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ABSTRACT

New generations of 4x gamma-ray detectors, recoll mass spectrometers (RMS), and
radiocactive beam accelerators will open up many new areas of research, inclua.ing
presencly inaccessible in-beam and radioactive decay studies of exotic nucleli still
farther off stability. The new generation RMS and radicactive beam developments at
the Holifield Heavy lon Research Facility are presented, Current research and future
prospects to probe the N = Z line up to !%%n are described. Superdeformation in A
= 70 to 190 nuclel is described in terms of its underlying physics of reinforcing
proton and neutron shell gaps which lead to new superdeformed, doubly-magic nuclei.
Recent results provide new ingights into the coexistence of multiple nuclear shapes
near the ground states.

INTRODUCTION

Suclear structure and low energy heavy ion physics are experiencing an exciting
rosurgence brought on by the development of very powerful new experimental facilities
with semsitivities three to five orders of magnitude (10%-10%) greater than those
currently available along with new theoretical developments which can treat
unexplored regions and have predicted new phenomena like hyperdeformed nuclei with
3:1 axis ratios and deformations §; ~ 1.0! These powerful new facilities under
development include 4n gamma-ray detactor arrays with 50 to 100 and more, much higher
efficiency Compton suppressed Ge detectors such as GAMMASPHERE in the U.S. and
EUROCGAM and EUROBALL in Europe and new generation recoil mass separators specifically
for nuclear structure studies at Oak Ridge and recently completed for studies of
fragmentation products at GSI and Michigan State. The design and power of the new
generation RMS at Oak Rir.ge are described in this paper, and new 4x detector systems
are described in other papers in these proceedings. The new physics which can be
addressed by the use of accelerated beams of radioactive isotopes have captured our
imagination, as documented in the proceedings of recent international conferences at
Berkeley, 1983, Los Alamos, 1990, and Belgium, 1991. The proposed Oak Ridge _EXctic
Beam (OREB) facility, which can quickly (2 yrs.) and inexpensively (~§$4M) open wany
new windows is described. Indeed, radioactive ion beams (RIB) in combination with
the new generation 4x detectors and RM5's can open exciting new windows to view our
universe, from the structure of nuclei to energy production in stars to how the
aelenents were formed in nucleosynthesis.
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Current' research and future prospects to extend our understandings of nuclel along
the N'= 2 line are presented. The underlying physics which gives nuclei superdefor-
mation with g3 - 0.4 and Az ~ 0.6 throwgh the reinforcement of the proton and neutron
shell 5aps when they have the same deformation is discugsed. New insights into the
coexistence of multiple shapes with different deformations in nuclel have been found
in the A » 30,70,100,120 and 180 regions. Recent, more microscoplc theoretical
calculations in the Excived FED VAMPIR (Yariation After Mean-Fleld Projection In
Realistic model spacer) are found to be remarkably successful in explalning the new
complexity of shape coexisting level structures in %Ge. The Llmportance of electric
wonopole, EO, mode in probing the coexistence of different structures is expanding
into <dd-A as well as even-even nuclel and into new regions as seen in recent UNISOR
work om '*8a, additional exciting recent discoveries can be found in a recent
overview of the properties of nuclel in and near their ground states (Hamilton 1991).

SUPERDEFORMATION AND ITS UNDERLYING PHYSICS OF REINFORCING PROTON AND
NEUTRON SHELL GAPS

Qur discovery of a new reglon of ground state superdeformation with axis ratio of 3:2
and 83 ~ 0.4 in " 7%Kr (Hamilton 1981; Piercey 8 al., 1981) and our analysis of the
data in the superdeformed region around “3§35rgy o, (refs. Kahn et al., 1977; Azuma
et al., 1979) led to an understanding of the physics underlying these two new islands
of ground state superdeformation as well as of the more recently discovered reglons
of superdeformation at high spins in the mass 152 region (Twin et al,, 1986), 130
reglon (Kirwan et _al,. 1987) and 190 region ( Moore gt gl., 1989); namely, that there
must be shell gaps in the single particle levels at the same superdeformation, f; -~
0.4 or 0.6 for both protons and neutrons so that the protons and neutrons reinforce
each other for a nucleus to be superdeformed (Hamilton 1981; Hamilton 1983a,b, 1991),

Superdeformation in nuclel continues to be the focus of much attemtion in nuclear
structure physics. Supordeformed prolate nuclel fall into two groups with simple
ratios of their long to short axis: Group 1 with 3:2 axis racios and defozmations,
82~0.4-0.45, and Group 2 with 2:1 axis vatios with 83;~0,6. In Table 1 the reoglons
whore supevdeformod states are observed ave given., Although most of the attention
has beeh given to superdeformation at high spin following tho discovery of a high
spin superdeformed band in 332Dy (Twin gt gl., 1986), note that superdeformation had
been discovered in nuclei in and near their ground states long before as shown in
Table 1.

The opening up of this field began with Strutinsky's (1967a, b) interpretation of the
fission isomers in the actinide elements as & shell structure effect which produced
a second minimun in the potentlal at B, ~ 0.6. Bjgrnholm and Lynn (1982) have
reviewed this field. It was many years before more direct evidence for these
superdeformed minima were obtained. Recently Schirmer gt gl. (1989) established the
excitation energy of 2.75 t 0.0l MeV for the O state in the superdeformed minimum
for ¥%Yy by y-decay to the ground state with the Heidelberg-Darmstadt Crystal Ball
in the reaction 3%W(d,p).

Historically, the next observation of superdeformation was for an excited band in
’23e. which crosses the near-spherical ground state band at low (2-4) spin (Hamilton
er gl.. 1974, 1976). However, the superdeformed character of this band was not
appreciated until after our work on '*?%r. The next reference to this phenomena was
the ISOLDE discovery of superdeformation in the 3¥5r ground state (Azuma et al.,
1979). At that time, this was interpreted as arising from the neutron shell gap at
8 ~ 0.4 for N = 60. Next came the discovery of superdeformation in the ground states
of *7%Kr (Hamilton ef_gl,, 1986; Plercey et al., 198l). In these nuclel there is
strong mixing between the superdeformed ground states and the excited near-spherical



« Table'l. Regions where superdeformation have heen discovered. The underlving

R phvsics invelves the reinforcement of proton and neutron shell gaps faor the
. same superdeformation to stabilire the superdeformation. e reinfoercing shell
gaps responsible for the superdeformation are shown,

Mass Region Discovery Year States Reinforeing Doforwed Shell Gaps

Nuclei With 3:2 axls Ratlos, 8y ~ 0.4

A - 100 1979 Ground States Z~38, N=60,62

A~ 76 1981¢ Ground States 2=38, N=~38

A - 130 1987 High Spin States Z~58, N=72,74

A~ 190 1989 High Spin States 2=80, N=112,116
Nuclei With 2:1 Axis Ratioes, g; - 0.6

A~ 262 1967 Fission lsomers 2=94, N=li4,148

A - 150 1986 High Spin States Z=64,66 N=84, 86

aThe first aevidence in 1974 for excited states in ’2Se

tand which coexist at low spin. If one scales the 2*-0* unperturbed energles in "*Kr
and 1995¢ by A% for comparison with the previously known most deformed ground state
in 20py E(2]) = 43 keV (as first done for !%Sx), their 2, energles of 28 and 0 keV,
respectively, are much lower to indicate thelr superdeformed character.

From an analysis of the level structures of their neighboring nuclei, these now
superdeformed nuclei wero found to occur in lslands of superdeformation which were
produced by the prorons and neutrons having shell gaps at the same f; ~ 0.4 to
roinforco cach other (Hamilton 1981, 1985). The ialands were proposed (Hamilton
1981, 1985) to bo centored on nuclei with shell gaps at the same deformation §; ~ 0.4
for beth protons and noutrons, so reinforcement occurs for 2 « N = 38 and 2 = 38, N
= 60, 62 (soo Fig. 1). The importance of the shell gap reinforcement and not simply
the N « 60 shell gap as first proposed as the origin of the superdeformation can be
seen in Fig. 2. There one sees that the 2* energies rise sharply so the superdefor-
mation disappears quickly for N = 60 as Z moves away from 38 as noted earlier in
developing this understanding. Subsequent work confirmed 7°Sr as the center of this
island (Varley et gal., 1987). Independently, the calculations of Méller and Nix
(198la.b) predicted the island of superdeformation centered around Z = N = 38.

Recently we extended the levels of J3Sejy to 26% (Chaturvedi et al.. 1991), Fig. 3,
where now one sees the very regular spacings of the gamma ray energies as character-
istic of superdeformation. In the mass 130, 150 and 190 regions much effort has been
given to finding the weakly (1-5X) populated superdeformed bands from whichk no
connections to any known yrast state have been observed. By contrast, in 72Se the
superdeformed band is connected to the near-spherical ground band and is yrast by 4*
above which it totally dominates the high spin state population in heavy ion
reactlions (Chaturvedi gt gl., 1991).

The reinforcement of the proton and neutron shell gaps for both spherical and
deformed shapes can be understood from Fig. 1. We now can understand why 40 is a
good spherical magic number so that $§Ni,, and *"§§2ry; ;5 are spherical double magic
closed shell nuclei like ‘804, *0,§8Cagy z¢ and 2[8Pb,,e, and §8Srs, is nearly so. For
both N and Z, 40 is spherical magic when it is reinforced by a strong spherical shell
gap like 28 and 50 or even a moderately strongly spherical subshell gap at 56.
However, we discovered (Hamilton 1981; Plercey et al., 1981) that as both Z and N
approach 38,40 there is a switch in importance from the spherical gaps at N = 2 = 40
(and 38) to the gaps at f; -~ 0.4 for 2 = N = 38 dominating. So, 3§Sr;s in its ground
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state is a new superdeformed double magic nucleus, and a similar reinforcement for
Z = 38, N = 60,62 make %2051, ¢, superdeformed double magic nuclei in their ground
states, too (Hamllton 1981; Hamilton 1985a,b). Similarly, 'E&Dye and 12%Hgy 2 are
superdeformed double magic nuclei but only at high spins (Hamilton 1991, Janssens and
Khoo 1991). The Z = 66, N = 86 reinforcing shell gaps at f; ~ 0.6 for 32Dy and Z =
80, N = 112 reinforcing shell gaps at B2 ~ 0.4-0.45 for ¥Hg are seen in Figs. 4 and
5. This understanding (Hamilton 1981; Hamilton 1985a,b, Hamilton 1951) of the
importance of proton-neutron sheli gap reinforcement to give stabilization to these
superdeformed nuclear shapes across the periodic table in addition to stabilizing
spherical shapes around spherical double magic sHe;, 1305, “%43Cay; 55, and XPb,, as
predicted in the Mayer and Jansen spherical shell model is a significant advance in
the nuclear shell model.
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NEW INSICHTS FROM EXTENPING OUR RNOWLEDGE ALONG THE N = 2 LINE

For over X years since the first interpational conference on "Mow and Why to Study
Sucled Far From Stabilicy", an important geal (Bergstrom 1966 Hamilton 1972) has
been the extension of ouwr knowledge of nuclei along the N ~ 2 lino to higher £,
Hewever, only in the last five to six years have experimental facllities bhecome
avarlable that have allowed ug to significantly extend our knowledge with the
Jdiscovery of lovels in S$iGe to Mo (Ooi 1986, Gorres gf.al.. 1587 Varley gt al..
1937, Lister g al, 1988: Lister gg al., 1987; Golletly et al., 1991). Recent wark
on Mo where only one y-ray, presumably the 2]-0 transition, was weakly cbserved
indicates that present facilities have rveached their liamir. However, furthor
extension of the N = 2 line to higher 2 rowmains a very important goal as emphasized
in the recent report of tho Long Range Planning Committee of the U.S. Nuclear Science
Advisory Committee in "Nuclei, Nucleons, Quarks: Nuclear Science in the 1990's":

"The study of N = 2 nuclei is particularly important. Such nuclel should
have maximal interaction between protons and neutrons, and questions of
the behavior of proton-neutron pairing can be answered by their
systematic study."

One of the wmost ilmportant but undiscovered N = Z nucleus is !8)Sn. This nucleus
offers an opportunity to test the predictions of the spherical shell model that it
should be a spherical double magic nucleus under extreme conditions of low proton to
neutron ratio in a much higher Coulomb field. Indeed, one of the important
justifications for the proposed Qak Ridge Exotic Beam (OREB) extemsion at the
Holifield Heavy lon Research .Facility is that, "Detailed measurements of nuclear
properties near the predicted double-closed shell nucleus, %9%Sn, will offer a
stringent test of the microscopic independent-particle quantum structure that forus
the foundation of the nuclear shell model" (Garrett and Olsen, 1991).

Now let us lock at some of the new physics which has come our of recent searches for
and identification of levels in §{Se to J{Mo and the insights into the experimental
techniques which have guided the development of a new pgeneration recoil mass
spectrometer, RMS, and the proposed radioactive beam facility, OREB, at HHIRF. The
RMS ™ has been dosignod to open up studies of the structures of exotic products
produced very far from stability with vory low cross-sections, including now N = 2
nuclel (Cormier g% al, 1990). Tho OREB faciliry and the new generation RMS will be
the wmost powerful system under consideration with capabilities to reach !°°Sn and
gfyond. as well as nuclei with even more protons than neutrons such as T2 = -1,
38Ry,

Following our discovery of superdeformation in the mass 70 region, extensive efforts
were made by our group with the Rochester RMS and by a Daresbury group to identify
®Sr to confirm its predicted (Hamilton 1985a,b) superdeformed shape. The Daresbury
group succeeded in identifying levels in 75Sr and confirming its superdeformation
(Lister et al,, 1988). They also identified levels in §iSe, J#r and {32r (Gérres gt
al.. 1987; Varley et _al., 1987; Lister et al., 1987). At the Rochester RMS we could
use only normal reactions (light projectile-heavy target) because the beam could not
be separated sufficilently from the recoll products in an inverse reaction. At the
Daresbury RMS, inverse reactions (heavy projectiles on a light target). like
Mg (%*Fe,2n)’%Sr and S0(*®Ni,2n)’?Kr were used. Inverse reactions make possible a 2
identification gate from a AE detector as well as mass gate on the v spectra. The
counts as a functions of AE(2Z) for mass 72 and RM-2-v spectra are shown in Fig. 6.
The cross-sections for the production of these four N = Z nucleil are 10-60 ub, to
make the N = Z products more than 10° smaller than the other products with the same
mass. Only with a Z gate could transitions ium these isotopes and the next N = 2
nucleus $Mo be identified. None of the new 4= detector arrays used withcut a RMS
wass and Z gatc could pick out in this region where the x-rays are low in energy the
gamma rays associated with a 10-100 ub cross section nucleus.
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As one -looks in more detail at the gsingle particle levels in the mass 70-100 region
along the N = 2 line shown in Fig. 7, one could expect a variety of different
superdeformed structures such as oblate superdeformation in N = Z = 36, "Kr with §,
~ -0.6 and prolate superdeformation with 8; ~ 0.5 for }iMo,; and f; ~ 0.6 (2:1 axis
ratio for JRu,,, for example, In the RM.Z-y spectrum of **Mo, Fig. 8, only one
transition of 444 keV is seen weakly and 1s assigned as the 2]-0* transition (Gelletly
gt al., 1991). Thus, %Mo seems to be the limit of the N = Z line that can be studied
with the Daresbury RMS with 30 Ge detectors. The h1§‘ner energy of 444 keV in ** Mo
compared to 290 keV for the 2*-0* transition in {§2r, as shown in Fig. 9, was
interpreted (Gelletly et _al., 1991) as evidence that deformation was significantly
decreasing in Mo as one moves farther frum the N = Z = 38 shell gaps at f~ 0.4,
This would mean that the N = Z = 42 shell gaps at § ~ 0.5 (Fig. 7) are not as
important as the N = 2 = 38 cnes. This could be related to the fact that the IV = 2
= 50 spherical shell gaps are so dominating that already by N = 2 =« 42 they are
making their domination felt. However, recall if only the 2% = 0* transitions of 456
and 424 keV in *7%r, respectively, had beesn observed, then one would not have
suspected that the ground states of these nuclei are superdeformed with 8 ~ 0.4
(Hamilton er gl. 1981; Piercey et gl. 1981). The interaction between their ground
state energies and low-lying near-spherical bands push the 0* ground state energies
down and make their 2}-0% energies look characteristic of more near-spherical nuclei.
With only one gamma ray in %'Mo, one camnot exclude this possibility of shape
coexisting structures enlarging the 2' - 0% energy there, too. So, in fact, the
influence of the N = Z = 42 shell gaps at §; ~ 0.5 (Fig. 7) and shape coexistence in
>*Mo rewmain open questions until more levels are sesn,
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A second important insight comes out of ’?Kr studies (Varley gg.al., 1987; Dejbakhsh
et al., 1990). From RMS-2-7 singles data (Fig. 6), the 115 nd 342 keV transitions
were assigned to a side band with large deformation feeiing the 709 keV 2} level,
where the feeding transition cut of the side band was the 115 keV transition. The
612, 790 and 925 keV transitions were 2ssigned to depopulate the 4%, 6* and 8* levels,
respectively. After identifying for the first time gamma rays in 7*Kr (Satteson gt
al. 1990) with the Ruchester RMS, we carried out a long g-v coincidence run at HHIRF.
Some '3Kr gamma rays also were observed in the y-y experiment. A gate on the 709 keV
is shown in Fig. 10. The 612 keV transition is clearly ses~, but the 115 and 342 keV
gammas are not seen in the 709 keV gate (Dejbakhsh gt ., 1990). So, the side band
is not as placed (Varley -+w.al., 1987). With the same analysis procedures as used
earlier (Hamilten et gl. 1981; Piercey gt _al, 198l), we noted there is a greater
anomaly in the 2-0 energy in ’*Kr (a back bend in the J; moment cf inertia) than in
7.7%r as seen in Fig. 11. The results of the analysis of 72"’%r are shown in Table
2. Note the energy difference, AE;, bstween the unperturbed (befores interaction)
energies of the 0% heads of the bands built on the two different shapes (for 7‘Kr
smaller deformation and superdeformation) changes sign between "?Kr and the heavier
isotopes to indicate the two bands have reversed positions. On the other hand, to
have the same sign and magnitude for AE, for ’3Kr and 7*Kr would require a doubling
of the interaction strength. Thus, a major change occurs in the '?Kr ground state
structure compared to the prolate superdeformation in 7“'7%Kr (De jbakhsh et al,. 1990).
New laser data show a sudden drop in mean square charge radius for 7?Kr compared to
74.7%¢r to confirm this change. So, it is possible that the ?Kr ground state has a
large obla.e deformation, 8; = -0.4, as could be expected from the reinforcement of
the z = N = 36 shell gaps seen in Fig. 7. If so, ™ Kr is an oblate deformed double
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Othor calculations (Aberg 1990) predict that the reinfcrcement of favored neutron and
proton shell gaps could lead to supevdeformation with §; ~ 0.6 (2:1 axis ratios) at
iow spin in 3Ru and perhaps in 3Zn. To study such exotic shapes which are likely
to have low population in already vary weak reaction channels will require higher
efficiency RMS's than currently available and very efficient gamma-ray detector
arrays. Thus, to observe the predicted different shape coexisting excited bands in
these new N = 2 nuclel and to extend the N = Z line, one must have a RMS with high
rigidity to handle inverse reactions for a wide range of projectile-target
combinations, not just a few, to allow both Z and mass identification, higher
collection efficiency as well as a large solid angle and space for large detector
arrays to make feasible RM-y-y and RM-2-y-7 colncidence studies.

A final note on the reinforcing and switching of shell gaps in nuclei comes from
recent calculations of exotic cluster-decays for 3Sr and %%2r by Gupta gt al.. (in
press). One of the excitirg discoveries of the last decade was the new form of
radioactivity, heavy cluster decays such as C and heavier, as predicted by
Sandulescu, Poenaru, and Greiner (1980) Gupta et _al., (in press) calculated the
probabilities for cluster decays of (§Sry, and {i2r,,. To illustrate the results, the
enission of %*Mg and 2%51 clusters have decay constants of (2.5 x 10733, 3 x 1071%7)
and (2 x 107%; 1.8 x 10°%) for %°2r and 7®Sr, respectively. Sn, 7°Sr is over fifty
orders of magnitude more stable! These calculations provide further evidence for the
reinforeing proton-neutron shell effect and switch in iwportance from the spherical
40 to the superdeformed 38 shell gap.



A NEW GRNERATION RMS FOR HHIRF

: The first in-beam gamma-ray studlies in which a recoll mass gpectrometelr was
used ro mass gate the gamma apectra werv weported (Hamilton 1984) from our work at
the University of Rochester RMS. The Daresbury RMS began operation soon after. As
noted above, research at Rochester and Daresbury in the mass 70 region have shown
that it is absolutely essential to uge inverse reactions in order to obtain 2 in
addition to wass identification of ¢ rays from unknown nuclel produced far off
stability with very low cross-sections compared to other equal mass products. A new
generation recoil mass spectrometer has been dasigned (Cormier gt al,, 1990) for use
especially in inverse reactions with the Holifleld Heavy Ion Research Facility
accelerators with the following key characteristics:

a) High RMS rigidity; E/q ~ 15 MeV/q, to match to the beams at HHIRF for all
inverse reactions,

b) Llarge 15 msr solid angle,

¢) Llarge 75cm distance from target and focal plai:a to the first RMS element,

d) High quality beam rejection (10¥) far (~10m) from the target and focal
plaae,

e) HRigh mass resolution, m/am ~ 1200, and

£) Flexibility to cover a broad range of present and future research.

The advantages of inverse reactions include, a) Z identification, b) kinematic
focusing of the products into the RMS to improve RM-y-y rates factors of 5 to 500,
¢) allow alpha channels to be studied [alpha evaporation randomly kicks the recoils
out of the RMS entrance in a normal reaction}, and d) the recoils have energiss (3-6
MeV/A) sufficient for radioactive beam experiments on secondary targets.

The RMS is illustrated in Flg. 12 in a new HHIRF addition. The major new featuros
that make this a new generation RMS are its high rigidicy, 15 MeV/q compared to 9
NeV/q in current systoms and the wmomentum achromat between the target and the
traditional components of an RMS., The impoitance cf the high rigidity, 1i HeV/q
Jerpared to 9 MeV/q, to open up a wida range of inverse reactions is seen in Fig, 13,
The achreomat (with two dipoles seen on the left of Fig. 12) is the difference that
opens-up inverse rcactlions with its intermediate focus whore the beam is rejected.
In a vypival Rochester RMS with only electrostatic and magnetic deflection as in the
right hall of our RMS in Fig. 12, the primary beam will be passed with the similar
energy reaction products in an inverse reaction of heavy projectiles on a light
target. So, in a traditional RMS the products are orders of magnitude too weak to
be seen in an inverse reaction. 'n the new design the beam rejection is far (>10m)
fron the counting areas around both the target and focal plane to significantly lower
the background in large detector arrays when placed at these positions as shown in
Fig. 12. The 75cm distances (target to first RMS element and last RMS element to
focal plane) ailow the 20 Ge detector HHIRF compact ball or 105 of the 110 Ge
detectors for proposed arrays like GAMMASPHERE, a BaF, wall or other combinations
around the target or focal plane.

As seen in Fig. 14, the mass resolution, m/am, of our RMS is 1000 to 1200, factors
of 3 to 4 times greater than those at Daresbury, Argonne, and elsewhere. This much
greater mass resolution makes a very significant improvement in eliminating at the
focal plane the tails from adjacent masses with 103-10° larger crcs:-sections than
the very low cross-sections of the products one wants to study, as occurs along the
N = Z line. By using wire sources for a special case where a particular mass is
critical for testing mass formulas, one could achieve a mass resolution of 10,000
with this RMS to provide an accurate direct mass measurement.

The ioprovecents of RM-y-y triple coincidence counting rates of our RMS with the
#HIRF 20 Ge detector close packed ball for normal and inverse reactions are
illustrated in Table 3. Note the counting rates in the inverse (heavy ion beams)
reactions are 6 to 39 times higher than in the normal (light ion beams) ones there,
and this ratio can go up to factor of 500 in other cases. Such enhancement factors



can be the' difference in doing and not doing an experiment. Even for the normal
reactions (‘‘Ca beam), the RM-y-v rate for our system with 20 detectors (as in Table
'3), would require ?d to collect 10% events but would require times of 56 and 31 days
for 30 detectors at the Daresbury RMS:and 14 in the Argonne RMS, respectively. So,
even with a normal reaction, RM-y-y coincidence experiments are not feasible at these
two facllities now,
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Table 3. Normal and inverse reactions at 5 MeV/A beam energles are
compared for 8 msr RMS solid angle.
""Ca + IZZSn SZS + ISQGd
Normal Inverse Normal Inverse
E/Q (MeV/q)* 2.5 10.2 1.7 12.8
E/Q (MeV/Nucleon)® 0.4 2.7 0.2 3.6
Recoil Mass-y-9° 1,700 10,000 440 17,000

"The values are for the compound nucleus. PFor 20 Compton suppressed Ge detectors,

12 cm from the target and E, = 1 MeV.

OQur new RMS with the present 20 Ge detector ball will open up RM-vy-7 coincidences of
recently identified N = Z nuclei 1ike ®°Se to %“Zr to definitively establish their
level structures which are based currently only on singles data, except for 2Kr as
discussed above. In each of these N = Z nuclei, we can significantl¥ improve the
statistics including ®Mo where only one v ray was weakly observed. In ®Mo it should
be easy to observe the additional levels necessary to definitively establish the
deformation of its ground state and test the importance of the N=Z = 42 shell gaps.
Also, we expect to establish better the structures and pin down whether there are



low-lying, cowpeting near-spherical bands in '°Sy and *9Zr which interact with their
superdeformed ground states as has been suggested occurs by analogy to the mass 100
reglon based on their energy level spacings (Hawmilton 1989; Hamilton 1990). We alsgo
should establish the competing structure in '*Kr. Finally, the greatly improved
counting statistics will open up studies of a few more N = Z nuclei with highev Z,
including a search for an excited superdeformed band (g; ~ 0.6) predicted in ®fRu,

To definitively establish the neutron and proton single particle orbitals and their
interaction along the N = 2 line, one must study nuclei to either =ide of the N = 2
line. Here the real power of our RMS with a large array like GAMMASPHERE is
demonstrated. For example, consider seeking to identify the new Tz = -1 1Kry,
nucleus with two neutrons less than N = Z, In the reaction '°0(*®Ni,4n)fKr,, with 290
MeV *®Ni, the ""r count rate is 500 times greater in our RMS in the inverted reaction
compared to the normal (%0 beam) reaction for a given beam intensity. For a total
reaction cross-section of 1.1b, lmg/cm® target, lOpnA beam and singles count rate of
40kHz in 105 Ge detectors, we estimate at the end of a 3-day run 60 counts in a
specific gamma ray in "°Kr, produced with ¢ = l0nb, when gated by another gamma ray
and mass! A RM-y-y coincidence experiment on an isotope with 107 production of the
total. Present in-beam 7y-y colncidence spectroscopy studles of nuclei far from
stability are prohibitive for production rates of 1073-10"* of the total. This
represents an astonishing increase in sensitivity to study new, very far off
stability nuclel of factora up to 10 to 10%

Using Llnverse reactions and our RMS alone, one can produce radioactive beams with
sufficient energies, 3-5 MeV/A (see Table 3) to do Coulomb excitation of the
radicactive secondary beam and to do compound nuclear reactions on secondary targets.
By bombarding *‘Ca with !22Sn, Coulomb excitation of the %%Yb product could yield
B(E2)'s to the 2, 4" states in a few hours (recall %Yb is the lightest GCoulomb
excited Yb). as another example consider & %Sn beam on & 2C target to produce '*Ba
{1Ba is the lightest stable barium isotope) with 5 MeV/u. At this energy a stable
®pBa can undergo a second reaction on 2C to produce ¥Nd + 2p2n (}**Nd is the
lightest stable Nd isotope).

N A RADIOACTIVE BEAM FACILITY AND RMS AT HHIRF AND THE N = Z LINE
Recent international counferences at Berkeley, Los Alamos and Belgium have drawn
worldwide attention to the fascinating new physics to be opened up by a facility
which can provide a wide range of beams of radiocactive nuclei with sufficient
energles and intensities to study compound nuclear, transfer, capture, and Coulomb
excitation reactioms. Numbers of proposals are being made to add a second
accelerator and a mass separator coupled to an existing accelerator. Fortunately,
HHIRF already has two accelerators and sufficiently well shielded space between them
where the accelerators can be coupled through a mass-separator-ion-source as shown
in Fig. 15 to give 95 different radioactive beams from %He to ®*Rb with energies up
to 5 to 13 MeV/A and intensities 10° to 10 ions/s at very modest cost of $3-4
million in less than 2 years. This facility could produce across the periodic table
over 200 compound nuclel which cannot be produced by any combination of stable target
and stable beam. This is illustrated for one region of the periodic table in Fig.
16. A brief description of the HHIRF proposal for an Oak Ridge Exotic Beam (QREB)
extension is given to indicate the exciting capabilities this facility offers
(Garrett and Olsen 1991),

Beams of H, d, 3He, 5-7Li and *!B would be accelerated in the cyclotron and strike
a target in the shielded room. There, the products would be mass separated, and a
low energy megative-ion output provided to the tandem, The first easy beams would
be .33, 17.18p 29.30p WN.3lg 887785 gnd 0°72ge with 109-101° ions/s intensities.

The radivactive beam facility at HHIRF has definite advantages (in addition to very
low cost) over all other currently proposed light ion drivers and high energy heavy
ion fragmentation facilities. In the former group, all the others proposed have a
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mass range <60 and with one exception low energies of =<1.5 MeV/A. In the
fragmentation reactions, the energies of the fragments are so high, 50-500 MeVya,
that they are too energetic for many nuclear structure and astrophysics studies. For
some problems storage rings can be used, but then short lifetime products are lost
and internal targets which limit detection or re-acceleration are required. In
principle, the new GSI SIS-18 with storage ring can bs used for some such experiments
but in practice this is a costly way to use a machine designed for high energy, heavy
ion research.

Many new, presently unknown isotopes from A - 50 to 250 can be produced in quantities
sufficlent to carry out nuclear structure studies with the HHIRF radioactive beam
facility that cannot be studied with stable beams and targets. These new isotopes
offer many exciting and presently inaccessible opportunities to test in very
stringent ways under new extreme conditions of the N/Z ratio the microscopic
independent-particle quantum structure that forms the foundation of the nuclear shell
model, the behavior of identical proton and neutron high J] orbitals and the proton-
neutron interaction, theoretical predictions of new regions of exotic nuclear shapes,
nuclear mass formulas, and the proton drip line.

The importance of the N = Z nuclei was discussed earlier. Recall, the heaviest N =
Z nucleus Mo was only ldentified in 1991 and there only one v ray, presumably the
27-0 transition, was seen (Gelletly ex al,, 1991). A long-sought goal to test the
spherical shell model under new extremes in the ratio of the Coulomb to nuclear force
has been to study '3§Snsy which should be spherical double magic. Recall, based on
spherical double magic 3§Ni, and §2ry;, one would have expected $J2r,, to be spherical



for if 4 rvavher high m number of configurations wowld be constructed. An improved
variationat scheme which incorporates such cerrelations in a systematic way, no
wmatter where in energy they occur, is done in the new excited FED (from few
" determinant VAMPIR) approach (Schmid gt al., 1989). Starting with the VAMPIR
solution which is not taken out of the variational space, one instead looks first fer
a second sywgetvy-projected determinant correlating this soluticn in a variational
caleulation. Then, & third determinant is construgted, and so forth, up to ny
configurations. The resulting correlated yrast state is then eliminated from the
variational space, and the procedure is repeated to construct the first excited state
wvith the same symnetry, and so on, through the m lowest states {each now being a
linear combination of several configuracions). Finally, as in excited VAMPIR, the
now much smaller residual interaction is diagonalized. This procedure has the big
advantage that the dominant correlations on top of the projected mean-field solutions
are accounted for in each state separately.

This new method was applied to the high-spin states in ®Ge (Chatuzvedi et al., 1991).
The theoretical states are grouped into several bands in Fig. 19. Some changes do
occur at the higher spins compared to the excited VAMPIR calculation (Petrovici gt
al,, 1989), and a new band with superdeformation, g ~ 0.42, labeled in Fig. 19, now
appears. The new excited FED VAMPIR results are compared with our new experimental
data for the high-spin, positive-parity bands in ®8Ge by renormalizing the theoretical
spectrum to the experimental 2] level as shown in Fig. 19. <L~ main features are
sunmarized below. The experimental bands are ordered from left to right according
to the theoretical predictions in Fig. 19.

Up to angular momentum 6% the calculated yrast levels are almost pure oblate states.
The theoretical g factor for the 6} is 0.37 while the experimental (Barclay gt al.
1986) value is 0.4. The oblate band then continues where the 8} (with an oblate
component of about 85%) most probably is the 8] state of the experimental spectrum.
The 10 state has a pure oblate nature to form an oblate band, labeled by “0" in Fig.
19, that continues, as indicated by the older excited VAMPIR results, up te rather
high angular momenta.

Besides this oblate structure, four other distinct bands are obtained in the
caleulatiens. They are all prolate deformed but differ im the wmagnitude of their
quadrupole and hexadecapole wmoments as well as in their pairing properties. They
also display differont alignments. The band labeled as "v-al" is characterized by
an almost ewmpty 0gg,2 proton level while the neutrons in the same shell-model orbit
contribute to it a considerable portion of its total angular momentum. This strong
neutron alignment is reflected in the small g factors of the members of this band:
~0.03 for the theoretical 8} band head of the v-al band. The 8} level and its v-al
band likely correspond to the experimental 83 5051 keV level, which has & measured
(Barclay gt gl., 1986) g factor of -0.28 % 0.14 and the band built on it. The two
bands labeled as "D" and "S" have almost the same quadrupole deformation on the
neutron side; however, on the proton side, the latter band is considerably more
deformed. This is evident from the intrinsic quadrupole moments (f8; -~ 0.42 as
compared to -0.34) of the leading configuration as well as from the B(E2) values,
which above spin 12 are about twice as large in the "S" band as in the "D" bard.
Note, the predicted new "S" band with a large moment of inertia agrees quite well
with the new experimental band shown on the far right. The "D" band and the 183 -
163 = 47 sequence, labeled as "Y", are probably associated with one of the
experimental bands shown directly above the ground band 0-2-4 sequence. The
calculated 18] - 161 = 14} decay path is rather slow (mainly because of the small
transition energies) and, thus, this path is unlikely to be seen in the experimental

data.

All these prolate bands discussed in the last section have one common feature: their
members become strongly mixed as soon as spin values as low as 12% or 14" are reached.
Consequently, there are many competing decay branches for the various l4%, 127, 107,
and even 8% states. Thus, the decay does not run only via stretched E2 transitions
within the various bands but also via a few strong Al = 0,Ml transitions (indicated
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Fig. 16, The "new" proton-rich compound nuclei Z = 29-56 that can be
produced by ths proposed exotic beam extension of the
Holifield Facility and cannot be produced by combinations of
stable beams and targets are denoted by the shaded squares
(Garrett and Olgen, 1991). For comparison, the regions of
proton-rich nuclei in which the nuclear ground state is
predicted (Moller and Nix, 1981) to be deformed (e, > 0.20
or < -0.20) are indicated by gray denoting oblate
deformation with the igotopea between the two gray areas out
tc the drip line veing prolate, respectively. Stable nuclei
are gshown as solid squares and the proton and neutron closed
shells and drip lines are indicated by heavy lines.
Likewise the 1line of self-conjugate nuclei (N=2) 1is
indicated as is the location of the doubly closed shell
nucleus %98,

double magic, but it has one of the most deformed ground states {f; ~ 0.4) known.
The lightest tin isotope that has been studied experimentally is 2193sn (Tidemand-
Pedersson et al.. 1981). So far, efforts to identify 928n have been unsuccessful.



T.e problem is that the most proton-rich cobpound system at or above 2 = 350 that can
be Curmed using stable bgsams has T, = 2, So, at least four neutrons must be
evaporated to veach 19%Sn. Since chargod-particle emission dominates so far off
stabnlw, a “n process has a vanishing small orces section. However, the OREB with
%3as and "%Se beams would allow Tp = 1 compound systems to be forwed, and these would
requive the emission of only two neutrons to populate '%%Sn, eg. ‘“Ca(’’Se,2a2n)!®sn
or the voaction ¥K(*As, adn)!®Sn, These cross ssctions are estimated to bs the
order of a few microbarns, siwmilar to that of Mo (7 % 3 ub) for the 2n channel.
The Daresbury RMS and detectors used to identify %Mo are much less efficient than
our proposed RMS with our 20 Ge detector closed-packed ball.

with beams of %°As and 7°Se, the estimated cross sections for the production of nuclei
surrounding 199Sn axe of the order of 1.0 wb for 941%sn, 0.3 mb for *¥In, 7.0 wb for
W¥rn, and 0.2 wb for 93sb (Garrett and Olsen, 1991), The predicted cross section for
®lsn {s enhanced by nearly two orders of magnitude relative to the largest cross
sections available with stable beams. Calculations also indicate that the singly-
magic nuclel (N = 50, 2 = 46-48) and (2 = 50, N > 53) have cross sections greater
than 10 mb. Therefore, an experimental program based on %%As and 0Se beams would
allow (Garrvett and Olsen, 1991):

1) the determination of single-particle and single-hole energy levels around
the %% doubly closed shell;

2) the extraction of many empirical two-body residual interactions involving
these states;

3) the measurement of masses of a large number of nuclel near %°Sn; and
4) detalled spectrascopic information for the Sn isotopes above mass 100,

The %Sp single-particle and single-hole energy levels are crucial information needed
to constrain the parameters of various nuclear models.

Lot me omphasize studies along the N = 2 line and ocher very low cross section
products will only be possible Lf the radioactive beam facility has a high rigidity,
recoil mass spectrometer capable of handling inverse reactions such as our new
genoration RMS just described.

An area that is closely related to the studies of the N = Z line is the understanding
of the proton-neutron interaction. It is known that the isoscalar residual
interaction between neutrons and protons provides an understanding of nuclear
deformation. Federman and Pittel (1979) building on the work of de Shalit and
Goldhaber (1953) and Talwl (1962) stressed that when shell effects are important, the
occupation of neutrons and protons in spin orbit partner orbitals plays an important
role. The strong overlap between the neutron and proton orbits, especially when n,
- n, and £, -£, provides the opportunity for strong interaction. This is itself a
reinforcement between neutrons and protons. Federman and Pittel (1979) used this
approach to describe the sudden onset of deformation around 1%°Zr. As noted earlier
{Hanilton 1989), however, it is not clear how this picture can encompass the ¥*:1%0sr
superdeformation and the superdeformation around °Sr, Much too little is known about
the pn interaction in those reglons. The radiocactive beam facility at ORNL will
enable one to study many of the self-conjugate nuclei in the mass 80 and 130 regions
where the partner orbitals can be important.

Another ma jor driving force behind the development of radiocactive beam facilities is
to study many inaccessible questions in nucleosynthesis (Garrett and Olsen, 1991).
At high densities and temperature, nuclear reactions can compete with beta decay.
Such conditions characterize nuclear burning and nucleosynthesis in a variety of
sites including the early universe, matter accreting neutron stars and supernova.
Existing nucleosynthesis models rely on reaction rates, masses, level densities,
isomeric states, and nuclear shapes all of which are unknown for nearly all the far



off stabllity nuclei. In the absence of experimental data on these parameters,
theovetical estimaces must be waed in the calculationa. For example, the existenca
of isomers 1s ignoved and shapes are expected to be quite different in many cases
from the spherical shapes ussd in calculations. With radicactive beams, we can
measure these properties for many currently inacoessible exctic nuclel across the
periodic table for input in nuclear asctrophysics, nuclear structure and nuclear mass

calculations.

Energy generation in tha hot CNO cycle (Fig. 17) is limited by beta decay at '*+3%0,
At temperatures near 0.5 x 10 °K the beta sequences can be bypassed by the sequences
¥0¢a, PR, 1) Na(B) WP (p, )10, At h1§het T the *0(a,7)'%Ne and NF(p,7)'%Ne
reactions open up the break-out reaction ¥Ne(p,7)"%Na and the hydrogen driving rp-
process to give a hundredfold increase in the powsr of the hot CNO cycle (Kubono et
al., 1981; Wiescher gf al., 1986). The HHIRF RIB facility OREB could give a complete
characterization of all but the !®Re reaction. With the RMS one can obtain a unique
characterization of these reactions by gating on the recoil product of interest, A
massive white dwarf accreting matter from & proton-rich companion star could lead to
a thermonuclear explosion on the white dwarf (as shown in Fig. 18) or likewlse in a
neutron star. In these areas, rapld proton burning, the so-called rp-process, can
proceed to mass 80 or 100. The path of the rp-process again 1s determined by the
balance between beta decay and the reaction rates for large densitiea of "high-
energy" protons. This path follows just those proton-rich nuclel that become
accessible to study using the proton-rich radiocactive beams at OREEB (HHIRF). In the
Tp-process, reaction rates of the heavier proton-rich nuclei are unknown as well as
their nuclear structure. Again, many of thess studies will involve inverse reactions
requiring our new RMS, The proposed HHIRF radloactive beam facility would open up
the study of the proton-rich part of three of the four major areas identified in the
report of the nuclear astrophysics working group at the recont Workshop on the
Sclence of Intense Radicactive Beams (Howard gn. al., 1990), naemely: &) nuclear
capture reactions involving stellar processes, b) producticn of exotic nucled for r-
process and rp-process modeling, o) nuclear transfer reactions for simulating
spocific neutron, proten, or alpha capture reactions (Garrett and Olsen, 1991).
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Fig. 17. Schematl: figure of hydrogen burning in the ‘hot" CNO cycle
taken from Rolfs and Rodney (1988)., Two of the four exotic
nuclel (N, VYF, ¥F, and 9Fe) for which proton-induced
reactions are proposed, YF and i'F, can be accelerated by
the proposed extension to the HHIRF. Likewise, alpha-
particle-induced "breakout" on %0 and %0 alsc can be
studled (Garrert and Olsen, 1931).
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the near spherical nucleus $9Ceyy triple forks at 8' into three bands with no crossing
transitions observed earllier (de Lima gt al., 1979, 1981), The g-factor measurements
in %%Ge support the interpretetion that the twe lowest 8' bands are aligned neutron
configurationg, and the third band is-a continvation of the ground state (Barclay gt

al., 1986).

One of the important challenges in nuclear physics is to develop more microscopic
models which can predict the excited energy levels of nuclel. With the various shape
coexisting structures seen in the mass-70 region, these nuclel provide stri.gent
challenges for microscoplc theories. Recently, a microscopic investigation of the
low-spin states in ¥Ge and *Se has been made by using a self-consistent description
of the nuclear excitation by a Ha)tree-Fock-Bogoliubov-based theory with spin and
number projection before the variation, the excited VAMPIR approach (variation after
wean-field projection in realistic model zpace [Petrovici et al., 1989)). These
calculations predicted a much more complex level structure for %®Ge including strong
Ml transitions crossing between the three known bands beginning at 8" and between new
bands. A similar complex band structure is predicted in 7#Se, but such complex
structures were not observed in recent work (Mylaeus et al., 1989).

We reinvestigated both ®%Ge and ’Se with the spin spectrometer and the closed-packed
Ge ball at HHIRF (Holifield Heavy Ion research Facility) to study their high-spin
structures vhich provide important tests of the new microscopic calculationsi. In ®%Ge
new bands and mixing of bands are observed, but mot in 73Se (Chaturvedi gt al,, 1991)

New microscopic calculations were carried out for %Ge and "*Se in au improved excited
few determinant VAMPIR approach which has bsen developsd recently and applied to sd-
shell nuclei (Schmid gt _al., 1989).

In %%Ce, 19 new levels were observed experimentally including two new bands, as shown
in Fig. 19. The new band beginning with the 12% 7561-keV level goes up to the
highast spin observed. New crossing transitions between the known bands and the new
bands also are observed. More importantly, the new band beginning at 7561-keV has
a momont of inertia that is considerably larger than that of the previously known one
shown next to it as can be seen by comparing their energies of the similar spin
transitions in the two bands. Only the positive-paricty bands are shown in Fig. 19,

C0n the other hand, careful searches revealed no new positive parity band structures
in %S¢ (Fig. 20). Note in Fig. 20 the experimental (' ground state and the 2} state
are mesbers of the ground-state band with small oblate deformation. The observed 03
and 27 deformed states are not shown. There is mixing of the near spherical oblate
and very large prolate deformed bands in the 2*, 4% and 6% levels. Discrete y-ray
transitions were observed above 18* up to 26*. The high-spin states in '?Se are
dominated by a single cascade as shown in Figs. 3, 20. The negative-parity bands,
which are onl¥ seen at lower spins, are not shown. The static and dynamic moments
of inertia of '*Se are remarkably constant and large, approaching the rigid-tody value
at higher spins.

The complex experimental bands encountered in %Ge call for a model in which all the
essentlal degrees of freedom are taken into account in a completely microscopic
fashion and not put in case-by-case. These should include the coexistence of
different shapes and other collective phenomena as well as the various alignments and
other single-particle excitations. One way to construct such a model is the use of
variational techniques, as is done in the various approaches of the so-called VAMPIR
(variation after mean-field projection in realistic model spaces) fawmily (Schmid and
Grurmer 1987 and references therein; Schmid gt al., 1989 and references therein).
However, by introducing only one additional determinant for each new state to be
considered, this approach is still a type of mean-field approximation and may not
always be sufficlent, since the residual interaction between the lowest m configu-
rations dves not necessarily account for the dominant correlations on top of each of
the various excitred VAMPIR solutions. Often (Schmid and Grummer 1987) the dominant
correlations, for example, to the yrast solution are related to rather high-lying
configurations. Within the excited VAMPIR approximation such could only be accounted
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Fig. 20.

Positive-parity levels in %%Ge. On the left are the levels
calculated in the FED VAMPIR approach. The symbols O, v, v-
al, D, and S wsed to identify the bands are described in the
text, The continuation of the oblate grouwnd band is seen on
the left and a new superdeformed prolate (4 ~ 0.42) band is
shown on the right in the calculation. The experimental
levela reported here are shown on the right-hand side of the
picture. The experimental bands are ordered (oblate on the
left, superdefcrmed on the right) to match up with the
calcoulated lovels on the left aide and matching the observed
properties (lifetimes, magnetic moments, and moments of
inertia) of each band with the calculated propertiss of each
band. The D band in the cclculations may be the new band
which feeds the 5963-keV O* level (Chaturvedi et al., 1991).
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by “a" on the figure) which mainly feed the yrast band at these angular momenta,
Such crosaing transitions are now seen in the experimental data, toe. Similar large
B() transitions are alsc predicted In between some of the higher states. The
. theoretical results are strongly supported by the observation of not only several 87,
but alse several energecically bunched 10%, 12%, and 14" states in the new data with
crossing transitions and the new "S§* band with much larger deformation,

Similar new theorotical calculations were carried out for 'Se, and the results are
shown in Fig. 20. The theoretical complex positive-parity-emergy level gpectrum
looks rather similar to that of %%Ge and 1s in saarp contrast to the single positive
parity yrast band seen experimentally (Fig. 20) to high spin, Any crossing
transition to other bands predicted in the calculations has an experimental branching
intensity less than 10X of the obsexrved cascade feedings at any level, However, a
detailed look at the calculations reveals that there is a path of predicted very fast
cascade E2 transitions (noted in Fig. 20) which cross from one band to ancther with
large deformation, with only slow (weak) transitions to other states. It is possible
that the experimental yrast band seen to high spins is a composite of several bands
all with quite large deformation and linked by a very fast E2 path, as indicated in
Fig. 20. On che other hand, the experimental levels may be only a single band with
superdeformation that simply dominates the experimental spectra because the lower
energies of its members provide the fastest decay path.

In summary, the detailed agreement between the new microscogic excited FED VAMPIR
calculations and the new experimental structures observed in %Ge are quite striking
for such complex multiple shape coexisting structures. This agreement in such a
complex rucleus provides strong encouragement for the development of realistic
microscopic models. On the other hand, the new calculations indicate similar complex
structures for °Se, but in sharp contrast to *%Ge the 7?Se experimental high-spin
positive parity states are surprisingly dominated by a single band, This strong
confirmation of the microscopic calculations in ®¥Ge and marked differences in 7Se
are a clear challenge. It is possible that this difference is related to the fact
that }iSe;; is much closer to the new island of ground state superdeformation centered
around N = 2 = 38 (Hamilton 1989) and that the dominance of these reinforcing proton
and neutren shell gaps at 38 is not included in the calculations yec.

EO TRANSITIONS BETWEEN SHAPE GQOEXISTING STRUCTURES IN MASS 120 REGION

Mantica eg_qgl. (1990) have studied with the UNISOR isotope separator the levels of
120ve and compared its structure to the even-even Xe isotopes below N = 82 and %o the
N = 66 mid-shell isotones above and below the Z = 50 closed shell. Thev note that
the odd-mass nuclides in this region have low energy "intruder" 9/2* states that have
been attributed to the promotion of a proton from belew the Z = 50 shell gap with the
promoted proton paired with the "normal" g;,; or dss, configuration to yleld a gg/ o™t
hole state. The mean square charge radii of the Xe nuclides show a gradual increase
in deformation in going from N = 82 to mid-shell at N = 66 with g, = 0.3 for **%Ke,
for an axially-symmetric shape. The 2] energies in the even-even Xe nuclei decrease
swoothly from both sides toward a minimum in mid-shell N =~ 66 12%Xe.

Just as in the region of Pt-Hg and the Z = 82 shell closure, the promotion of two
protons across the Z = 50 proten shell closure can yield a relatively low energy 0'
excited state or even ground state in even-even nuclei, especially around N = mid-
shell. This coexisting intruder state should have a quite Jifferent radius compared
to the normal proton configuration. While vy decay is forbidden between the 0*
intruder and 0% normal states, EO internal conversion electron radiaclon whose
strength is proportional to the difference in their anlear radii, can be strong.

Such EQ transitions also may occur in any Al = 0 transition between bands built on
the two different shapes. No evidence for enhanced E0 strength in 12¢"12%e has been
found (Walters et gl., 1988; Mantica et al., 1989; Ohys gt al., 1980). The N « &6
mid-shell nucleus, !lXeq;, has been investigated extensively at UNISOR by internal
conversion and vy-ray studies. Careful wmeasurements of the internal conversion



coefricients in the UNISOR work revealed six pure EQ(0' - 0%) transitions and four
Al = 0, EO onhanced transitions in **U¥e in sharp contrast with 4 33%e. The levels
of *®%e are shown in Fig. 21 where AI=0 transitions with enhanced E0 strength, and
0-0 transitions are shown by heavier'lines, These levals are best described by a
deformed; ground band and 7 vibrational band (on the right in Fig. 21) wich 27 at 876
KoV with the same radius and a near-spherical excited band with one- and two-phonon-
vibrational states bullt on it as shown on the left in Flg, 21, The streng EO
transitions occur between those bands which have different radil but not between the
vy and ground band, where thore is essentially no change in voot mean square radius.
The absence of EO radiation in transitions between the y-vibrational and ground bands
which have similar RMS radil and thelr presence in transitions between f-vibrational
and ground bands which have Jdifferent RMS radil is well-known in rare earth nuclei
(Hamilton 1972a,b).

The levels of '%Oeq, are just reversed from what is found in spherical closed shell
2 = 30, 4fSng (Brum gt al., 1979) where the ground band is spherical, and a low-lying
excited band is well deformed (Fig. 22). Similar structures to '*'Xe, though somewhat
distorted, are found in '8:.123Xe. The N =~ 66 isotones (Fig. 22) show a remarkable
symmetry around N = 50 where the deformed band is very high in emergy (1757 keV)
dropping to 1135 keV in }§Cd and 951 in }}3Te, then becoming the ground state of }3Pd
and '3e with the onset of well-deformed structures for Z = 56, 58 and 44, 42. This
is an additionai region where a systematic pattern of shape coe:isting structure
around a major closed shell is becoming clearly defined.

at &

Fd 23520
8 () ] (')
120
saX€ee
Fig. 21. 120vg levels with only selected y-ray transitions are shown.

Heavy lines indicate the presence of EO radiation (Mantica

et al., 1990).
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VARIETIES OF SHAPE COEXISTENCE IN MASS 180-190 NUCLEI

The region bounded by 78 s 2Zs 82, 104 s N s 114 was one of the first reglons where
shape ccexistence was established (Hamilton gt gl., 1975, 1976) and continues as the
zost fertile ground known for the studles of multiple coexistence of different
shages, intruder orbitals, electric monopole transitions, superdeformation and other
thencoena. Here, I select only & few recent highlights. The even-even 84-13yg
isctopes were the f£irst classic exaxples of nuclear shape coexistence where full
tands of levels were seen atove and below the crossing of their near-spherical ground
states and well-deforzmed shapes. As seen in Fig. 23, in-beam studies by our group
and the Canberra group have traced the band head of the excited deformed potential
minizum through its energy minizum snd subsequent rise at lower N in 331834y,
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Fig. 23, The systematics (Hamilton 1989) of strongly-deformed bands

(filled circles) and weakly-deformed bands (open circles) in
the even-mass Hg isotopes.

In total routhianr surface (TRS) ¢=lculations with a Woods-Saxon potential, the shape
coexistence observed in 43°18yg yag predicted to disappear in !%Hg, eg. there would
be no excited normal prolate band with §; ~ 0.2 deformation (Bengtsson gt al., 1987)
as seen in Fig. 24. However, recent UNISOR work (Kortelahti et al,, 1991) located
in '%°*Hg an excited deformed band (see Fig. 25) which has risen higher in energy in
line with what one might expect from the extension of the lower sass data as shown
in Fig. 23. However, this excited deformed band has considerably smaller deforma-
tion, 8 ~ 0.14, than that (f; -~ 0.24) of the excited bands in ¥2-¥0s  0On the other
hand, these calculations (Bengtsson ek _al., 1987a) do predict the superdeformed
pipnizum at §; ~ 0.43, which is observed experimentally. These data, coupled with the
superdeformation discovered at moderately higher spins in !"¥Hg demonstrate the
ceomplerity of competing shapes relatively near the ground state in this region.
Naturally it is important for a full understanding of thess nuclei that theoretical
calculations predict the normal deformed prolate band in !%°Hg as well as the more
near spherical ground state and superdeformation at higher excitation. New potential
energy surfaces have been calculated for 1¥%g in terms of the Nilsson-Strutinsky
rethed with a standard <, u parameter set and a modified set. Now it is found that
there is a low-lying, second minimum in the potential energy on the prolate side in
addition to the known cblate ainimun (Fig. 26) (2hang and Hamilton, 1991). The
existence of such a prolate minimum, which is not found in racent total routhian
surface calculations, offers an explanation of the recent observation of an excited
deformed band in '¥Hg. The calculated deformation of the minimum, e; = 0.12, is
consistent with the new experiwmental one in ¥Hg. Our calculations reproduce the
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potential at fw = 0.05 MeV (Zhang 1987; Bengtsson gt _gl.,
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Fig. 25. Part of the level scheme of !°%Hg populated in the B'/EC
decays of 92871, Energies are in keV and y-ray transition
intensities are given relative to Iy(4l6) = 100, The 1279
keV transition is pure E0 and, thus, only its K conversion
electron intensity is given.



Fig. 26. The potential ener§y V vs. quadrupole deformation ¢p curve
for the nucleus !®Hg, The solid line is obtained with a
standard &, u parameter set, while the dashed line was
obtained with a modified one (Zhang and Hamilton, 1991).

Fig. 27. The samo as Fig. 26 for the nucleus !®Hg (Zhang and
Hamilton, 1991).

-

sharp decrease in the excited deformed band in "Hg compared to the same bands in 8¢
%%Hg. The calculations for !84-1%%e are illustrated in Fig. 27. It is not strange
to find such a deformation jump in the prolate minima in going from N < 110 to N =
110. In fact, one can easily see from the Nilsson diagram that, for small prolate
deformation (e; about 0.1), the high K (up-sloping) orbitals of hy,, and 1,372 will be
mer when N is equal to and larger than 110. However, for N < 110, there are several
high j, low K (down-sloping) orbitals, and even more than that, there are gaps in the
single particle spectrum on the prolate side with ¢; = 0.2 for N = 102, 104, 106 and
108. Therefore the fact thar a prolate minimum with a smaller ¢, value shows up on
the potential energy surface of %%Hg is quite reasonable.

One of the signatures of the shape coexisting structures in this region is the
enhanced EO transitions in AI = 0 and 0* - 0 transitions. Zganjar and Wood (1990)
recently reviewed the UNISOR work in which a remarkable richness of EQ transitions
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coincidonce with the 2% = 0%(4l16), 4% = 2%(626), and &' =
4*(731) y-ray transitions in the ground-state band of !9Hg,
The 800, 1031, and 1142 keV transitions (E2 or M1+E2) are
shown for comparison with the very-converted 1155, $33, and
737 keV transitions.

has been observed in this region, including for the first time the establishment of
EO's in odd-A nuclei. Earlier, four different shape coexisting structures were
observed in 85.187au connected by enhanced E0 transitions. These four different
structures are formed by coupling proton hole states to the two shape coexisting
structures in 1%6.1884p angd particle states to different shape coexisting structures
in 18%.388pr  (papanicolopulos et al, 1988). Summarizing their work, they have
identified very converted transitions (VCTs) (ay >> ax Ml or E2) in the following
nuclei: two VCTs in 19%Pb (Griffin 1987), ten VCTs in 8%Pt (Schwarzenbert gt gl.,
1988), and three VCTs in %Pt (Schwarzenberg et al., 1989) (for example, see Fig.
28). Even more astonishing, they find (Krame et al., 1991; Schwarzenberg gt al..
1988) several transitions in %3Pt and one in !®Pt for which only conversion electrons
are observed in a cascade of transitions -- no gamma rays are seen! This is an
unprecedented phenomenon in nuclei for I® - 1" tranmsitions with I » O. The
observation of such transitions could call into question in-beam y-ray studies which
would not observe the EQ0 strength and so completely miss one or more transitions when
they are dominated by EQ radiation. Finally, their study of 181py (Schwarzenberg et
al. 1991, in progress) has not ylelded any VCTs. This is seen to be consistent with
a shape coexisting, band-crossing hypothesis in which an intruder band, formed from
the promotion of pairs of protons from above the Z = 82 shell, drops down and crosses
the normal ground state. The entire collection ¢f low-energy, low-lying, odd-mass
VCTs are shown in Fig. 29. The figure also displays the lowest known excited 0
states across the mass surface. The 176sas187 region obviously exhibits a distinct
correlation between low-lying excited 0' states and low-lying VCTs in cdd-mass
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data (2ganjar and Wood, 1988; and recent UNISOR results)
represent nearly all known cases of E0 enhanced transitions
in odd-mass nuclel at these low energles.

nuclei. The VCTs are interpreted as resulting from electric monopole transitions
between shape coexisting structures which mix. In the Pt isotopes the effect is
dranatic because of the crossing (Zganjar and Wood 1990) of the coexisting band heads
near A = 186 where the hy,; intruder is shown to penetrate and fall below the normal
ground state for A = 187 to 177. Mixing between the bands formed on these states
would result in an abundance of EQ transitions in *Pt and %Pt at the crossing,
diminishing for '¥Pt, and reappearing at the very light end of this isotope chain,
probably near 7Pt. The ten VCTs observed in !**Pt, three in !*°Pt, and none in !®pt
are consistent with this pilcture. Obviously, there is still much experimental and
theoretical work to be done to understand all the varieties of shape coexistence
being observed.
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