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Superdeformed and highly deformed bands in65Zn and neutron-proton interactions
in Zn isotopes
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Superdeformed and highly deformed rotational bands were established in65Zn using the40Ca(29Si,4p)65Zn
reaction, and averaged quadrupole moments were measured for two of these bands. The configurations of these
bands were assigned based on Hartree-Fock calculations. One of the three bands exhibits at low\v a rise in
theJ(2) dynamic moments of inertia that is similar to the alignment gain observed in60Zn. A comparison of the
rotational band configurations and theirJ(2) moments of inertia for light Zn isotopes suggests that the rise in
J(2) is most likely caused bynp interactions associated with the valence protons and neutrons occupying the
g9/2 intruder orbits.

PACS number~s!: 21.10.Re, 21.10.Hw, 23.20.Lv, 27.50.1e
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Recent studies@1–6# of superdeformed~SD! and highly
deformed bands in60264,68Zn have allowed systemati
analyses of strongly deformed shapes and configuration
nuclei withN'Z. In the previous study@1# of 60Zn, a rise in
theJ(2) moments of inertia of the SD band was interpreted
the simultaneous alignment of theg9/2 protons and neutrons
However, the absence of such an alignment in the SD b
of 61Zn raises questions@2# of whether or not theT50 pair-
ing is responsible for such an alignment. To understand
true cause of the rise inJ(2), and to gain insight into the
questions of the possibleT50 pairing, more experimenta
data are needed for the neighboring nuclei. In this paper,
report a study of SD and highly deformed bands in65Zn, and
present possible evidence for neutron-proton correlation
highly-deformed Zn isotopes.

High spin states in 65Zn were populated using th
40Ca(29Si,4p) reaction at a beam energy of 130 MeV. Th
29Si beam was provided by the 88-Inch Cyclotron at t
Lawrence Berkeley National Laboratory, and the target c
sisted of a layer of 0.5 mg/cm2 enriched 40Ca evaporated
onto a layer of 2.5 mg/cm2 Ta foil as backing. Theg rays
from the reaction were detected by the Gammasphere@7#
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array, which had 100 detectors at the time of the experim
The evaporated charged particles were detected by the
element CsI detector array Microball@8#, and the information
obtained was used to select the reaction channel, as well
determine the velocity of the recoil for event-by-event Do
pler corrections. A total of about 88 million 4-proton gate
ggg or higher fold events were collected from the expe
ment. Three rotational bands were established from
reaction-channel-selectedggg cube, and are shown in Fig
1. Although no connecting transitions were observed
tween these bands and the low-spin normally deformed~ND!
states@9# in 65Zn, they are assigned to65Zn with confidence
due to their unambiguous coincidence relationships with
known @9# transitions in65Zn ~see Fig. 2!.

Among the three established bands, band 1 is the m
strongly populated and is measured to have the largest de
mation ~see ensuing discussions on measurement ofQt’s!.
The average intensity of this band is approximately 2.5%
that of the 202-keV ND transition at low spin~see Fig. 3!. A
spectrum obtained by summing all possible double gate
this band is strongly in coincidence with the 202-, 86
987-, and 1173-keV ND transitions in65Zn, as seen in Fig.
2~a!. For this spectrum, theggg cube has Doppler correc
tions performed at two different recoil velocities: ForEg
.1350 keV,v rec/c50.04, which corresponds to fast deca
of SD bands; forEg,1350 keV,v rec/c50.027, which cor-
responds to decays of low spin states occurring when
recoil has been slowed down by the backing and is trave
in vacuum. As a result of this dual-velocity Doppler corre
tion, Fig. 2~a! shows narrow peaks for both the SD band
well as the low spin ND transitions. The spectrum obtain
by summing all possible combinations of double gates
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M1 andE2 transitions in band 2, as well as double ga
between the 202-keV transition and members of band 2
shown in Fig. 2~b!. Coincidence gates show weak, but de
nite connections between the two signatures of this ba
The intensity of this band is about one half of that of band
as shown in Fig. 3~a!. Band 3 is a strongly coupled band an
Fig. 2~c! shows the spectrum of this band obtained in a m
ner similar to that described for band 2. For spectra show
Figs. 2~b! and 2~c!, the Doppler effect was corrected wit
one velocity only:v rec/c50.04. This is to accommodate th
lower-energy, fastM1 transitions in bands 2 and 3. As
result, the low spin ND transitions at 864, 988, and 1173 k
are broadened due to the overcorrection of the Doppler
fect. Because of the low statistics, only the average rela
intensity of band 3 was estimated, which is approximat
0.7% of that of the 202-keV ND transition@see Fig. 3~a!#.

In order to extract information ong ray multipolarities,
data were summed up from the 23 most forward and ba
ward detectors~at 31.7°, 37.4°, 142.6°, 148.3°, an
162.7°), and the 22 detectors near 90°~at 79.2°, 80.7°, 90°,
99.3°, and 100.8°) to form two groups labeled as ‘‘32°’’ a
‘‘81°,’’ respectively. ~The labels represent the effectiv
angles corresponding to the averaged cosines of the two
tector groups.! A 32°-versus-all and an 81°-versus-all matr
were created. From these two matrices, information of an
lar distribution was obtained by extracting ratios defined

I ~32°!

I ~81°!
~g1!5

I ~g1 at 32°, gated withg2 at any u!

I ~g1 at 81°, gated withg2 at any u!
.

~1!

Figure 3~b! shows these gated angular distribution~GAD!
ratios for clean, strong transitions in band 1 and band 2

FIG. 1. Level scheme of the three rotational bands and some
transitions in65Zn established in the present study. Spins and p
ties are adopted from Ref.@9#.
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well as for some ND dipole~diamond! and quadrupole
~square! transitions at low spin. No GAD ratio could be ex
tracted for band 3 due to low statistics. Compared to the
transitions with known multipolarities, the GAD ratios fo
transitions in band 1 and band 2 confirm the multipolar

D
i-

FIG. 2. Coincidence spectra representing the three band
65Zn. Triangles indicate members of the bands and circles indic
the low spin ND transitions. See text for details of the Dopp
correction.~a! Spectrum obtained by summing all possible doub
gates in the SD band 1.~b! Spectrum obtained by summing a
double gates on band 2, as well as double gates between the
keV ND transition and members of band 2.~c! Spectrum obtained
by summing all double gates on band 3, as well as double g
between the 202-keV ND transition and members of band 3.

FIG. 3. ~a! Intensities of the three bands in65Zn measured rela-
tive to that of the 202-keV ND transition at low spin.~b! Gated
angular distribution~GAD! ratios measured for clean, strong tra
sitions in bands 1 and 2, and compared to those of the known@9#
E2 and dipole ND transitions at low spin.
1-2
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assignments shown in Fig. 1. For band 3, the strongM1
transitions connecting the two signatures indirectly supp
the assigned multipolarities.

Since no linking transitions were established between
observed three bands and the low spin ND states, the s
and excitation energies of these bands could not be dedu
Coincidence relationships show that for band 1, the high
ND level with which the band is in coincidence is the 684
keV level. This means that the spin of the final level of t
1341-keV transition in this band has a lower limit ofI
>25/2, which is consistent with the established@1,2# spins of
the SD bands in60,61Zn.

The average transition quadrupole moments,Qt , were
measured for band 1 and band 2. Using the technique
scribed in Refs.@10,11#, the relative velocity of the recoils
Ft5v(Eg)/vmax, were extracted and shown in Fig. 4 t
gether with calculations@v(Eg) is the recoil velocity at the
time whenEg is emitted, andvmax is the maximum recoil
velocity for the 4p reaction channel#. The calculations used
theLINESHAPE program@12# and the stopping powers in Re
@13# ~corrected according to Ref.@14#!. The simulations used
a time step of 0.7 fs and produced 1000 histories. Side fe
ings were modeled by a two-level rotational sequence
each state with the sameQt andJ(2) as the band. The uncer
tainty associated with these assumptions is not include
the final results, but is expected to be much smaller than
shown errors. Additional errors associated with stopp
powers could not be estimated from the present study.
best fit between the experimental and calculatedFt’s re-
sulted in aQt52.660.3e b for band 1, andQt52.160.3e b
for band 2@see Figs. 4~a! and 4~b!, respectively#. Assuming
an axially symmetric shape, this corresponds to a defor
tion of b250.4360.05 and 0.3560.05 for band 1 and band
2, respectively. These measuredQt’s are compared to calcu
lations in Fig. 5. Quadrupole moment was not measured
band 3 due to low statistics.

Theoretical analysis of the SD bands in65Zn has been
performed using the HF method~no pairing, codeHFODD

v1.75 @15#! with the Skyrme SLy4 interaction@16#. As dis-
cussed in Refs.@17,18#, configurations of the SD nuclei in
the A.60 region can be characterized byn andp occupied
neutron and protong9/2 N54 intruder states, and are de
noted by 4n4p. Neutron and proton single-particle Routhian
calculated for the 4342 configuration of 65Zn, show that at

FIG. 4. Experimental~filled symbols! and calculated~curves!
values ofFt as a function ofEg for ~a! SD band 1 and~b! band 2.
See text for details of the measurement and calculation.
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large rotational frequencies (\v), energy gaps open up a
N535 and Z530 for neutrons and protons, respective
Therefore, the positive-parity 4342 configuration is expected
to be yrast at high angular momenta, and will be referred
as the magic SD configuration in the following discussion

The last neutron in65Zn occupies the thirdN54 intruder
state, denoted by the Nilsson labels@431#3/2 (r 52 i , or a
511/2), wherer 5e2 iap is the signature quantum numbe
anda is the signature index. In the following discussion, t
single-particle states~or many-body configuration 4n4p) are
labeled by signs (6) denoting the single-particle~or many-
body configuration total! signature indicesa561/2. There-
fore symbol (1) refers to bands with spins 25/2, 29/2,. . . ,
and (2) refers to those with spins 27/2, 31/2, . . . . No
that the magic configuration 4342(1) corresponds toa5
11/2.

The lowest unoccupied neutron states are the fourth
truder state@431#3/2(2) at low spins, and the pair o
signature-split@312#3/2 states at high spins. The last occ
pied proton state in65Zn corresponds to the second intrud
orbital @440#1/2(2), and two pairs of negative-parity
orbitals are available for proton excitations, i.e., t
@303#7/2(6) and @310#1/2(6) orbitals. Altogether, there
are three neutron and four proton low-lying one-particle-h
excitations in 65Zn. Calculations show that the magic 4342

configuration is yrast at high spins, but is crossed aI
.53/2 by the pair of negative-parity signature-degener
configurations 4341f (6), which are formed by exciting the
@440#1/2(2) proton to the @303#7/2(7) negative-parity
states.~Configurations corresponding to the occupation
oneK57/2 f 7/2 proton extruder states are denoted by add
f to symbol 4n4p.! Three additional pairs of coupled band
are also near the magic 4342 configuration: ~i! negative-
parity bands 4341(6) correspond to promoting the
@440#1/2(2) proton to the@310#1/2(7) states,~ii ! negative-
parity bands 4242(6) correspond to promoting the
@431#3/2(1) neutron to the@312#3/2(6) states, and~iii !
positive-parity bands 4241f (6) correspond to promoting the
@431#3/2(1) neutron to the@312#3/2(2) state and simulta-
neously promoting the@440#1/2(2) proton to one of the
@303#7/2(6) states.

FIG. 5. Calculated~HF1SLy4! Qt’s as a function of\v for
possible configurations in65Zn. The shaded areas represent t
measured, averageQt’s for band 1 and band 2.
1-3
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In the following, we first discuss the experimentally o
served bands 1 and 3 in65Zn. Figure 6~a! shows the calcu-
lated~curves! and experimental~symbols! J(2) dynamic mo-
ments of inertia for band 1 and band 3 in65Zn. This figure
shows that the magic 4342(1) and the 4341f (6) configu-
rations nicely reproduce the experimental data for band
and 3, respectively. When the lowest spins for these
bands are assumed to be 25/2 and 31/2, respectively,
when adopting the tentatively measured@2# lowest spin of
I 0525/2 for the SD band in61Zn, the calculated relative
alignments for these two configurations also reproduce
experimental data very well@see Fig. 6~c!#. Such a good
agreement suggests strongly that the observed band 1 i
magic 4342 configuration, and band 3 is the 4341f configu-
ration. For band 1, the measured averageQt also agrees
nicely with the predictedQt’s for the magic 4342 configura-
tion @see Fig. 5#.

Theoretical interpretation of band 2 is much more dif
cult. In addition to the 4341f (6) configuration that is al-
ready assigned to band 3, there are three other possible
figurations for excited bands in65Zn, i.e., the 4241f (6),
4341(6), and 4242(6) configurations. The comparison o
measured and calculatedQt’s for band 2 essentially elimi-
nates the possibility of the 4241f (6) configuration, as
shown in Fig. 5. When the lowest spin is assumed to beI 0
531/2, the calculated relative alignments for the negati
parity 4341(6) and 4242(6) configurations qualitatively
agree with data, see Fig. 6~d!. Furthermore, the measure
Qt’s for band 2 also qualitatively agree with the calculat

FIG. 6. ~a! and~b!: Calculated~curves! and experimental~sym-
bols! J(2) moments of inertia for bands observed in65Zn. ~c! and
~d!: Calculated ~curves! and experimental~symbols! alignments
relative to that of the SD band in61Zn for bands observed in65Zn.
I 0 represents the tentatively measured (I 0525/2 for 61Zn @2#! or
assumed~all other bands! spins of the lowest levels of the band
Solid and dashed curves represent the (a511/2) and (a521/2)
signatures, respectively.
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ones for the 4341(6) and 4242(6) configurations~see Fig.
5!. Since the observed energy signature splitting in band
small, and since the 4242(6) configuration has a smalle
signature splitting than the 4341(6) configuration, we tenta-
tively assign the 4242(6) configuration to band 2.

The rise in theJ(2) dynamic moments of inertia at low
spin in band 2 cannot be reproduced by calculations of
configuration@see Fig. 6~b!#. This rise could be due to the
alignment of neutrons or protons associated with the nor
neutron-neutron (nn), proton-proton (pp), or some type of
neutron-proton (np) pairing, none of which is included in
the present calculations. Indeed, a rise in theJ(2) dynamic
moments of inertia has been observed@1# in the SD band of
60Zn, and has been interpreted as the simultaneous alignm
of theg9/2 protons and neutrons. Figure 7~a! shows theJ(2)’s
for the 60Zn band compared to those of band 2 in65Zn. The
similarity of these two bands is clearly seen.

Also summarized in Fig. 7 are the assigned configurati
for bands observed in light Zn isotopes and theirJ(2) dy-
namic moments of inertia. For bands observed in60265Zn,
those with a rise inJ(2) are plotted in Fig. 7~a!, and all other
smooth bands are plotted in Fig. 7~b!. The absence of the ris
in bands shown in Fig. 7~b! cannot be understood in terms o
the ‘‘blocking’’ of odd valence particles. If the rise inJ(2) is
caused by the simultaneous alignment ofg9/2 protons and
neutrons associated with the normalnn and pp pairing
alone, then the occupation of an odd number ofg9/2 protons
~neutrons! should only block the proton~neutron! part of the
alignment. As a result, theJ(2) should show a reduced, bu
nonvanishing rise in configurations such as 4342 and 4241f .
Figure 7 shows, however, that the occupation of one o
particle ~protons or neutrons! is as effective as the occupa
tion of both an odd proton and an odd neutron in blocki
the entire alignment.~Note that the62Zn band does not have
sufficient data at low spin where the alignment is observ
and therefore cannot be firmly characterized as a ‘‘smoo
band.! The absence of the rise inJ(2) shown Fig. 7~b! is also
unlikely to be caused by deformation differences. If t
alignment is shifted up or down in frequency due to larger

FIG. 7. ExperimentalJ(2) moments of inertia for SD and highly
deformed bands observed in60265Zn. The bands are grouped int
~a! those with a rise inJ(2), and~b! those without such a rise. Se
text and Refs.@1–3,5,19# for the indicated configurations 4n4p. The
question mark for band 2 of65Zn in ~a! indicates that this configu-
ration assignment is tentative.
1-4
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smaller~or vice versa! deformations, and thus is outside th
experimentally observed data region, then the smooth ba
must have a very different deformation compared to ba
that show the rise. The measuredQt’s indicated in Fig. 7
show that this is not the case. Bands with both largeQt
.2.6– 3.0e b) and small (Qt.2.0 e b) deformations are as
sociated with both rising and smoothJ(2)’s. @Experimental
Qt’s for the 64Zn band and band 3 in65Zn are not available.
However, they are expected to be small, judging by th
configurations and their relatively lowJ(2)’s.#

Further analysis show that the rise inJ(2) may be corre-
lated with configurations. In Fig. 7~a!, the two bands show
ing the rise most likely share a configuration that is qu
unique among all bands. If band 2 of65Zn indeed has the
4242 configuration, then the two bands shown in Fig. 7~a!
both have two neutrons occupying the lowest twog9/2 orbits,
and two protons occupying the exact same orbits. In ot
words, their occupation of theg9/2 intruder orbits areidenti-
cal for valence protons and neutrons~can be labeled as
4m4m configuration, wherem5n5p in the previously de-
fined notation 4n4p). Among all the observed bands inA
560 region, the two bands shown in Fig. 7~a! are the only
ones which have been assigned~firmly or tentatively! 4m4m

configurations, and they are also the only bands which sh
a definite rise inJ(2). If such a correlation is not a coinci
dence, then this implies that~1! the interaction that is respon
,

A

04130
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sible for the observed alignment is most likelynp, instead of
pp or nn, in nature;~2! such annp interaction exists only
when the occupation of high-j intruder states is identical fo
protons and neutrons.

In summary, one SD and two highly deformed bands
65Zn were established from a Gammasphere experim
Configurations of two of the three bands were unambi
ously assigned based on Hartree-Fock calculations. On
the three bands shows a rise inJ(2) at low spins, which is
similar to the rise observed@1# in 60Zn, and cannot be ex
plained within the Hartree-Fock calculations without pairin
A systematic analysis of theJ(2) values for bands in60265Zn
indicates that the normalnn, pp pairing alone cannot be th
only cause for the observed alignment.np interactions are
most likely the main cause for the rise, and such interacti
appear to exist only when the coccupation of theg9/2 intruder
states is identical for valence protons and neutrons.
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