goals were achieved by using projectiles
light as possible. We studied the reactions58Ni( 12C,2n)68Se
at 40 MeV and58Ni( 16O,2n)72Kr at 55 MeV at the accelera
tor facility of the Max-Planck-Institut fu¨r Kernphysik in
Heidelberg. The projectile energies were chosen o
slightly above the Coulomb barrier to maximize the relat
cross section of the 2n channel, and either target consisted
a 99.8% enriched58Ni foil ( 68Se experiment: 1.6 mg/cm2;
72Kr: 0.5 mg/cm2) rolled onto a thick Bi backing to stop th
residual nuclei.

During the first—the72Kr—experiment the counting rat
was 12000 counts/s per single encapsulated Ge detecto
an accepted event rate of 7000 s21 we wrote 2.93109 Mg
>3 coincidences on tape. In the68Se experiment pileup an
accidental events were reduced by the back-catcher BGO
a slightly larger distance of 12 cm, as well as by a lower
of the counting rate to 6500 s21 per single encapsulated de
tector leading to an event rate of 7500 s21 written on tape.
Here, 3.53109 Mg>3 coincidences were collected, yieldin
173109 unfolded triple coincidences. The highg multiplici-
ties in both reactions reduced the peak-to-total ratios, du
sum-up events and coincidences with unrestorable Com
scatter events. In both reactions the gain in peak inten
through the add-back of Compton scattered events was
than the increase in background intensity. Therefore,
analysis was performed without add-back, which reduced
full energy peak efficiency toPPh'9%.

From the 68Se experiment a level scheme could be d
rived only by analyzing triple data@see Fig. 1~a!#. In gated
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spectra of a two dimensional matrix, the 2n-channel68Se
transitions could not be established because of the en
overlap with the mutually coincident 339, 344, and 854 k
transitions of thenp-channel68As, which is the third stron-
gest exit channel. Moreover, we discovered in68As new tran-
sitions of 1627 keV~not in coincidence with 854 keV! and in
particular 1090 keV~in coincidence with 854 keV!, making
double gating of paramount importance for the analysis
68Se. Applying double gates, it turned out that the three tr
sitions~343, 854, and 1088 keV! previously assigned to68Se
@15# are not mutually coincident.

Although it could be ascertained that there is no coin
dence between the 1088 and the 343 keV transition, the
incidence between the 854 and 343 keV transitions co
neither be established nor excluded for68Se, because no fur
ther transition could be assigned to68Se in the spectrum

FIG. 1. Comparison of single gates~top! and double gates~bot-
tom! for 68Se ~a! and 72Kr ~b!.
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gated doubly on the 854 and 343 keV lines. Thus, the
keV transition might feed the 854 keV state.

The level scheme of68Se shown in Fig. 2 was deduce
from coincidences and intensities. The 854.2~3! keV transi-
tion was inferred as the ground-state transition, becaus
the recoil mass-spectrometer coincident spectrum@15# the
854 keV transition has the largest intensity. The relative
tensities 100~17! of the 1088.1~9! keV transition~the 1088–
1090 keV doublet being resolved! and 50~25! of the
1629.1~7! keV transition were determined in a spectru
gated on the 854 keV ground-state transition, while the re
tive intensities of the 627.3~6! keV transition, 20~11!, and of
the 823.9~8! keV transition, 18~11!, were deduced in relation
to the 1629 keV transition from a spectrum gated twofold
854 and 1088 keV.

To compare the relative cross sections of68Se and68Ge, a
gate was set on the strongest transitions populating the
excited state in either nucleus. From these spectra the in
sities of the ground-state transitions in68Ge ~308 000 events!
and in68Se~230 events! were inferred, which yield a relation
of 1 to 731024. We know from experience that for stron
exit channels the measured relative cross sections are re
duced quite well byCASCADE calculations@27#. Hence, using
the calculated68Ge cross section of 280 mb, a68Se cross
section ofs5200(50)mb was determined. This evaluate
cross section accounts for 331024 of the total cross section
and is roughly in agreement with theCASCADE calculation in
contrast to the cross section determined by Listeret al.,
which was found to be five times smaller than anticipa
@15#. The discrepancy might be due to a high spin isom
leading tog decays outside the focus of the Ge detectors
the recoil mass separator measurement. To discover su
high spin isomer, we performed a recoil shadow experim
by surrounding a thin target with a four-chambered NE2
neutron detector, while behind a 5-cm-thick Pb wall tw
Cluster detectors pointed at a stopper to detect isomerg
decays of the deposited recoil nuclei. Nevertheless, we
not find a high spin isomer in68Se within an observationa
limit of 10 mb. Yet, with a lower detection limit at 1 ns, w
found in the various reactions all the isomers expected fr

FIG. 2. Proposed level schemes of68Se ~left! and 72Kr ~right!.
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publications (t52 ns–20ms). In case of isomeric ground
state transitions, however, corroborating coincidences are
available. Therefore, an—although improbable—isome
68Se ground-state transition of 343 or 854 keV cannot
excluded by this recoil shadow experiment because of
Ex52158 keV isomer (t537 ns) in68As, feeding states de
populated by the 854 and 344 keV transitions. For the re
tion 32S~115 MeV!140Ca, used in the recoil shadow exper
ment, which populates states with angular momenta up to
\, the cross section of68Se was calculated byCASCADE to be
as large as 1 mb. Thus, taking the observational limit of
mb into account, less than 1% of the68Se cross section is
expected to proceed from a potential high spin isomer.

An evaluation of the68Se level spins could not be pe
formed because of the low statistics. The ground state has
spin and parity 01 with a half-life of 35.5~7! s @28#. Spin and
parity of the other states are suggested from the systemat
neighboring even-even nuclei. The transitions 854 and 1
keV build the ground-state band up to probable spin 41. The
feeding 824 keV transition might represent a backbending
the ground-state band in agreement with our cranking mo
calculations, which yielded a critical frequency of 0.5 Me
for aligning eitherg9/2 protons and neutrons. Both the tra
sitions 343 and 1629 keV are interpreted in analogy
66,68Ge and in particular theN5Z nucleus64Ge. The pos-
sible 343 keV transition is interpreted as the decay out of
g band, while the 1629 keV decay is interpreted as the2

→41 yrast transition. Also in the neighboring nuclei70Ge
and 66,68Zn @29# strongE1 transitions into the 41 state have
been observed. AlthoughE1 transitions are isospin
forbidden in aTz50 nucleus, it was shown that for64Ge the
deducedE1 strength can be explained by an estimated 1.
isospin mixing, indicating a Coulomb-mixing interactio
strength comparable with that extracted from theb decay of
64Ga@14#. As the isospin admixtures are expected to incre
with mass, a strong 52→41 E1 transition would not be
surprising for68Se. A lifetime measurement of the 3571 ke
state would be very useful to quantify this point.

According to total Routhian surface~TRS! calculations
using the Woods-Saxon cranking model@8#, nuclei with
large oblate deformation are centered aroundN5Z
534– 36@22#. In @15# it was argued that a rigid oblate de
formation, as calculated in@22#, would lead to an estimated
21 level of about 425 keV energy. The present TRS cal
lations for 68Se ~Fig. 3, bottom! show prolate-oblate shap
coexistence with nearly degenerate minima atb250.23, g
50°, andb2520.26, g5260° for the ground-state. The
potential barrier of about 300 keV could be further reduced
pn correlations would be included in the calculations. Ev
shape mixing might be possible, as predicted by microsco
model calculations for other nuclei in this mass region, e
72Kr @19#. The TRS at moderate rotation\v50.4 MeV
shows a pronouncedg-soft triaxiality ~Fig. 3 bottom!, which
might explain the diminished ratioR5E(41

1)/E(21
1)52.27

@30# (R58/352.67 for g530° in the absence of rotation
vibration coupling @30#! as well as the possible 22

1 g-
bandhead state lying below the 41

1 level at 1197 keV@31#.
The b250.33—predicted by the present TRS calculation
compares well with aub2u50.28 derived from E(21

1)
5854 keV via Grodzins rule@16# if a triaxiality ofg525° is
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FIG. 3. TRS calculations for72Kr ~top! and 68Se ~bottom!. The separation between the contour lines is 0.1 MeV.
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taken into account, which would yieldbe f f50.84b @31#. At
faster rotation\v50.8 MeV, a strong influence of the sing
particle states emerges, which might explain the 52 and 72

states by assuming a neutron or proton configura
@g9/2

1 (p3/2f 5/2p1/2)
1#. Comparing68Se with 69Se, the oblate

deformation of the69Seg9/2 band@4# appears to be generate
and stabilized by the core-polarizing odd neutron. For a
tailed interpretation of68Se, obviously further experimenta
data are needed, e.g., spins, parities, and lifetimes.

With the 72Kr CLUSTER CUBE experiment only the mu
tual coincidences between the transitions 610.9~5!, 710.0~5!,
and 792.1~6! keV could be established@see Fig. 1~b!# thus
proving the first three excited levels of72Kr ~see Fig. 2,
right!, which were proposed by@23# based on the transition
intensities measured in coincidence with the recoil m
spectrometer. Recently, the level scheme of72Kr could be
extended up to spin 16\ by De Angeliset al. @32#. The newly
assigned 81→61 995.6 keV transition already shows a larg
Doppler broadening of the line shape, which could expl
our difficulties to extend the level scheme. The line sha
analysis performed for the 81→61 transition resulted in a
quadrupole deformationb250.37(7) @32#. In accordance
with @23,24,32# our 72Kr data agree with expectations for th
N5Z536 nucleus based on prolate-oblate shape mixing
ducing level repulsion in the low spin region, while at high
spins the nucleus is predicted to prefer prolate deforma
~see Fig. 3, top, and@19#!. Comparing the72Kr-transition
ss
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n

-

s

n
e

-
r
n

intensities to the respective72Se ground-state band transitio
intensities, one obtains a relative intensity of 731024 for
72Kr. With a cross section of 145 mb for72Se, calculated by
the fusion-evaporation codeCASCADE @27#, a cross section of
100~30! mb can be inferred for72Kr, representing 1.5
31024 of the total cross section.

To summarize, the high efficiency of the CLUSTE
CUBE setup allowed us to establish several excited state
the twoN5Z nuclei 68Se and72Kr produced with a propor-
tion of only 1024 of the total fusion cross section. The lev
schemes are consistent with the systematics of the mas
gion. The sequence 710-611-792 keV in72Kr hints to
prolate-oblate shape mixing and is quite different from lev
schemes produced by strong prolate deformation in theN
5Z538,40 nuclei76Sr and80Zr. The proposed level schem
of 68Se, with a 52→41 E1 transition, resembles the mode
ately deformedg-soft nuclei 64,66Ge. Both nuclei,68Se as
well as 72Kr, appear to follow the predictions of the TR
calculations. In particular, the oblate or shape-coexistent
formations arenot preserved if the nuclei start rotating.
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No. 06OK862I~0!, 06DR666I, and 06GOE851 as well as b
the IN2P3 ~Institut National de Physique Nucle´aire et de
Physique des Particles!.
S.
er,
,

@1# C. J. Lister, P. E. Haustein, D. E. Alburger, and J. W. Olne
Phys. Rev. C24, 260 ~1981!.

@2# C. J. Lister, B. J. Varley, H. G. Price, and J. W. Olness, Ph
Rev. Lett.49, 308 ~1982!.
,

.

@3# T. Mylaeus, J. Busch, J. Eberth, M. Liebchen, R. Sefzig,
Skoda, W. Teichert, M. Wiosna, P. von Brentano, K. Schiff
K. O. Zell, A. V. Ramayya, K. H. Maier, H. Grawe, A. Kluge
and W. Nazarewicz, J. Phys. G15, L135 ~1989!, and refer-



N
.

J.

T
a

L
H
G

d

d

t.

za

G
n
a-
J.
s

y
cl.

.

-
H.
hy

-
H

s.

a-
n,

, J.

. A.

o-
J.

.
ys.

.
n,
D.

ler,
D.

are,
C.

M.
k,

.

cl.

tly,
A.
J.
D.
D.
G.

RAPID COMMUNICATIONS

PRC 58 R9IDENTIFICATION OF EXCITED STATES IN THEN5Z . . .
ences therein.
@4# M. Wiosna, J. Busch, J. Eberth, M. Liebchen, T. Mylaeus,

Schmal, R. Sefzig, S. Skoda, and W. Teichert, Phys. Lett
200, 255 ~1988!.

@5# D. F. Winchell, M. S. Kaplan, J. X. Saladin, H. Takai, J.
Kolata, and J. Dudek, Phys. Rev. C40, 2672~1989!.

@6# S. Skoda, J. L. Wood, J. Eberth, J. Busch, M. Liebchen,
Mylaeus, N. Schmal, R. Sefzig, W. Teichert, and M. Wiosn
Z. Phys. A336, 391 ~1990!; Nucl. Phys. A, in press.

@7# S. Freund, J. Altmann, F. Becker, T. Burkardt, J. Eberth,
Funke, H. Grawe, J. Heese, U. Hermkens, H. Kluge, K.
Maier, T. Mylaeus, H. Prade, S. Skoda, W. Teichert, H.
Thomas, A. von der Werth, and G. Winter, Phys. Lett. B302,
167 ~1993!.

@8# W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson, an
Ragnarsson, Nucl. Phys.A435, 397 ~1985!.

@9# K. Heyde, J. Ryckebusch, M. Waroquier, and J. L. Woo
Nucl. Phys.A484, 275 ~1988!.

@10# J.-Y. Zhang, R. F. Casten, and D. S. Brenner, Phys. Let
227, 1 ~1989!, and references therein.

@11# T. Nakatsukasa, K. Matsuyanagi, I. Hamamoto, and W. Na
rewicz, Nucl. Phys.A573, 333 ~1994!.

@12# W. Satula and R. Wyss, Phys. Lett. B393, 1 ~1997!, and
references therein.

@13# D. Rudolph, C. J. Gross, J. A. Sheikh, D. D. Warner, I.
Bearden, R. A. Cunningham, D. Foltescu, W. Gelletly, F. Ha
nachi, A. Harder, T. D. Johnson, A. Jungclaus, M. K. K
badiyski, D. Kast, K. P. Lieb, H. A. Roth, T. Shizuma,
Simpson, O¨ . Skeppstedt, B. J. Varley, and M. Weiszflog, Phy
Rev. Lett.76, 376 ~1996!.

@14# P. J. Ennis, C. J. Lister, W. Gelletly, H. G. Price, B. J. Varle
P. A. Butler, T. Hoare, S. Cwiok, and W. Nazarewicz, Nu
Phys.A535, 392~1991!; A560, 1079~E! ~1993!, and references
therein.

@15# C. J. Lister, P. J. Ennis, A. A. Chishti, B. J. Varley, W
Gelletly, H. G. Price, and A. N. James, Phys. Rev. C42,
R1191~1990!.

@16# C. J. Lister, M. Campbell, A. A. Chishti, W. Gelletly, L. Go
ettig, R. Moscrop, B. J. Varley, A. N. James, T. Morrison,
G. Price, J. Simpson, K. Connel, and O. Skeppstedt, P
Rev. Lett.59, 1270~1987!, and references therein.

@17# J. H. Hamilton, A. V. Ramayya, W. T. Pinkston, R. M. Ron
ningen, G. Garcia-Bermudez, H. K. Carter, R. L. Robinson,
J. Kim, and R. O. Sayer, Phys. Rev. Lett.32, 239 ~1974!.

@18# R. Bengtsson, P. Mo¨ller, J. R. Nix, and Jing-ye Zhang, Phy
Scr.29, 402 ~1984!.

@19# A. Petrovici, E. Hammaren, K. W. Schmid, F. Gru¨mmer, and
.
B

.
,

.

.

.

I.

,

B

-

.
-

.

,

s.

.

A. Faessler, Nucl. Phys.A549, 352 ~1992!.
@20# R. B. Piercey, J. H. Hamilton, R. Soundranayagam, A. V. R

mayya, C. F. Maguire, X.-J. Sun, Z. Z. Zhao, R. L. Robinso
H. J. Kim, S. Frauendorf, J. Do¨ring, L. Funke, G. Winter, J.
Roth, L. Cleemann, J. Eberth, W. Neumann, J. C. Wells
Lin, A. C. Rester, and H. K. Carter, Phys. Rev. Lett.47, 1514
~1981!.

@21# W. Nazarewicz, P. Olanders, I. Ragnarsson, J. Dudek, G
Leander, P. Mo¨ller, and E. Ruchowska, Nucl. Phys.A429, 269
~1984!.

@22# R. Bengtsson, inResearch Reports in Physics, Proceedings of
the International Workshop on Nuclear Structure of the Zirc
nium Region, Bad Honnef, West Germany, 1988, edited by
Eberth, R. A. Meyer, and K. Sistemich~Springer-Verlag, New
York, 1988!, p. 17.

@23# B. J. Varley, M. Campbell, A. A. Chishti, W. Gelletly, L
Goettig, C. J. Lister, A. N. James, and O. Skeppstedt, Ph
Lett. B 194, 463 ~1987!.

@24# H. Dejbakhsh, T. M. Cormier, X. Zhao, A. V. Ramayya, L
Chaturvedi, S. Zhu, J. Kormicki, J. H. Hamilton, M. Satteso
I. Y. Lee, C. Baktash, F. K. McGowan, N. R. Johnson, J.
Cole, and E. F. Zganjar, Phys. Lett. B249, 195 ~1990!.

@25# J. Eberth, H. G. Thomas, D. Weisshaar, F. Becker, B. Fied
S. Skoda, P. von Brentano, C. Gund, L. Palafox, P. Reiter,
Schwalm, D. Habs, T. Servene, R. Schwengner, H. Schn
W. Schulze, H. Prade, G. Winter, A. Jungclaus, C. Lingk,
Teich, and K. P. Lieb, Prog. Part. Nucl. Phys.38, 29 ~1997!,
and references therein.

@26# J. Eberth, H. G. Thomas, P. von Brentano, R. M. Lieder, H.
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