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Triaxial superdeformed bands in 86Zr
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Four new superdeformed bands have been found in the nucleus86Zr. The good agreement between experi-
ment and configuration-dependent shell correction calculations suggests that three of the bands have triaxial
superdeformed shapes. Such unique features in massA;80 superdeformed bands have been predicted, but not
observed experimentally until now. A fourth band in86Zr is interesting due to a fairly constant and unusually
high dynamic moment of inertia. Possible interpretations of this structure are discussed.
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The study of superdeformed~SD! nuclei has been at th
forefront of nuclear structure research during the last dec
With the advent of largeg-ray detector arrays, new region
of SD nuclei have been uncovered encompassing masA
;80 @1# andA;60 @2#. Detailed studies of SD in these ma
regions have been mainly due to the coupling of Gamm
sphere@3# with the Microball @4#, a 4p charged-particle de
tector array.

SD structures in theA;80 region possess many surpri
ing features. In87Nb two bands were found to mutually in
teract; one of these bands undergoes a second intera
interpreted through the influence of theN56 i 13/2 ‘‘superin-
truder’’ orbital @5#. Bands have also been observed to bran
out into different decay paths@6,7#. The sensitivity of the
shapes of these structures to changes in neutron numbe
also been demonstrated in the38Sr isotopes@8#. In this re-
port, detailed calculations using the configuration-depend
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shell correction method@9,10# have been performed for di
rect comparison to known SD states in86Zr. The calculations
suggest that these structures possess significantly non
shapes, havingg;20°. Earlier calculations in the massA
;80–90 region suggest a variety of shapes at high spin
these nuclei@10,11#. This and a prior report on SD in80Sr @8#
are the first experimental indications of these exotic nucl
shapes. Previously, evidence for the existence of triaxial
shapes has only been found experimentally in163,165Lu @12#.

The experiment was performed at the 88-Inch Cyclotr
at E. O. Lawrence Berkeley National Laboratory. A se
supporting 380mg/cm2 foil of highly enriched 58Ni was
bombarded by a 134-MeV31P beam with intensity 2–4
31010 s21. Gamma rays were detected by the Gamm
sphere array with 86 Ge detectors and 10 additional B
anti-Compton shields in place without Ge detectors. T
Hevimet collimators for all BGO shields were removed pr
viding g-ray fold (kg) and sum energy (Hg) for each event
@13#. Light charged particles (p,d,t,a) were detected with
the Microball. The event trigger was determined by three-
higher-fold Ge-coincidences, accepting any related coin
dences with the Microball. A total of 33109 events were
acquired in 3.5 days.
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The charged particles were identified by two coup
pulse-shape discrimination techniques@4#; a single proton
detection efficiency of 84% was attained. The events w
sorted according to charged particle gates, i.e., 2p, 3p, ap,
etc. The 3p-gated events leading to86Zr were 18% of the
total, and contained small amounts of thea3p and 4p chan-
nels due to particles escaping detection. The statistics w
increased by a factor of;1.7 by including 2p gated events,
giving a total of 5.43108 events. Of these 78% wer
86Zr ~3p) and 85Zr ~3pn) in the ratio of 1:6, the remainde
consisting of the 2pn, a2p, 4p, anda3p channels. In order
to enhance the high-spin content of the data, ag-ray fold
requirement ofkg>17 was applied. This removed 90% o
the 85Zr with a modest loss of 35% and 25% of the total86Zr
and SD counts, respectively. The data were sorted intoEg-
Eg coincidence matrices andEg-Eg-Eg cubes for analysis
with the Radware@14# software package.

Examination of the matrices and cubes revealed four
quences of mutually coincidentg rays shown in Fig. 1. The
four bands have been assigned to86Zr through charged par
ticle gates, and coincidences with only low-spin transitio
in 86Zr. Relative to the total intensity of86Zr, bands SD1
through SD4 were populated to 2.060.2%, 0.660.1%, 0.5
60.1%, and 0.2460.08%, in order, requiringkg>17. The
E2 nature of all, but the weakest transitions in the bands
established from directional correlation~DCO! ratios@15# of
transitions observed near 90° and 0° relative to the be
The spins of the states in SD1 were estimated through
decay of SD1 into normally deformed~ND! states of known
spin. This analysis yieldsI 0521.761.5\ for the spin of the
bottom state of SD1. It was not possible to assign relia
spins to the weaker bands in this manner. However, all
SD bands were found to have nearly the same averagkg
values suggesting spins similar to SD1. Note also that at
spins the transition energies of SD4 are at the midpoin
those of SD2. Thus it is assumed that the two bands
signature partners and the spins of SD4 1\ higher than those
of SD2.

FIG. 1. Spectra showing all four SD bands, obtained by dou
gating on all transitions, requiring 2 or 3 protons andkg>17. Pan-
els ~a!, ~b!, ~c!, and ~d! show the spectra for SD1, SD2, SD3, an
SD4, respectively.
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Since the SD bands are expected to decay, while the
coiling nuclei are traversing the target, it is possible to e
mate the lifetimes, and hence the transition quadrupole
ments (Qt) of the bands using the residual Doppler-sh
attenuation method@16#. To this end, six asymmetric matri
ces were sorted with all detectors incremented on one
and those having six values of (cosu)avg between 0.8226 and
20.8667 on the other axis. As before these were gated
3p or 2p and kg>17. The centroids of the SD lines wer
determined as a function of (cosu)avg for each band by gating
on all possible transitions in the band. Least squares fits
vided the fractional Doppler shift,F(t), for each transition.
Some of the results are shown in Fig. 2 together with theQt
values extracted using the model described in Refs.@16,17#.
The measuredQt for SD1 through SD4 are, in order, 4.620.6

10.7,
4.060.3, 5.421.1

12.2, and 3.820.5
10.6 eb. One should note that th

uncertainties reported are only statistical, and do not incl
any estimate of systematic errors. TheQt values for these
structures are consistent with those measured for otheA
;80 SD bands.

In order to gain a theoretical understanding of these
bands, configuration-dependent shell correction calculati
employing a cranked Nilsson potential have been perform
using the approach of Ref.@9#. In the present approach@10#,
we have the ability to identify the high-j orbitals in each
N-shell after the diagonalization. This technique allows us
distinguish between the particles of~approximate! g9/2 char-
acter and the particles belonging to otherN54 subshells
(g7/2,d5/2, . . . ). Thecalculations are carried out in a mesh
the deformation space, («2 ,«4 ,g). Then for each fixed con-

e

FIG. 2. Fractional Doppler shift as a function of transition e
ergy for SD bands in86Zr. Filled circles represent SD1, filled
squares SD2~shifted by 20.06!, open circles SD3~shifted by
20.03) and filled diamonds represent escaping normally deform
~ND! recoils ~shifted by20.06). The solid curves are calculation
with the indicatedQt values; the dashed curves correspond to o
standard deviation as indicated.
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figuration and each spin separately, the total energy is de
mined by a minimization in the shape degrees of freedo
Pairing correlations are neglected in the calculations beca
they are of small importance in the spin range of inter
@11#. The transition quadrupole momentQt is calculated
from equilibrium deformations«2 ,«4 ,g using Eqs.~3!–~5!
of @18#. Standard parameters of the Nilsson potential@9#
have been used in calculations.

Partial results including only SD states are shown in F
3 where a rigid rotor reference has been subtracted from
energies. Two groups of highly deformed states can be s
Those lowest in energy over the spin rangeI 520–45\ all
have triaxial SD shapes. These configurations have one
ton and two neutronN55 (h11/2) orbitals occupied
(p51n52). Some of these configurations have been giv
labels A, B, D, and E in the figure.~A configuration desig-
nated C which will be used in our interpretation was n
included due to difficulties in the calculation, see below!
The triaxiality of these configurations is illustrated in Fig.
which shows potential energy surfaces of configuration
Note that the lowest minimum at spinI 539 corresponds to a
nuclear shape having a high degree of triaxiality,g;20°,
approximately 1 MeV below the lowest energy for ax
shape,g50°. The second group of states lies very high
energy and becomes yrast atI;48\. These states have a
enhanced prolate deformation,«2>0.6, and involve addi-
tionalN55 orbitals and in some cases also theN56 neutron
superintruder orbital. One should note that several confi
rations involving fewerN55 orbitals, and alsop52n52 con-
figurations are not shown in Fig. 3 for clarity. These config
rations are ruled out as candidates for the observed SD b

FIG. 3. Theoretical calculations of the energies of super
formed states~minus a rigid rotor reference! versus spin. Filled
symbols denote triaxial SD configurations with ap51n52 structure,
open symbols those having larger deformation near-prolate
shapes. Note there is no configuration labeled C; see text for de
r-
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due to either low collectivity or high excitation energies
the spin range of interest. The calculated single particle
ergies for protons and neutrons, employing a Nilsson pot
tial with the standard parametrization@9# and «250.44, «4
50.035, andg520° are shown in Fig. 5. The deformatio
parameters are typical of those calculated at spinI;40\ for
the lowest energy configurations of Fig. 3. The deformat-

D
ils.

FIG. 4. Potential energies surfaces for spinsI 521\ and I
539\ for configuration A. The radial coordinate of these plots
the quadrupole deformation parameter«2, and the angular coordi-
nate is the triaxiality parameterg. Contour lines separate energie
differing by 0.25 MeV and the last contour line corresponds to
MeV excitation with respect to the shaded minimum.

FIG. 5. Calculated proton and neutron Nilsson single parti
energies. Linetypes denote the parity and signature of the orb
(p,a) as follows: solid ~1,11/2!, dotted ~1,21/2), dashed
(2,11/2!, and dash-dotted (2,21/2).
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parameters for the configurations A, B, D, and E can
found in Table I.

Direct comparisons between the experimental data
calculations are shown in Fig. 6. In Fig. 6~a! the dynamic

TABLE I. Calculated deformation parameters for the configu
tions A, B, D, and E.

Configuration Spin (\) «2 g ~deg!

A 21 0.450 11.9
39 0.443 19.0

B 20 0.443 12.8
40 0.428 18.9

D 20 0.477 17.8
40 0.470 27.1

E 21 0.476 20.1
39 0.475 25.6

FIG. 6. ~a! Experimental dynamic moments of inertia for th
four SD bands in86Zr. Also shown are the calculated dynam
moments of inertia for configurations A and B.~b! Experimental
effective alignments~in units of\) of SD2 through SD4 relative to
SD1. Theoretical effective alignments for configurations B, D, a
E relative to configuration A are shown as well. In our preferr
scenario SD2 is associated with configuration B and SD 4 with
~not shown!, see text for details.
e

d

moments of inertia (J (2)) of the four SD bands are shown
along with the calculatedJ (2) for configurations A and B;
part ~b! shows theoretical and experimental effective alig
ments (i eff). The following spins for the lowest observe
states in the SD bands were used: SD1:I 0523\; SD2: I 0

522\; SD3: I 0525\; SD4: I 0523\. These are consisten
with the estimated spins, but reflect the configurations
signed to the bands below.

The lowest-energy configuration A~Fig. 3! can be asso-
ciated with SD1. In this configuration, all single-particle o
bitals below theZ540 andN546 SD shell gaps at\v>1
MeV in Fig. 5 are occupied. One could note that these g
are closely related to the axis ratio 2:1 shell gaps presen
particle number 44 seen in, for example, Fig. 2 of Ref.@9#.
Relative to this gap, two neutrons are added in the upslop
38 orbital in Fig. 5 to achieve theN546 configuration, while
two protons are removed from the@422#5/2 orbitals and one
from each of the@431#1/2 and 52 to get theZ540 configu-
ration. This configuration has parityp52 and signaturea
51. The population of this band is;4 times higher than the
other three bands, suggesting SD1 is significantly lower
energy at comparable spins, as is configuration A. The
culatedJ (2) of this band also agrees with the experimen
data, see Fig. 6. Not only is the magnitude of theJ (2) repro-
duced, but also the downward slope. This trend is relate
an increase in the triaxiality of the nuclear shape with
creasing spin, see Fig. 4. The experimentalQt value of
4.620.6

10.7 eb for SD1 agrees well with calculated mean value
4.2 eb averaged over the estimated spin range of SD1.

As mentioned previously, SD2 and SD4 are likely sign
ture partners with small signature splitting. Interpretation
these two bands is therefore based on the signature pa
@422#5/2 orbitals, which can be seen in Fig. 5 to have sm
signature splitting over the rotational frequency range of
terest. Two signature partner bands can be created by e
ing a proton from the@312#3/2 a51/2 or the@431#1/2 a5
21/2 orbitals to either of the@422#5/2 orbitals.

Configurations B and C are the result of proton exci
tions from the@431#1/2 a521/2 orbital to the positive and
negative signature@422#5/2 orbitals, respectively. Assignin
SD2 to configuration B and SD4 to C best fit the experime
tal data. One should note that since the orbitals belongin
low-j g7/2,d5/2 . . . subshells are treated in our calculatio
as one entity, it was not possible to trace the configuration
However, since configurations B and C are signature partn
based on@422#5/2 orbitals with small signature splitting, it i
reasonable to expect that calculated properties of these
figurations are similar in the rotational frequency range
interest. One important difference between them is that
rotational frequency of\v;1.3 MeV, the@422#5/2 a51/2
orbital is crossed by the@431#1/2 a51/2 orbital, resulting in
the sharp increase in the calculatedJ (2) of configuration B.
This is in agreement with the experimentalJ (2) for band
SD2 which shows a similar peak. This crossing will not
present in configuration C, since the@422#5/2 a51/2 orbital
is unoccupied. A small increase in theJ (2) at the highest
frequencies is expected, however, due to the crossing
strong interaction of the@431#1/2 and@431#3/2 a521/2 or-
bitals. This is in agreement with the experimentalJ (2) of
SD4. Note that this crossing will also be present in SD2,
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that it is obscured by the prominent@422#5/2-@431#1/2 cross-
ing. Finally, the measuredQt is in agreement with the theo
retical estimates. SD2 hasQt54.060.3 eb; that calculated
for configuration B, averaged over the observed spin ra
of SD2, is 4.0 eb. In addition, the measured valueQt

53.820.5
10.6 for SD4 is close to the one of SD2 which is re

sonable considering the signature partner interpretation
these bands.

The calculated effective alignments for the pair of co
figurations B/A is in good agreement with experiment for t
pair SD2/SD1 at low rotational frequencies, while with i
creasing rotational frequency the discrepancy grows. In
interpretation, this is connected to the interaction betw
the @431#1/2 and@431#3/2 a521/2 orbitals~see Fig. 5!. If
the crossing between these orbitals were shifted to hig
rotational frequencies, the discrepancy between calculat
and experiment would become smaller. Considering that
employed parameterization of the Nilsson potential may
be optimal, this can be achieved by fitting the relative en
gies of thepg9/2 andpg7/2 subshells.

The above assignments best agree with the experime
results, however a second possibility deserves brief men
Configurations D and E result from the excitation of a prot
from the@312#3/2 a51/2 orbital to the negative and positiv
signature@422#5/2 orbitals, respectively. These configur
tions have average calculated quadrupole moments of;4.0
eb, in agreement with experiment. However, this configu
tion assignment appears less likely because a consisten
terpretation does not emerge. In particular, the effec
alignment of configuration D relative to configuration A
smoothly decreasing and does not resemble the experim
alignments of either the SD2/SD1 or SD4/SD1 pairs.

Finally, the experimental effective alignment of the SD
SD1 pair comes reasonably close to the calculated alignm
in the E/A pair if the spinI 0525\ is used for lowest ob-
served state in band SD4. This may suggest that bands
and SD4 are in fact not signature partners, but that SD2
be associated with configuration B and SD4 with configu
tion E. Note however, that this interpretation does not
plain the observed signature degeneracy of SD2 and SD
low spins, which suggests that the two bands are built on
same orbital.
ar

ee

A

e

of

-

ur
n

er
ns
e
t

r-

tal
n.

-
in-
e

tal

/
nt

D2
an
-
-
at
e

The interpretation of SD3 is rather uncertain. This band
intriguing due to the highJ (2) and drastically increasingi eff .
The high value of theJ (2) can be due either to enhance
deformation, or multiple crossings which occur over a fai
short range of rotational frequency. However, the calcu
tions for both the triaxial superdeformed bands and the
hanced deformation bands do not agree with the experim
tal data for SD3. In addition, the association of SD3 with o
of the enhanced deformation configurations would be rat
tenuous. These configurations are very high in energy,
are only yrast at high spins that are not likely to be popula
in the experiment. TheJ (2) of SD3 is actually higher than
that of the calculated enhanced deformation configuratio
hence the slope of thei eff is underpredicted as well. Beside
the irregularity of theJ (2) is suggestive of a multiple cross
ing interpretation. If this is the case, the fact that the cal
lations cannot reproduce theJ (2) is not surprising, since this
requires the calculations to reproduce the frequencies of
crossings and their interaction strengths very precisely.

In summary, four new SD bands have been observed
86Zr. Configuration-dependent shell correction calculatio
closely describe the properties of three of the bands.
example, crossings observed in two of the bands are w
reproduced by the calculations. Interestingly, the calculati
suggest that these bands correspond to triaxial SD shape
addition, the calculations are in agreement with the dyna
moment of inertia of SD1, which has a gradual downslop
trend with increasing rotational frequency. This is interpre
as a loss of collectivity as the quadrupole deformation of
band decreases, and the triaxiality of the nuclear shape
creases. One of the four bands was found to have an un
ally high moment of inertia. The calculations do not provi
a satisfactory explanation for this band. It is suggested
the high moment of inertia of this structure results from m
tiple single particle crossings over the frequency range
which the band is observed.
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