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Abstract. The large multidetector gamma-ray arrays (such as GAMMASPHERE, EUROBALL, and
GASP) have played a central role in nuclear-structure studies during the past decade. In this paper I
will discuss recent results from experiments on nuclei with very large deformations, including: the mea-
surement of the spins, parities, and excitation energies of superdeformed bands in '*2Dy; the observation
of extreme deformations in °®Cd and the evidence for hyper-intruder states; the study of superdeformed
nuclei around A ~ 40, which provide an opportunity to test our microscopic understanding of collective ex-
citations; and lifetimes of strongly deformed triaxial bands in '®3*Lu. I will conclude with a brief discussion
on the next generation gamma-ray detector array, GRETA.

PACS. 21.10.Re Collective levels — 23.20.Lv ~ transitions and level energies — 21.10.Tg Lifetimes —

29.30.Kv X- and ~-ray spectroscopy

1 Introduction

GAMMASPHERE [1] is the premier gamma-ray detector
facility in the US. It consists of up to 110 large-volume
coaxial germanium detectors and each germanium detec-
tor is surrounded by a bismuth germanate (BGO) anti-
Compton shield. This arrangement provides a high to-
tal photopeak efficiency (approaching 10% for a 1 MeV
gamma-ray) and good peak to background. GAMMAS-
PHERE and EUROBALL [2], the comparable detector
array in Europe, are examples of the current state-of-the-
art multidetector gamma-ray arrays. Over the past decade
the sensitivity of GAMMASPHERE has been greatly en-
hanced by the addition of a suite of auxiliary detector sys-
tems, many of which were designed specifically for GAM-
MASPHERE.

The large sensitivity of GAMMASPHERE has led to
a broad science program ranging from nuclear structure
to astrophysics to tests of the standard model. Exam-
ples in the areas of fundamental interactions and nuclear
astrophysics include: tests of the conserved vector cur-
rent hypothesis and unitarity of the CKM matrix via a
precision measurement of the °C beta-decay branching
ratio [3]; using positronium decays to test QED and C-
violation [4]; measuring beta-gamma angular correlations
in 22Na to study weak currents [5]; and determining the
lifetime of >*Mn [6], which is used as a cosmic chronome-
ter. However, the main focus of the GAMMASPHERE
program has been in the area of nuclear structure. These
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studies have been extremely successful and have extended
our understanding of both the structure and fundamental
excitations of nuclei and how they change with isopspin,
angular momentum, deformation, excitation energy, and
mass. Each of these limits isolates a particular facet of
nuclear structure and together provide a comprehensive
view of the many properties displayed by the nucleus.

It will not be possible to give an overview of the full
GAMMASPHERE program and I have chosen to discuss
one area, the angular-momentum degree of freedom. I will
conclude with a brief discussion on the next generation
gamma-ray detector array, GRETA.

2 Rotating nuclei with large deformations

The nucleus is a complex quantal system and its rota-
tional behavior is a powerful probe of nuclear properties.
It can be used to alter the underlying nuclear structure
(both the macroscopic and microscopic structure) so that
new phenomena may emerge (such as superdeformation,
shears bands, and the chiral and wobbling modes present
in triaxial nuclei), or it can be used to investigate basic nu-
clear properties, such as pairing excitations or the single-
particle structure. The study of “delayed” alignments in
"2Kr [7,8] and the recent observation of high spin states
in 2°4No [9,10] fall into this latter category.

In the remainder of this section I will highlight some
recent results on the study of very deformed nuclei.
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Fig. 1. Partial level scheme of '°2Dy showing the gamma-
decays from the yrast SD band to the normal deformed states.

2.1 Linking the superdeformed bands in 152Dy

The first superdeformed (SD) band was observed in
152Dy [11] and since then approximately 200 SD bands
have been reported in several mass regions ranging from
A ~ 40 to A ~ 200. However, except in a handful of cases
(see references in [12]), we have not been able to observe
the discrete gamma-rays connecting the SD band to the
normal deformed states. As a consequence we do not know
such basic nuclear properties as the level spins, excitation
energies, and parities for most SD bands. These quantities
are needed if we are to fully understand their microscopic
structure, the magnitudes of SD shell gaps, and the decay
mechanism from the SD minimum to the normal deformed
minimum.

In a recent GAMMASPHERE experiment [12] the dis-
crete gamma-ray transitions connecting the yrast SD band
in 2Dy to the known normal deformed states were ob-
served. A 48Ca beam at an energy of 191 MeV (mid tar-
get) was used to bombard a stack of two 0.4 mg/cm? self-
supporting %8Pd foils. The experiment used 12 days of
beam time and GAMMASPHERE had 100 detectors at
the time.

The level scheme showing the discrete gamma-ray de-
cays from the yrast SD band is summarized in fig. 1. The
placement of the 4011 keV line as a single-step decay es-
tablishes the excitation energy of the SD band. An angular
distribution analysis showed that the 4011 keV gamma-ray
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Fig. 2. Partial level scheme showing the gamma-decays from
the SD band 6 to the yrast SD band.

is consistent with a stretched or un-stretched dipole tran-
sition, and from the deduced transition rates this gamma-
ray is most likely to be E1 rather than M1. Thus, the
band is assigned positive parity (in agreement with theo-
retical expectations) and the lowest SD state has a spin of
either 22 or 24 h. Furthermore, the 4011 keV gamma-ray
was found to have a partial lifetime of ~ 2.9 ps, which
translates to a B(E1) of ~ 2 x 107 W.u. This retarded
B(E1) value is similar to that reported in the decay of
A ~ 190 SD bands and is a measure of the coupling of SD
and normal deformed states.

Having firmly established the 4011 keV transition as a
one-step decay, the remaining gamma-rays could be placed
and these fix the level spins of the SD band as shown in
fig. 1.

The properties of excited SD bands provide informa-
tion on the basic excitation modes within the superde-
formed minimum, and by observing the decays between
SD bands it is possible to gain insight into the nature
of these excitations. While one may expect that the low-
density of states associated with the SD shell gap could
allow low-lying collective modes to compete with single-
particle excitations, the experimental data indicates the
dominance of single-particle excitations. Nevertheless, in
the A ~ 190 region there are a few cases (see refer-
ences in [13]) where the observed interband decays provide
compelling evidence for collective octupole vibrations in a
superdeformed nucleus. There was also evidence for oc-
tupole collectivity in superdeformed '°2Dy, where it was
reported [14] that one of the excited bands (band 6) de-
cayed to the yrast SD band (band 1); however, no inter-
band linking decays were observed in this data set.
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Fig. 3. Left: spectra of bands 1 and 2 in '°*Cd. The insets show the relative intensities of the bands with respect to the total
intensity of the reaction channel (upper panel), and the dynamic moments of inertia (lower panel). The values for band 1 are

given by the full circles, those for band 2 by the open squares.

Right: results of the fractional Doppler shift analysis. The lines

show examples for calculated F(7) curves. The x? fits for the calculated curves to the data as a function of the quadrupole
moment Qo are shown in the insets. The horizontal dashed lines represent the minimal value x2;, and x2;, + 1. The vertical
dashed lines indicate the lower limit of the quadrupole moment consistent with a 1o error.

In the present high-statistics GAMMASPHERE ex-
periment the decay of band 6 to band 1 was con-
firmed and nine interband transitions were identified [13]
(fig. 2). These newly observed gamma-rays give the abso-
lute excitation energy of band 6 and its excitation energy
(~ 1.3 MeV) relative to band 1. Furthermore, the angu-
lar distributions of the interband transitions are consistent
with them being dipole transitions (the J — J—1 solution
is favored by the authors), and an estimate of their par-
tial half-lives favors E1 character. Band 6 is thus assigned
negative parity and odd spins. The measured properties
of these decays are found to be consistent with band 6 be-
ing a collective octupole vibration in agreement with RPA
calculations [15], which predict collective octupole states
in superdeformed *2Dy.

2.2 Very extended shapes in 1%Cd

It is possible that some nuclei may attain even greater
quadrupole deformations than those observed in superde-
formed nuclei and the search for such hyperdeformed (HD)
shapes has been a goal of nuclear structure for many years.
As an extreme limit, hyperdeformed nuclei have a defor-
mation corresponding to a prolate axis ratio of ¢/a = 3.
In this same limit, based on a simple harmonic-oscillator
potential, superdeformed nuclei have ¢/a = 2, and both
HD and SD shapes are favored due to the special sym-
metries associated with integer axis ratios, which lead to

large shell gaps that help to stabilize the nuclear defor-
mation. However, realistic nuclear potentials modify this
simple picture and superdeformed nuclei have axis ratios
in the range ¢/a ~ 1.6 to 1.8. Similarly, we may expect
hyperdeformed nuclei to exhibit ¢/a values smaller than
3. A classification of the shape (e.g., normal deformed, su-
perdeformed, or hyperdeformed) that does not depend on
the absolute value of ¢/a is therefore advantageous and I
will return to this question later.

An experiment to search for the predicted [16] very ex-
tended nuclear shapes (c/a ~ 2.3) in 1°®Cd was performed
on GAMMASPHERE using the reaction *8Ca(5Ni,4n) at
207 MeV. Two rotational bands were observed [17,18] at
very high angular momentum and these are shown in fig. 3.
The bands carry about 1.4% and 0.6% of the intensity of
the '°8Cd channel. No decays were seen linking the bands
to the known normal deformed states; however, it is es-
timated (assuming 3 = $(?)) that they extend over a
spin range from about 40 to 60 A. The bands have large
dynamic moments of inertia (3(?)), shown in the inserts
to fig. 3, consistent with a very large prolate deformation
of ¢/a ~ 1.8. A measure of the transition state lifetimes
(via the slowing-down of the recoil in the target) con-
firmed their large deformation. Band 1 has a lower limit
for the quadrupole moment of Qg = 9.5 eb. The transi-
tions were too fast to set a reliable upper limit. Band 2
has a Q9 = 8.5 eb with a lower limit of 6.2 eb and once
more it was not possible to set a meaningful upper limit.
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These two new bands are clearly very deformed (at
least superdeformed), but what is their structure? An an-
swer to this was found in their dynamic moments of in-
ertia. Both bands exhibit a rapid increase in () at the
lowest frequencies, which is often a sign of a change in the
microscopic configuration. Recent calculations [19] suggest
that there is indeed a change in configuration in band 1
and that the rise in 3 coincides with the occupation of
the proton i;3/5 intruder state.

The proton i;3/5 intruder is a very exotic orbital to
be occupied at such a low atomic number, Z = 48. It
starts out at the Fermi surface for spherical nuclei around
Z = 100 and for normal deformed (32 ~ 0.2) nuclei around
Z = 92. In this region the i3/ proton is the normal-
intruder state, which is lowered by one oscillator shell due
to the spin-orbit interaction. Intruder states have large
quadrupole moments and they are lowered even further by
increasing the quadrupole deformation until at superdefor-
mations (32 ~ 0.6) the i3/, state is at the Fermi surface
for Z =~ 66 (e.g., '°*Dy). At this point, the iy3/o intruder
has dropped two major oscillator shells (N — 2) and it
can be classified as a super-intruder!. By the time we get
to cadmium, Z = 48, the i;3/, state has come down 3
major shells, and it seems natural to label this orbital a
hyper-intruder (N — 3).

These new bands in '°8Cd provide evidence for the
occupation of a hyper-intruder and suggest the exciting
possibility that hyperdeformed nuclei could be observed.
Of course, the next step would be to identify the neutron
hyper-intruder, which is the ji5/o state in the cadmium
N = 60 region. Calculations [20] suggest we are tanta-
lizingly close and that the ji5/o intruder approaches the
Fermi surface at N = 64, i.e. "'2Cd.

2.3 Highly deformed bands in A ~ 40 nuclei

Recent GAMMASPHERE experiments, using the
charged-particle detector Microball [21], have revealed
the existence of highly deformed rotational structures in
several A~ 40 nuclei, including 36Ar [22] and “°Ca [23].
The first example used the reaction 2*Mg(?°Ne,2a)%0 Ar
at a beam energy of 80 MeV, the second used the
reaction 28Si(?°Ne,2a)*°Ca at 84 MeV. In both cases it
was possible to link the observed bands to the known
level scheme (thus determining their spins, parities, and
excitation energies) and to measure the state lifetimes
and thus extract B(F2) values. The B(E2) values are
consistent with highly collective structures with large
deformations of the order of B ~ 0.5.

The %6 Ar and °Ca deformed structures are interpreted
as core excitations from the sd to the pf shell. In particu-
lar the f7/o N = 3 intruder is occupied (fig. 4): 36Ar has 2
protons and 2 neutrons in the Nilsson [330]1/2 state, while
40Ca has 2 protons and 2 neutrons in the Nilsson [330]1/2

! In general, the occurrence of superdeformed nuclei can be
correlated with the occupation of intruder states not from one
but from but two major oscillator shells above, and in anal-
ogy we may expect hyperdeformed nuclei to involve intruder
orbitals from three shells above.
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Fig. 4. Woods-Saxon single-particle energy levels as a func-
tion of deformation. Solid (dashed) lines are used for positive
(negative) parity. Large spherical and deformed shell gaps are
indicated by their particle numbers.

state and a further 2 protons and 2 neutrons in the
[321]3/2 state, making it an 8p-8h excitation. It is interest-
ing to note that the lowest few states of the proposed 8p-8h
band in 4°Ca were known previously, but it was not until
one had established the full rotational band that the as-
signment as an 8p-8h band could be made with confidence.

A major goal of these studies has been to further un-
derstand the microscopic structure of rotational collective
excitations, that is, to make the connection between the
deformed intrinsic states and the microscopic wave func-
tions. However, for all but the very lightest nuclei trunca-
tions and approximations to the theory are necessary and
these must be tested by experiment. It turns out that the
region around A ~ 40 nuclei is an ideal place to do this.
It is a region where deformed shell gaps are characterized
by intruder states (f7/2) originating from the next higher
oscillator shell, but the limited valence space is still suffi-
ciently small to make large-scale shell model calculations
tractable.

With the essentially complete spectroscopic informa-
tion now available for A ~ 40 deformed bands these data
are proving to be a critical benchmark for a wide range
of theoretical models, including large-scale shell models,
the projected shell model, cranked Nilsson-Strutinsky, rel-
ativistic mean field, Hartree-Fock, and generator coordi-
nate methods (see refs. [22] and [24] for details).

2.4 Lifetimes of the wobbling band in 163Lu

The wobbling phonon was predicted over 30 years ago as
a unique mode of excitation that can occur in a nucleus
which has a stable triaxial deformation. It corresponds
to the situation where the collective angular momentum
R moves away from a principal axis. The rotational fre-
quency precesses around R and the motion can be char-
acterized as a collective (wobbling) phonon. The different
rotational bands are labeled by the number of wobbling
phonons, ny. Recently, the first evidence for the existence
of the wobbling mode was seen in '®3Lu [25]. The reader
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deformed bands in %3Lu. The solid and dashed lines are cal-
culated F(7) curves.

is referred to ref. [26] for a more detailed discussion of
triaxial bands in the A ~ 170 region.

Here, T simply wish to show one very new result on
the lifetimes of the wobbling phonon band in %3Lu. In a
GAMMASPHERE experiment using the reaction 44Ca +
1238h (gold-backed target) at 190 MeV, the lifetimes of the
lowest-lying triaxial strongly deformed band (TSD1) and
the first-excited triaxial band (TSD2) were determined
using the Doppler shift attenuation method. TSD2 is
the proposed single-wobbling-phonon excitation (ny = 1)
built on band 1 (ny, = 0).

The preliminary results of this experiment are shown
in fig. 5, which contains the measured fractional Doppler
shifts (F'(7)) for TSD1, TSD2, and a number of normal de-
formed prolate states included for comparison. The TSD
bands and the normal deformed bands are clearly sepa-
rated. The latter were found to have a Q; = 4.5 eb consis-
tent with previous measurements. The triaxial bands have
a significantly larger quadrupole moment (Q; = 6.9 eb)
consistent with a larger deformation. For our purposes,
however, the absolute value of @)y is not so important as
the fact that TSD1 and TSD2 have identical quadrupole
moments suggesting identical deformations, which is what
one would expect if the bands are indeed the ny, = 0 and
nw = 1 members of a wobbling phonon multiplet. More-
over, these data will also provide a direct measure of the
transition strengths of the interband TSD2 to TSD1 de-
cays, which is complementary to previous measurements
and an important indicator of the collectivity of the exci-
tation mode.

3 GRETA, Gamma-Ray Energy Tracking
Array

Gamma-ray detection has played an important role in
nuclear physics. New scientific insights have come with
each improvement in the detector technology. I will discuss
a next generation gamma-ray detector (the Gamma-Ray

Energy Tracking Array, GRETA [27]), which is based on a
close-packed geometry and will comprise about 100 highly
segmented coaxial HPGe detectors. (See ref. [28] for a dis-
cussion on the comparable European project, AGATA.)
GRETA and AGATA will use the new concept of gamma-
ray energy tracking to give the position and energy deposi-
tion of every gamma-ray interaction in the detector. These
new detectors promise another factor of 100 to 1000 gain in
sensitivity compared to current arrays for a broad range of
nuclear-physics studies. Gamma-ray energy tracking was
first proposed by LBNL in 1994. It takes advantage of the
recent advances in detector segmentation, digital electron-
ics, and computing power.

Present arrays use BGO shields to suppress Comp-
ton events; this means that about 50% of the 47 cover-
age is essentially “wasted” and it has long been realized
that the optimal 47 device would use only Ge. For a 4w
Ge shell to work, and still be feasible, one needs to use
highly segmented detectors. The idea is to have enough
segmentation to follow (track) the individual interaction
points of an incident gamma-ray so that one can recon-
struct its full energy without summing the interactions
from different gamma-rays. Thus the challenge has been
to: 1) produce highly segmented crystals with good signal-
to-noise characterics; 2) develop algorithms to extract the
3-dimensional positions of each gamma-ray interaction;
3) develop algorithms to reconstruct the full energy of
the gamma-ray from these individual interactions (this is
done via tracking, which takes advantage of the angle en-
ergy relationship in the Compton scatter formula).

To reconstruct the energies of multiple gamma-rays
one needs to locate the position of the interactions to
within a few mm. This could be done, in principle, by
having segments that are of the order of few mm them-
selves, but this would require about a hundred segments
per crystal, which is simply not feasible. A key break-
through for coaxial detectors was the realization that one
can use segments that are about 1-2 cm and still recover
the desired few mm position resolution. This is done by
using the signals induced in the neighboring segments (i.e.
those adjacent to the one that collects the full charge) to
interpolate to where the interaction occurred.

A great deal of R&D has been done over the past 8
years, which has demonstrated proof-of-principle in the
three main areas of gamma-ray tracking R&D: segmented
detector technology; signal analysis and decomposition;
and event tracking. Measurements were carried out pri-
marily using the 36-segment GRETA prototype detector
at LBNL. The detector was found to have good energy res-
olution (about 1.9 keV for 1.33 MeV, and 1.2 keV for 60
keV gamma-rays) and the position of a single interaction
within a segment could be determined with an accuracy of
about 1-2 mm in all 3 dimensions [29]. Recently, a compre-
hensive comparison of the simulated and measured signals
from a ¥7Cs source was carried out [30]. In these mea-
surements most of the segments were instrumented with
digital electronics and the full analysis procedure of sig-
nal decomposition and tracking was applied to the data.
The simulated data were treated with exactly the same
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Table 1. Resolving power (RP) of GRETA for different experimental conditions and assuming a solid-angle coverage of 80%

and a position resolution of 2 mm.

Reaction E v/c ~y-ray GRETA RP RP
(MeV) Multiplicity ~ (absolute) (Rel. to GAMMASPHERE)
Stopped nuclei 5.0 0.0 4 2.1 x 107 200
High-spin normal kinematics 1.0 0.04 20 2.4 x 10° 55
High-spin inverse kinematics 1.0 0.07 20 2.2 x 10° 120
Coulex/transfer 1.5 0.1 15 3.7 x 10° 510
Fragmentation in-beam 1.5 0.5 6 5.9 x 10° 12500
Fragmentation Coulex 5.0 0.5 2 2.7 x 103 110

analysis procedure as the measurement. An algorithm
based on the least-square method was used for the sig-
nal analysis, which can handle up to 4 segments each with
2 interactions. The efficiency of this method of locating a
single interaction in one segment to within 1 mm is 85%.
The measurement and simulation agree with each other for
both the raw spectra and the spectra after tracking. As ex-
pected for a single crystal, the tracking improves the peak-
to-total ratio from ~ 16% to ~ 30%, but does not increase
the efficiency. These results indicate that we have an accu-
rate understanding of the signals from the prototype and
all the necessary data analysis algorithms are functioning.

Future research and development plans include: ad-
ditional measurements with the prototype; obtaining a
three-crystal detector module; improving both the signal
analysis and tracking algorithms; developing digital elec-
tronics. Our next step in detector prototyping is a three-
crystal detector module. The crystals will be 9 cm long
with a tapered regular hexagon shape and have 36 seg-
ments, like the previous prototype, but the diameter of
the crystals before they are shaped will be 8 cm rather
than 7 cm. The three crystals will be close-packed in one
cryostat with a gap of less than 3.5 mm between the crys-
tals and 4.5 mm between the crystals and the cryostat
walls. We expect to receive this prototype in one year.

An electronics module for signal digitizing is being de-
veloped. The first version will have eight input channels
and provide energy, time, and pulse shape information.
Each channel can generate and accept an independent
trigger, and the data are read out via a VME bus. The
ADCs have a sampling rate of 100 MHz and a resolution
of 12 bits. This module is being tested and the initial indi-
cation is that it is performing to specifications. Based on
the experience gained from this module, we will design a
40-channel board capable of processing all the signals and
providing the positions and energies of all interactions in
one crystal. Currently, we envision that the construction
of GRETA can be completed in eight years and, prior to
this, experiments will be carried out during an “early im-
plementation” phase.

A 4m tracking array, such as GRETA, promises
tremendous gains in experimental sensitivity and new sci-
entific opportunities. As shown in table 1, GRETA will
have a resolving power that is 100 to 1000 (or more) times
higher than GAMMASPHERE, depending on the type of
experiment. This will serve to extend the cross-section lim-

its of typical in-beam gamma-ray studies from micro-barns
to nano-barns and push the frontiers of nuclear physics to
higher angular momentum, higher excitation energy, fur-
ther from the line of stability, and to heavier elements.

I would like to thank Torben Lauritsen, Carl Svensson, and
Chris Chiara for providing materials presented in this paper,
and all members of the nuclear-structure group at Berkeley for
fruitful discussions and comments. This work has been sup-
ported in part by the U.S. DoE under contract No. DE-AC03—
76SF00098.
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