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Four new superdeformed bands have been found in the nut8usThe 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 A&a®89 superdeformed bands have been predicted, but not
observed experimentally until now. A fourth band8¥r is interesting due to a fairly constant and unusually
high dynamic moment of inertia. Possible interpretations of this structure are discussed.
[S0556-28188)50101-X

PACS numbgs): 21.10.Re, 21.60.Cs, 23.20.Lv, 27.5@

The study of superdeformeg@D) nuclei has been at the shell correction methof9,10] have been performed for di-
forefront of nuclear structure research during the last decadeect comparison to known SD states&zr. The calculations
With the advent of largey-ray detector arrays, new regions suggest that these structures possess significantly nonaxial
of SD nuclei have been uncovered encompassing mass shapes, havingg~20°. Earlier calculations in the mags
~80[1] andA~60[2]. Detailed studies of SD in these mass ~80-90 region suggest a variety of shapes at high spin in
regions have been mainly due to the coupling of Gammathese nuclej10,11]. This and a prior report on SD i#Sr[8]
spherd 3] with the Microball[4], a 47 charged-particle de- are the first experimental indications of these exotic nuclear
tector array. shapes. Previously, evidence for the existence of triaxial SD

SD structures in thé\~80 region possess many surpris- shapes has only been found experimentally§h'®t.u [12].
ing features. In®’Nb two bands were found to mutually in- The experiment was performed at the 88-Inch Cyclotron
teract; one of these bands undergoes a second interactiah E. O. Lawrence Berkeley National Laboratory. A self-
interpreted through the influence of tNe=6 i3, “superin-  supporting 380ug/cm? foil of highly enriched *Ni was
truder” orbital [5]. Bands have also been observed to branctbombarded by a 134-Me\?’P beam with intensity 2—4
out into different decay pathgs,7]. The sensitivity of the x10'° s™!. Gamma rays were detected by the Gamma-
shapes of these structures to changes in neutron number hgghere array with 86 Ge detectors and 10 additional BGO
also been demonstrated in thgSr isotopeq8]. In this re-  anti-Compton shields in place without Ge detectors. The
port, detailed calculations using the configuration-dependertievimet collimators for all BGO shields were removed pro-

viding y-ray fold (k,) and sum energyH,) for each event
[13]. Light charged particlesp,d,t,a) were detected with
*Current address: Department of Physics, State University of Newhe Microball. The event trigger was determined by three- or

York at Stony Brook, Stony Brook, NY 11794, higher-fold Ge-coincidences, accepting any related coinci-
"Permanent address: Nuclear Research Center, Latvian Acadenagnces with the Microball. A total of 810° events were
of Sciences, Salaspils, Latvia, LV-2169. acquired in 3.5 days.
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FIG. 1. Spectra showing all four SD bands, obtained by double L - i
gating on all transitions, requiring 2 or 3 protons dng=17. Pan- T
els (a), (b), (c), and(d) show the spectra for SD1, SD2, SD3, and 1500 2000 =500 3000
SD4, respectively. Energy (keV)

The charged particles were identified by two coupled FIG. 2. Fractional Doppler shift as a function of transition en-
pulse-shape discrimination technique; a single proton ergy for SD bands in®Zr. Filled circles represent SD1, filled
detection efficiency of 84% was attained. The events wergquares SD2Ashifted by —0.06), open circles SD3(shifted by
sorted according to charged particle gates, i.p,, 3, ap, —0.03) and filled diamonds represent escaping normally deformed
etc. The P-gated events leading t8°Zr were 18% of the (ND) recoils (shifted by —0.06). The solid curves are calculations
total, and contained small amounts of #8p and 4p chan-  with the indicatedQ, values; the dashed curves correspond to one
nels due to particles escaping detection. The statistics wetandard deviation as indicated.
increased by a factor of 1.7 by including » gated events,
giving a total of 5.4 1C® events. Of these 78% were  Since the SD bands are expected to decay, while the re-
857r (3p) and &Zr (3pn) in the ratio of 1:6, the remainder coiling nuclei are traversing the target, it is possible to esti-
Consisting of the ﬁn, a2p, 4p, anda3p channels. In order mate the ”fetimes, and hence the transition quadl’upole mo-
to enhance the high-spin content of the datay-eay fold ~ ments Q) of the bands using the residual Doppler-shift
requirement ofk, =17 was applied. This removed 90% of attenuation methofll6]. To this end, six asymmetric matri-
the 85Zr with a modest loss of 35% and 25% of the toiégr  ces were sorted with all detectors incremented on one axis

E, coincidence matrices anél,-E,-E., cubes for analysis —0.8667 on the other axis. As before these were gated by
with the Radward 14] software package. 3p or 2p andk,=17. The centroids of the SD lines were

Examination of the matrices and cubes revealed four sedétermined as a function of (c)g,, for each band by gating
quences of mutually coincident rays shown in Fig. 1. The 0N all possible transitions in the band. Least squares fits pro-
four bands have been assigned®@r through charged par- Vided the fractional Doppler shif (), for each transition.
ticle gates, and coincidences with only low-spin transitionsSome of the results are shown in Fig. 2 together withGhe
in &Zzr. Relative to the total intensity of®zr, bands SD1 Vvalues extracted using the model described in Ra#,17.
through SD4 were populated to 2:@.2%, 0.6:0.1%, 0.5  The measure@, for SD1 through SD4 are, in order, 48,
+0.1%, and 0.240.08%, in order, requiring,>17. The ~4.0+0.3, 5.4%%, and 3.2 eb. One should note that the
E2 nature of all, but the weakest transitions in the bands wasgncertainties reported are only statistical, and do not include
established from directional correlatigBCO) ratios[15] of ~ any estimate of systematic errors. TQg values for these
transitions observed near 90° and 0° relative to the beanstructures are consistent with those measured for other
The spins of the states in SD1 were estimated through the 80 SD bands.
decay of SD1 into normally deformeg@iD) states of known In order to gain a theoretical understanding of these SD
spin. This analysis yieldg,=21.7+ 1.5 for the spin of the bands, configuration-dependent shell correction calculations
bottom state of SD1. It was not possible to assign reliablemploying a cranked Nilsson potential have been performed
spins to the weaker bands in this manner. However, all theising the approach of Re9]. In the present approagho],

SD bands were found to have nearly the same avekgge we have the ability to identify the high-orbitals in each
values suggesting spins similar to SD1. Note also that at loiN-shell after the diagonalization. This technique allows us to
spins the transition energies of SD4 are at the midpoint oflistinguish between the particles @pproximatg g/, char-
those of SD2. Thus it is assumed that the two bands arecter and the particles belonging to othér~4 subshells
signature partners and the spins of SB4Higher than those (972,052, - . . ). Thecalculations are carried out in a mesh in
of SD2. the deformation spaceg§,s4,v). Then for each fixed con-
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0 due to either low collectivity or high excitation energies in

the spin range of interest. The calculated single particle en-
ergies for protons and neutrons, employing a Nilsson poten-
6'020 30 40 50 tial with the standard parametrizati¢@] ande,=0.44, ¢,
Spi =0.035, andy=20° are shown in Fig. 5. The deformation
pin (h) . :
parameters are typical of those calculated at $pid0# for
FIG. 3. Theoretical calculations of the energies of superdethe lowest energy configurations of Fig. 3. The deformation
formed stategminus a rigid rotor referengeversus spin. Filled
. . : 1 =2
symbols denote triaxial SD_ configurations Wlthr_s v5° structure, (Z= 40): £,=0.44, y=20, £,=0.035
open symbols those having larger deformation near-prolate SD I R T R S N AR

shapes. Note there is no configuration labeled C; see text for details.; : N
45.0 - T
[}

Protons
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figuration and each spin separately, the total energy is deter-é 7
mined by a minimization in the shape degrees of freedom. ¢ 440 4
Pairing correlations are neglected in the calculations because
they are of small importance in the spin range of interest
[11]. The transition quadrupole momefy; is calculated
from equilibrium deformations,,e,,v using Eqs.(3)—(5)
of [18]. Standard parameters of the Nilsson potenti|
have been used in calculations.

Partial results including only SD states are shown in Fig.
3 where a rigid rotor reference has been subtracted from the 449
energies. Two groups of highly deformed states can be seen Neutrons(N= 46): £,=0.44, y=20, £,=0.035
Those lowest in energy over the spin rarige20-45: all T R T N A N S
have triaxial SD shapes. These configurations have one pro
ton and two neutronN=5 (h,;,) orbitals occupied
(m5v5%). Some of these configurations have been given
labels A, B, D, and E in the figuréA configuration desig-
nated C which will be used in our interpretation was not
included due to difficulties in the calculation, see below.
The triaxiality of these configurations is illustrated in Fig. 4,
which shows potential energy surfaces of configuration A.
Note that the lowest minimum at spir 39 corresponds to a
nuclear shape having a high degree of triaxialiy; 20°,
approximately 1 MeV below the lowest energy for axial
shape,y=0°. The second group of states lies very high in "~ 455
energy and becomes yrastlat 48:. These states have an 00 02 04 06 08 10 12 14
enhanced prolate deformation,=0.6, and involve addi- ho> (MeV)
tional N=5 orbitals and in some cases also Mre 6 neutron
superintruder orbital. One should note that several configu- FIG. 5. Calculated proton and neutron Nilsson single particle
rations involving feweN =5 orbitals, and alser5?»5% con-  energies. Linetypes denote the parity and signature of the orbitals
figurations are not shown in Fig. 3 for clarity. These configu-(m,«) as follows: solid (+,+1/2), dotted (+,—1/2), dashed
rations are ruled out as candidates for the observed SD bangds ,+1/2), and dash-dotted—,—1/2).
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TABLE |. Calculated deformation parameters for the configura-moments of inertia /(%)) of the four SD bands are shown,

tions A, B, D, and E.

Configuration Spin k) €5 v (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

along with the calculated’(® for configurations A and B;
part (b) shows theoretical and experimental effective align-
ments (¢). The following spins for the lowest observed
states in the SD bands were used: SDj23h; SD2: I
=22%; SD3:1y=25; SD4:1,=23k. These are consistent
with the estimated spins, but reflect the configurations as-
signed to the bands below.

The lowest-energy configuration &rig. 3) can be asso-
ciated with SD1. In this configuration, all single-particle or-
bitals below thez=40 andN=46 SD shell gaps aiw=1
MeV in Fig. 5 are occupied. One could note that these gaps
are closely related to the axis ratio 2:1 shell gaps present at
particle number 44 seen in, for example, Fig. 2 of Réf.

parameters for the configurations A, B, D, and E can beRelative to this gap, two neutrons are added in the upsloping

found in Table I.

3g orbital in Fig. 5 to achieve th=46 configuration, while

Direct comparisons between the experimental data antivo protons are removed from thé22]5/2 orbitals and one

calculations are shown in Fig. 6. In Fig(ab the dynamic
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FIG. 6. (a) Experimental dynamic moments of inertia for the
four SD bands in®Zr. Also shown are the calculated dynamic
moments of inertia for configurations A and Bi) Experimental
effective alignmentsin units of#) of SD2 through SD4 relative to

1200

from each of thd431]1/2 and 5 to get theZ=40 configu-
ration. This configuration has parity= — and signaturex

=1. The population of this band is4 times higher than the
other three bands, suggesting SD1 is significantly lower in
energy at comparable spins, as is configuration A. The cal-
culated 7 of this band also agrees with the experimental
data, see Fig. 6. Not only is the magnitude of gié) repro-
duced, but also the downward slope. This trend is related to
an increase in the triaxiality of the nuclear shape with in-
creasing spin, see Fig. 4. The experimeniyl value of
4.6" 5 eb for SD1 agrees well with calculated mean value of
4.2 eb averaged over the estimated spin range of SD1.

As mentioned previously, SD2 and SD4 are likely signa-
ture partners with small signature splitting. Interpretation of
these two bands is therefore based on the signature partner
[422]5/2 orbitals, which can be seen in Fig. 5 to have small
signature splitting over the rotational frequency range of in-
terest. Two signature partner bands can be created by excit-
ing a proton from thd312]3/2 a=1/2 or the[431]1/2 a=
—1/2 orbitals to either of th€422]5/2 orbitals.

Configurations B and C are the result of proton excita-
tions from the[431]1/2 o= — 1/2 orbital to the positive and
negative signaturf422]5/2 orbitals, respectively. Assigning
SD2 to configuration B and SD4 to C best fit the experimen-
tal data. One should note that since the orbitals belonging to
low-j g72,ds,. .. subshells are treated in our calculations
as one entity, it was not possible to trace the configuration C.
However, since configurations B and C are signature partners
based 0r1422]5/2 orbitals with small signature splitting, it is
reasonable to expect that calculated properties of these con-
figurations are similar in the rotational frequency range of
interest. One important difference between them is that at a
rotational frequency ofiw~1.3 MeV, the[422]5/2 a=1/2
orbital is crossed by thgt31]1/2 o= 1/2 orbital, resulting in
the sharp increase in the calculatgé?’ of configuration B.
This is in agreement with the experimentdl® for band
SD2 which shows a similar peak. This crossing will not be
present in configuration C, since th#22]5/2 o= 1/2 orbital
is unoccupied. A small increase in thg? at the highest

SD1. Theoretical effective alignments for configurations B, D, andfrequer?Cies is'expected, however, due to the crossing with
E relative to configuration A are shown as well. In our preferredstrong interaction of thg431]1/2 and[431]3/2 «=—1/2 or-
scenario SD2 is associated with configuration B and SD 4 with Cbitals. This is in agreement with the experimentg?) of

(not shown, see text for details.

SD4. Note that this crossing will also be present in SD2, but
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that it is obscured by the promine22]5/2{431]1/2 cross- The interpretation of SD3 is rather uncertain. This band is
ing. Finally, the measure@, is in agreement with the theo- intriguing due to the higt7?) and drastically increasinig.
retical estimates. SD2 ha3,=4.0+0.3 eb; that calculated The high value of the7®) can be due either to enhanced
for configuration B, averaged over the observed spin rangdeformation, or multiple crossings which occur over a fairly
of SD2, is 4.0 eb. In addition, the measured valQe short range of rotational frequency. However, the calcula-
=3.8"0¢ for SD4 is close to the one of SD2 which is rea- tions for both the triaxial superdeformed bands and the en-

sonable considering the signature partner interpretation dianced deformation bands do not agree with the experimen-
these bands. tal data for SD3. In addition, the association of SD3 with one

of the enhanced deformation configurations would be rather
tenuous. These configurations are very high in energy, and
are only yrast at high spins that are not likely to be populated
in the experiment. TheZ7® of SD3 is actually higher than

Uthat of the calculated enhanced deformation configurations;

interpretation, this is connected to the interaction betweerﬁ L ; :
= . . ence the slope of thigy is underpredicted as well. Besides,
the [431]1/2 and[431]3/2 a= —1/2 orbitals(see Fig. 3 If o irregularity of the7(? is suggestive of a multiple cross-

the crossing betwe_en these_ orbitals were shifted to h'g_h%g interpretation. If this is the case, the fact that the calcu-
rotational frequencies, the discrepancy between calculationgiqng cannot reproduce th&? is not surprising, since this
and experiment would become smaller. Considering that thgsqires the calculations to reproduce the frequencies of the
employed parameterization of the Nilsson potential may nogyossings and their interaction strengths very precisely.
be 0ptima|, thIS can be aChieVed by f|tt|ng the I’e|ative ener- In Summary' four new SD bands have been observed in
gies of thewgg,, and wg7, subshells. 8zr. Configuration-dependent shell correction calculations
The above assignments best agree with the experimentglosely describe the properties of three of the bands. For
results, however a second possibility deserves brief mentiomxample, crossings observed in two of the bands are well
Configurations D and E result from the excitation of a protonreproduced by the calculations. Interestingly, the calculations
from the[312]3/2 = 1/2 orbital to the negative and positive suggest that these bands correspond to triaxial SD shapes. In
signature[422]5/2 orbitals, respectively. These configura- addition, the calculations are in agreement with the dynamic
tions have average calculated quadrupole moments4af  moment of inertia of SD1, which has a gradual downsloping
eb, in agreement with experiment. However, this configuratrend with increasing rotational frequency. This is interpreted
tion assignment appears less likely because a consistent ias a loss of collectivity as the quadrupole deformation of the
terpretation does not emerge. In particular, the effectivdand decreases, and the triaxiality of the nuclear shape in-
alignment of configuration D relative to configuration A is creases. One of the four bands was found to have an unusu-
smoothly decreasing and does not resemble the experimen@lly high moment of inertia. The calculations do not provide
alignments of either the SD2/SD1 or SD4/SD1 pairs. a sat!sfactory explanaﬂqn for thls band. It is suggested that
Finally, the experimental effective alignment of the SD4/t"€ high moment of inertia of this structure results from mul-
SD1 pair comes reasonably close to the calculated alignmeﬁ'ﬁ’:.e hS[[rr\]gleb paétl_cle bcrossnggs over the frequency range in
in the E/A pair if the spinlg=25h is used for lowest ob- which the band 1S observed.
served state in band SD4. This may suggest that bands SD2 Work supported in part by the U.S. DOE under Grant
and SD4 are in fact not signature partners, but that SD2 caNos. DE-FG05-88ER40406, DE-AC03-76SF00098, and in
be associated with configuration B and SD4 with configurapart by the Swedish Natural Science Research Council.
tion E. Note however, that this interpretation does not ex-ORNL is managed by Lockheed Martin Energy Research
plain the observed signature degeneracy of SD2 and SD4 @orporation for U.S. DOE under Contract No. DE-ACO05-
low spins, which suggests that the two bands are built on th860R22464. A.V.A. and |.R. are grateful for financial sup-
same orbital. port from the Royal Swedish Academy of Sciences.

The calculated effective alignments for the pair of con-
figurations B/A is in good agreement with experiment for the
pair SD2/SD1 at low rotational frequencies, while with in-
creasing rotational frequency the discrepancy grows. In o
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