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Now magic numbers for deformed shapes are established at N and Z
of 38 and N of 60. These shell gaps at large deformation (6 - 0.1)
are magic when the proton and neutron shell gaps reinforce each
other. Other shell gaps for 31 and 36 are predicted to be important
for oblate deformation. The competition between these oblate and the
38 prolate gaps as well as the 40 spherical shell gap are considered.
In 7>Se coexistence of oblate (6 - -0.24) and large prolate (6 - 0.4)
shapes are observed. In **Se the excited prolate band with large
deformation which coexists with the near-spherical ground state is
found to dominate the yrast spectrum to 28V The moment of inertia
of this band Is essentially that of a rigid body. This moment of
inertia supports the suggestion that the "super deformation", B -
0.1, being observe: in this region may be associated with a collapse
of pairing.

INTRODUCTION

A new region of very large prolate ground state deformation (B ~
0.4) associated with shell gaps at N and Z of 38 for such large
prolate 6 was first reported in I*«T*Kr at the last conference on
nuclei ter from stability)*2. Based on those results and new data
for *'Sr (ret. 3), It was proposed1 • * that this unusually 1
deformation for nuclear ground states arose from the relnforcl
the proton and neutron shape driving forces associated with the

r,r ri;~

>O -j

8 *m?



gaps at 6 - O.* for N and Z of 38 as seen In the then available
calculations of the Nilsson slngig particle levels. Simultaneously,
new calculations of Mdller and Nix* in a folded Yukawa plus single
particle potential predicted this new region of very strong deformation
centered around N - Z - 38. The single particle levels in thi3 model
likewise have gaps for 38 at B - O.U. as shown In Fig. 1, which is
the s>ae for both protons and neutrons.**
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Fig. 1. The slngle-partlcle levels calculated with a folded Yukawa
slngle-partlcle potential (ref. 6).

DEFORMED SHELL GAPS AND SHELL GAP REINFORCEMENT

Subsequently, we have shown that the shell gaps at B - 0.1 for N and
Z of 38 (refs. 7. 8, 9) as well as N - 60 (refs. 7, 9) are new magic
numbers but now for deformed shapes in addition to the well-known
spherical magic numbers. These "deformed" magic numbers confirm the
long-standing theoretical predictions of Brack et al.10 that there
should be "deformed" shell gaps which stabilize a deformed nuclear
shape Just as the spherical magic numbers (shell gaps at 2, 8, 20,
...) stabilize a spherical nuclear shape. The Importance of the Z -
38 shell gap at large prolate deformation reinforcing the N - 38 and
N - 60 shell gaps at the same large (0 - 0.4) deformation to drive
the nuclei in these regions to what may be called "auper deformation"
for nuclear ground states is illustrated In Fig.12. This figure also
illustrates the Importance of spherical shell gap reinforcement as
well. Both ;:Sr». and !JZr,, have very large first excited 2?
energies which are characteristic of spherical double magic (double



closed shell) nuclei like 2JJPblt«. Here the 38. 40 weaker spherical
subshell gaps are reinforced by the strong N - 50 spherical shell gap
to produce spherical double magic nuclei. Even the weaker N - 56
spherical subshell gap can reinforce Z - 38 and 10 to keep the Sr and
Zr nuclei strongly spherical out to N • 58. Then, at N - 60, there

so

Fig. 2. The 2* energies of heavy Sr to Cd nuclei which show the
sudden onset of large deformation for N - 60^ln Sr and Zr nuclei with
Z - 38 and 40.

Is a sudden onset in **Sr«0 and
 lSlZrta of unusually large ground

state deformation. However, moving away from Z - 38 to Z >_12 (Fig.
2) this sudden onset of deformation quickly disappears to show clearly
the importance of the reinforcement of the Z - 38 and N - 60 shell
gaps. Likewise, the reinforcement of the spherical shell gaps at Z -
40 and N - 56 quickly disappears as N or Z changes. Note it is the
switch in relnforcenent of two spherical to two different deformed
shell gaps that leads to the suddenness of the onset of deformation
in 9*Sr and ***Zr. The switch In Importance from the 40 spherical to
the 38 deformed shell gaps is further seen in the recent discovery1*



of !SZr«o which was found to be strongly deformed and not spherical
double magic. The possibility of this switch was one of the arguments
presented in the proposal to develop the UNISOR facility12. Reinforcing
shell gaps indeed explain a wide range of changing deformation including,
for examples, the sudden onset of deformation in the rare earths
around Z - 64 $,nd the disappearance of this suddenness as Z goes away
from 64 (refs. 7, 9 for examples) and spherical double magic character
of '»JCd,2.

Note these two new regions with ground state deformation (8 -
0.4) may be t-alled "super deformed" ground states by comparison with
8 .. 0.25 for the well-known deformed rare earth and actinide ground
states. Thjs "super deformation" may be a signal that these nuclei
are approaching the long-sought, pairing free structures but now at
or near the ground state rather than at high spins as earl ier predicted1 3.
This possibility is discussed elsewhere in these proceedings1*1.

OBLATE SHELL GAPS IN THE A - 70 REGION

In fig. 1 there are also shell gaps at other deformations such
as N • Z • 31 for oblate deformation 6 - -0.25 and for N - Z « 36
large Qblate deformation of 6 - -0.4. The large oblate shell gaps at
N » Z - 36 could be theoretically expected to be as Important as the
N - Z - 38 shell gaps for the prolate shape with 8 - 0.4. However,
based, on the strong evidence that the prolate shell gaps can stabilize
a deformed shape only when the proton and neutron shell gaps reinforce
each other, one would expect that similar reinforcement would be
necessary for the oblate shapes to be observed. Already the prolate
shapes of 7%'T*'J'Kr,,<,,tH0 show that the N - 38 prolate gap at B -
0,4 13 stronger than the Z - 36 shell gap at 0 - -0.4. Nevertheless,
lie is Important from the theoretical standpoint to establish if these
Oblate gaps at 34 and 36 can stabilize oblate shapes and in which nuclei.

Searches to identify a prolate to oblate phase transition in the
ground states of nuclei in the A - 70 region was begun at the Recoil
Mass Spectrometer (RMS) at the University of Rochester. One may also
observe prolate-obiate transitions as functlpns of spin and energy In
a given nucleus. One possible sequence to observe such a ground
state phase transition Is the Br nuclei going from i|Br«,0 to I'Br,a
to JjBr,,. In our first RMS studies15 we identified levels In 71»'sEr
which have strong prolate ground state deformations with T*Br with N
- 38 having somewhat larger deformation than TSBr (N - 40) as expected.

OBLATE-PROLATE COMPETITION IN 7iSe,T

Further experiments were carried out at the University of K61n
tandem and with the RMS at Rochester on the iiass 71 region. Here we
report our studies of HSe i 7. At Koln to help identify the levels in
T1Se, a multi-sector neutronr detector was used to carry out n-Y, n-
Y(e), and n-Y-Y coincidence studies. A new five sector neutron
detector (built by Vanderbllt and LSU) and four new Nal detectors
(built at Vanderbilt) which were calibrated for fast protons were



Fig. 3. Gamma rays in coincidence with recoil mass 71 only, RM-71
protons and RM-71 neutrons from bottom to top, respectively.

— H I In *•*

used to select coincidence gates along with a recoil mass gate from
the Rochester RMS, to do recoil nass-Y, RM-n-Y, and RM-p-Y double and

6triple coincidences.
MeV l€0 ions.

The reaction **0 • **M1 was studied with

In Fig. 3 are shown partial Y-ray spectra with only a single
recoil mass 71 gate, and with double RM-71-neutron and RM-71-proton
gates. For example, the 891* keV transition is clearly enhanced in
the RM-neutron gated spectrum compared to the RM-p gated one, and RH
only gated one as are other transitions in "Se from levels populated
In the (2p.n channel) to mass 71. Transitions In TIAs populated in the
3p channel to mass 71 are enhanced In the RM-proton gated spectrum.
Combining the data from the KCln and Rochester experiments yielded the
level scheme shown in Fig. *». Of particular Importance is the measured
E2/M1 mixing ratio 6 - 0.5 ± 0.10 tor the 891 keV transition.

A theoretical analysis of the levels of T1Se in which a deformed
shell model of the nucleonic orbits, BCS pairing, the Strutlnsky
method to determine self-consistent shapes, and cranking or coupling



Fig. 1, Level structure
of *«Se.
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of the quasi part ic les to a t r lax ia l rotor core in order to Include
non-adlabatic e fec t s of rotat ion were used. A she l l model potential
of the Woods-Saxon type with the "universal" parameter s e t 1 6 w a s used
with I t s shape spec i f ied by quadrupede (B), hexadecapole (B*) and
tr lax la l (Y) deformation coordinates1?. The pairing interact ion i s
given by Dudek et a l . 18 the Implementation of the Strutinsky and
cranking procedures are described in ref. 17 and references therein,
and the core-quasi particle coupling is carried out a3 in ref. 19.

The potential energy of ̂ -formation Tor both positive and negative
parity exhibits two coexisting equilibrium shapes with prolate and
oblate axial deformations, respectively. This shape coexistence
persists when.the potential Is cranked to modest rotational frequencies,
however, the equilibrium deformations become slightly triaxial (in
the collective sector).

The calculated axial deformations and relative energies or the
band heads are given in Table I. The corresponding bands nicely
account for the main features of Che observed band structures in Fig.



Table I. Calculated properties of the lowest prolate and oblate
quasipartlcle states of each parity. The Nllsson label is the
conventional one (see ref. 20). The excitation energy E* is given
relative to the lowest state for oblate and prolate shape separately.

* _ J 0* NAlsson Label E» (keV)

oblate - 0.21 -0.003 1/2[321] (0)
oblate • 0.21 -0.006 9/2O01] 8

prolate - 0.38 0.001 3/2C312J (0)
prolate • 0.30 -0.006 3/2[»31] 529

The lowest negative-parity levels and the positive parity Al - 1
sequence to the left in Fig. 1, correspond to the oblate solutions,
while the positive and negative parity high spin sequences to the
right in Fig. 1 are identified with the prolate solutions. The
moment or Inertia for ch» high-spin sequences In Fig. 4 increases
from left to right (taking into account rotational alignment), in
qualitative agreement with the calculated deformations of Table I.

The 5/2", 1/2", 3/2" level sequence of the ground state band Is
reproduced by a rotor-quaslparticle calculation for oblate or any
oblatlsh triaxial shape at \s\ - 0.21. This is essentially a decoupled
f5/2 structure, with wave functions that are roughly equal admixtures
of the adlabatlc 1/2C301], 3/2C321] and 1/2C321] orbltals. A test of
this Interpretation is provided by the Y-decay of the 3/2" level.
The calculated B(M1) rate is more than 3 times larger to the 1/2"
than the 5/2" level, in agreement with the experimental branching
ratio.

The large moment of inertia of the negative parity states above
7/2" suggests that these states belong to the strongly deformed
prolate band built on the 3/2C312] configuration. This configuration
was predicted to be the ground state of 7lSe, some 150 keV below the
lowest oblate state, but in light of the "spectroscopic evidence
discussed above and below it appears that an oblate shape is more
favored in nature than in the model. It is surprising that only the
signature corresponding to the spin states ...7/2", 11/2",... is
observed, since the other (f5/2-like) signature is slightly favored
in the model calculations. The Al - 1 transitions that connect the
two signatures are, however, expected to be an order of magnitude
weaker than the observed Al - 2 transitions.

For positive parity there are two disconnected sets of levels at
high spin. The set to the right Is connected by relatively low-
energy E2 transitions and appears to belong to the favored signature
of a decoupled g«j/2 band. Such a band would be based on the low-Q
89/2 suborbltals that lie near the Fermi level for prolate shape.
The levels to the left in Fig. 1 form a Al - 1 sequence on the 9/2*



level, and would thus appear to be associated with the oblate 9/2[404]
orbital. There is a sizable signature splitting in this AI - 1
sequence, which can be reproduced by assuming a trlaxial (Y) deformation
in the non-adlabatic model calculations. If the core moment of
Inertia and the Y deformation of the particle-rotor model are fitted
to the observed spaclngs of the 9/2*, 11/2* and 13/2* levels, the
resulting value of Y Is 32°, closer to oblate than prolate but Just
barely. Such large deviations from axial symmetry are often needed
to describe moderately deformed bands in odd-A nuclei21*22. The Y
deformation of the rotor model may then be simulating the effect of
dynamical shape fluctuations^. A predominantly oblate deformation
is also implied by the measured mixing ratio of 6 - +0.5 ±0.1 for
the 11/2* to 9/2* transition. In pure strong coupling2*1,

Qo<IK20|I-1K>

g£tz - gRjz) <IK1OJI-1K>

For an odd neutron, gs is negative and g% is zero, so QQ must be
negative to give a positive sign of 6. Inserting numbers for the
present case: I - 11/2, K - 9/2, g3 - -0.7 x 3»83, gR - 0.1, s z -
1/2 and j z - 9/2 corresponding to a g9/2,9/2 suborbital, and Q Q -
-1.5b corresponding to B - 0.21, gives 6 - •0.14 in agreement with
the measured value. Reasonable variations of the inserted numbers do
not significantly affect the agreement between the oblate strong-
coupling limit and the measured mixing ratio.

With trlaxial deformation, however, the Ml reduced matrix element
diminishes more than the E2 matrix element, and the mixing ratio
becomes larger. At the Y deformation where the signature splitting
is reproduced, the particle-rotor model gives a mixing ratio of +0.96,
on the large side compared to experiment. Thus, the measured mixing
ratio suggests that the shape is closer to axial oblate than is
deduced from the signature splitting 01" the energies. Such a discrepancy
between the triaxiallty deduced from energies and Ml properties has
recently been reported in rare earth nuclei also.2^

Summarizing, the JJSe,7 levels clearly stiow the presence of the
oblate deformation associated with the Z - 31 shell gap at 8 - -0.25
and the competition favors the strong prolate shell gap at N - 38 for
8 - 0.4. The N - Z - 36 shell gap at large oblate deformation is not
seen in this work. Further studies to identify levels in JiBrJt in
search of this .gap are in progress.

SHAPE COEXISTENCE AND "SUPER DEFORMATION" IN T0.T*Se

The coexistence of bands of levels built on near-spherical (probably
small oblate) ground states and strongly deformed excited bands in
7*»JJSe,« ,» was established earlier2*,27. The ground states of
these nucell are likely associated with the shell gaps for Z - 31 at
oblate deformation 0 - -0.25 and the excited deformed band with the
prolate N - 38 shell gap at 0 - 0.1. Recently the high spin levels
of **.'*Se have been extended to 11* and 28*, respectively28. Plots



of the angular momenta as a function of gamma-ray erergy for these
nuclei are shown in Fig. 5. The deformed bands totally dominate the
yrast spectra in these nuclei in sharp contrast to *"»55o ».f,, (with
two less protons) where the ground state bands fork at low spins.
What is most striking is the constant moment of Inertia seen in *2Se
at high spins with the moment of inertia essentially the rigid body
value. This constant rigid body moment of inertia gives additional
support to the proposal1"1 that these "super deformed" (0 - O.«4)
structures in this region may be arising from a strong reduet'-.i in
pairing, even approaching a pairing free state.

TM Z I M

Fig. 5. Plot of the angular momentum as a function of the Y-ray
energies for T 0 . 7 2 . 7 * S e .
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