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ABSTRACT

The new large detector systems are certain to shed new light on many aspects of
nuclear structure. Some of these areas for future studies are discussed.

1. Introduction

In this contribution 1 would like to concentrate on several aspects of nuclear
spectroscopy, that will be accessible by the modern detector systems (e.g., 7-ray
crystal balls or new-generation particle detectors). As one of my experienced exper-
imental friends told me once upon the time, a good experiment should meet three
basic criteria (the so-called experimental exclusion triangle). Firstly, it should be
new and interesting. Secondly, it should be doable. Finally, it should not be too
expensive. Unfortunately, the rule of the game is that if the two of the above condi-
tions are met, the third one is automatically excluded. For instance, if the physics
behind the experiment is interesting and if it is a low-cost deal, the project is not
feasible technically. Or, if the experiment is inexpensive and doable, one can be
sure that it was already done by someone else (probably in the beginning of the;
fifties).

Nowadays, as a rule of thumb, inexpensive experiments do not exist anymore.
The magic triangle of my experimental friend has been reduced to a simple segment
containing two criteria: doable and interesting. On the other hand, as I learnt by
experience, the word interesting has a slightly different meaning for experimentalists
and for theorists. "Dreamy" experiments suggested by theorists are very often
impossible to carry out (another exclusion principle!). The reader should keep this
in mind when going through this short and incomplete list of my own "dreamy"
experiments. The area of interest is so huge, and the space available is so limited,
that a dramatic selection of the material had to be made.

2. Matrix Elements

One of the best tools to measure matrix elements, (j||M(A)||i), of multipole
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operators is Coulomb excitation of atomic nuclei. The contemporary Coulomb
excitation codes allow a determination of hundreds of matrix elements (JS1, E2,
S3, E4, E5, E6, Ml, M2) from several thousand data points obtained from many
independent experiments [1, 2].

Recent developments in the field of heavy-ion induced multiple-Coulomb
excitation make it possible to measure practically all the E2 matrix elements for the
low-lying nuclear states in stable nuclei. This information can then be employed
in the sum rule method. [2, 3] for extracting the collective shape parameters. By
analogy with the usual quadrupole shape parameters (#2i7)j the M(E2) operators
can be related to the two quantities Q and 6:

M{E2,0) = Qcos6, M(E2,2) = M{E2, -2) = - -^=QsinS. (1)

By using the 1=0 tensor products of several E2 operators, e.g.,

[M(E2) x M{E2)}0 = - L Q 2 , [[M(E2) X M(E2)]2 X M(E2)}0 = -J^Q3cos26, (2)

one can extract the E2 invariants in a model independent way. For instance,

(1,1 [M{E2) x M(252)]O (I,) = - t £ y£<I*\\MlE2)\\Ii)(*i\mei)\\*i) { j j ? } • (3)

Knowing the experimental values of the reduced matrix elements of the E2 opera-
tor, one can determine the distribution of the intrinsic quadrupole moment in the
body-fixed frame. Examples of such analysis can be found in refs. [4, 5]. It will
be exciting to see a strong Coulomb excitation effort based on EUROGAM, GAMMA-
SPHERE, and GA.SP. Such a program will certainly yield a very unique information
on intrinsic structures of many nuclear states and will provide a stringent test for
many theoretical models.

A good example of what can -possibly be done using the modern Coulex tech-
niques, is tbi! problem of negative intrinsic dipole moments. It is well known, that
in some cases the octupole coupling between unique-parity and normal-parity sub-
shells is so strong that the nucleus appears to acquire a stable octupole deformation
in the body-fixed frame. For the Ra-Th (Z-88, N~134) and Ba-Sm (Z~56, N~88)
nuclei, features of stable octupole deformation (namely, low-lying negative-parity
states, parity doublets, alternating parity bands with enhanced El transitions) have
been established (see refs. [6, 7, 8]).

Of particular importance are the measurements of higher multipolarity tran-
sition probabilities. Such experimental studies provide us with a rich structural
information about the physics of octupole instability. (Here, excellent examples
are the recent Rochester-Daresbury measurements of El, E2, and E3 moments of
148Nd [9].) In the presence of low-lying octupole excitations, a large isovector-
El moment may arise in the intrinsic frame due to a shift between the centre of
charge and the centre of mass. Such a static dipole moment, Da, manifests itself
by very enhanced electric-dipole transitions between opposite parity members of



quasi-molecular rotational bands. Mean-field based calculations reproduce the sys-
tematic trends observed in the experimental data and also the vanishing values of
the intrinsic dipole moments in certain nuclei. It has been demonstrated [10] that
the recently introduced macroscopic contribution to £><, based on the droplet model
provides a consistent description of experimental data. In particular, the unexpect-
edly depressed El transitions in 146Ba [11] and 224Ra [12] turned out to result from
a subtle cancellation between various contributions to Da. For several nuclei, like
148Ba and 226Ra, calculations yield a negative value of Do. This interesting the-
oretical prediction can be tested experimentally by, e.g., the measurement of an
interference effect between the El and 253 A7=l 7-rays (El/Ei mixing ratio). Such
a measurement would provide an excellent test for theoretical approaches aiming at
reproducing enhanced El rates.

The investigations of magnetic properties of atomic nuclei is another arena
where measurements axe strongly required by theory. The importance of such data
cannot be overstated. For instance, the angular momentum dependence of magnetic
properties, e.g., g-factors or Ml rates, gives unique information about intrinsic
states, their configuration and shape. A good example is the g-factor measurement
in 72>74Se [13] or reKr [14], which clarified several long-lasting questions related to the
nature of aligned bands in these nuclei. The very different alignment pattern of ir=+
yrast line of 76Kr and 78Kr [15] has been explained in terms of deformation change
between those isotopes. In the prolate configuration of 76Kr both ga/2 protons and
neutrons align at the same frequency. The first early crossing in 78Kr was shown to
be caused by the gg/2 neutron alignment at the oblate configuration and the second
(proton) crossing is considerably delayed.

3. Low—spin Structures Far From Yrast

From the beginning of the seventies [16], it has been known that the first
backbending in the yrast band of an even-even system is caused by the rotational
alignment of a high-? pair of quasiparticles: a crossing between the ground band
(g-band) and the so-called Stockholm band (»-band). Microscopically, the wave
function of the a-band can be represented in terms of a two-quasiparticle excitation
with respect to the j-band forming the quasiparticle vacuum, i.e.,

W=«f«fl»>- (4)

Only in very few cases was it possible to experimentally trace the s-band down to
low rotational frequencies. The reason for this is twofold: Firstly, when moving
away from the first bandcrossing, the *-band excitation energy quickly increases.
Secondly, in the limit of low angular momenta, the «-band becomes fragmented
by the mutual interaction with low-lying collective structures, such as quadrupole
vibrational bands, pairing vibrational bands, and shape coexisting structures.

A two-quasiparticle component of a collective vibrational state can be writ-



ten as
5 ] + ; i » ) . (5)

Since \vib) is a collective state, the sum runs over many two-quasiparticle excitations;
there are many components carrying similar amplitudes. Already at rather low
rotational frequencies (before the first bandcrossing in the yrast line), the two-
quasiparticle component, eq. (4), separates out from the expansion (5). Physically,
this is the crossing between the vibrational band and the s-band. Because of a
large number of possible two-quasiparticle states that can interact with s-band
at low spins, a strong fragmentation (dumping) of s-band takes place (see, e.g.,
data on 1T4Hf [17]). Thus, the detailed spectroscopy of quasiparticle excitations at
low rotational frequencies can answer many fundamental questions related to the
problem of the order-chaos transition and can shed light on the relevance of certain
quantum numbers and useful labels introduced in the rotating mean field approach.

There exist advanced numerical techniques to numerically remove small vir-
tual interactions between single-particle [18,19] or quasiparticle [20] routhians. These
approaches, referred to as the diabatic (configuration-constrained) cranking model
(CCCM), make it possible to keep trade of individual high-spin states and rotational
bands by filling specific orbitals of a rotating potential. A minimization with respect
to, e.g., deformation and pairing, is carried out separately for each configuration at
each spin. Fixed-I diabatic potential-energy surfaces (PES) form a convenient start-
ing point for many applications. For instance, one can investigate fluctuations and
low-frequency dynamics around the high-spin equilibria. A representative example
of CCCM+RPA calculations is the analysis of gamma vibrations built upon a specific
rotational band, e.g., the g-band and the aligned s-band [21]. It is expected, how-
ever, that in the region of strong fragmentation (many mutually interacting states)
the diabatic calculations are not very useful and another description, accounting for
the residual interaction between quasiparticles, should be used.

4. Intruder States and Shape Isomers

The phenomenon of intruder states and nuclear isomerism offers an ideal
testing ground for studies of large amplitude collective motion. In order to label
the various meai. ilelds it is important to introduce relevant quantum numbers.
Those can be divided into several groups. The first group of quantum numbers are
those which are associated with real symmetries of the many-body Hamiltonian,
such as parity, angular momentum, and particle number. Ths second group consists
of quantum numbers reflecting the self-consistent symmetries of the mean field (e.g.,
rotations and space inversions) such as the K quantum number or signature. The
third class involves quantum numbers which reflect particular symmetries of the
model used. These are, for example, the principal oscillator quantum number, Notc,
the asymptotic quantum numbers, [JV, nr,A], the quantum numbers of the pseudo-
SU(3) scheme, the labels of the cranked shell model, and so on.

How can one quantify the term "structural differences"? At this point it



becomes convenient to introduce the concept of single-particle intruders (for de-
tailed classification of intruder states, see ref. [22]). It turns out that the number of
particles occupying high-j" intruder single-particle orbitals can often be treated as
an additional quantum number. In particular, a new procedure must be invented
to calculate the PES's at those deformations for which normal and unique parity
orbitals cross. Such an extension of the mean field approach, referred to as the
configuration-constrained mean field approach, has been successfully employed to
many systems in various regimes of angular momentum and deformation.

Particularly interesting examples of the distinguished role played by high-j
orbitals are observed in superdeformed (SD) high-spin nuclei, and in other shape-
coexisting systems [22]. Examples are the deformed configurations in the Sn and
Pb isotopes, the prolate-oblate structures in Se-Kr and Pt-Hg isotopes.

The ultimate test of the theories of large amplitude collective motion is
provided by experimental data. Of particular interest are the measurements of
excited states built upon coexisting configurations (see, e.g., ref. [23]). This kind
of experimental information tells us about a mixing between stable Hartree—Fock
minima and the dependence of this mixing on excitation energy, i.e., it addresses
explicitly the issue of diabaticity [24].

5. Fission Isomers

I am sure that the new detector systems will help us revitalize the physics
of fission isomers in actinides. Unlike the high-spin superdeformed bands, fission
isomers are firmly placed in the level scheme; their bandheads and angular momenta
are known experimentally. On the other hand, due to dramatic competition with
fission and a-decay, it is very difficult to obtain spectroscopic information on excited
states in secondary minima, e.g., high-spin states.

Theoretically, many questions concerning the microscopic structure of fission
isomers in the actinides still remain open. Interestingly, whilst the existing single-
particle models give a fairly good description of superdeformed states around 1S2Dy
and 192Hg [6], it is very difficult to obtain a general agreement, using the standard
model parameters, with the available (scarce) experimental data in. the actinides.
For instance, there have been suggestions [25, 26], that the parameters of the de-
formed single-particle potential exhibit a significant deformation dependence.

An example of a long standing theoretical puzzle and a new area of interest
concerns spin polarization and the structure of the Ml operator at large deforma-
tions. The measurement of ths j factor of the fission isomer in 23TPu [27] places strict
limits on the parameters of the existing mean-field-based models. The intrinsic spin
g-factors are usually reduced with respect to their free values to account for spin
polarization of the core, i.e., g,=fg{T", with / typically varying between 0.6 and 0.7
at normal deformations. However, for large elongations, the spin polarization may
make contributions to the magnetic moments that cannot be simply accounted for
in terms of the renormalization of the free values by a deformation-independent
quenching factor. The early RPA calculations by Hamamoto and Ogle [25] using



a separable spin-spin interaction have suggested that the deformation dependence
of the spin-polarization effect was rather weak. It will be certainly interesting to
revisit this issue, by means of the "state of the art" microscopic approaches.

Another exciting issue, related to both fission dynamics and nuclear struc-
ture, is the question of the i,o-called third minima in nuclei around 232Th. In these
nuclei the second saddle point is split leading to a shallow reflection-asymmetric
minimum with /32~0.85, /33~0.35 [28, 29]. Experimentally, the third minimum shows
up as an alternating-parity microstructure of resonances near the (n,f) ficsion thresh-
old [30]. Recent calculations based on the Gogny-HF model [31] or ti?e Woods-Saxon
model [32] predict the third minima to be deeper than in the previous calculations
based on the Nilsson model [29]. According to the calculations of ref. [32] the
third minima appear in the most actinide nuclei. They are characterized by very
large elongations, /?2~0.9, and significant reflection asymmetry, 0.35</?3<0.65. The
structure of the third minimum corresponds to a bi-nuclear configuration involving
a neariy-spiiericaJ heavier fragment around 132Sn and a very deformed (SD) lighter
fragment around 102Zr. Since at the third minimum the neck is already well devel-
oped, it is expected that the mass distribution of the fission fragments should be
largely determined by the structure of the hyperdeformed configuration (see also
ref. [33]). Consequently, the modern spectroscopy of fission fragments can be a very
unique tool for accessing superdeformed states of neutron-rich systems.

6. Transfer Studies

A few words about transfer studies: Everyone agrees that stripping or pick-
up reactions are crucial for an understanding of the structure of single-particle
states. Unfortunately, there is very little activity in this research area... The present
experimental information about the long-ranged (particle-hole) effective interaction
is rather rich. We have learnt a great deal about various nuclear deformations and
moments. Compared with the particle-hole channel, it is amazing how scarce our
knowledge is about particle—particle correlations (pairing forces) from pair transfer
studies. Without this direct information, it will be difficult to fully understand
pairing interactions. The standard measures of pairing properties are indirect (odd-
even mass differences, moments of inertia, crossing frequencies, etc.) and they
largely reflect the average properties of pairing field, hiding the specific features
(e.g., interplay between various pairing forces). In this context the pair transfer
studies at high spin [34] are very interesting. I hope that the transfer program will
be very much present at EUROGAM, GAMMASPHERE and GA.SP.

7. Par Prom Stability

Nuclei far from stability have never been as close to us as they are now -
thanks to exotic (radioactive) ion beam (RIB) facilities currently under construction
in Europe, U.S.A., and Japan. In particular, the combination of RIB and the new-
generation multidetector arrays should open up new avenues of exploration (will



this dream ever come true?). The physics of exotic nuclei is one of the fastest
developing subjects in nuclear physics. In the light nuclei, there already exists a
whole new subneld of neutron and proton halos. In the medium mass and heavy
nuclei, explorers are approaching the proton drip line and very neutron-rich systems.

The spectroscopy of proton emitters is a new exciting area of investigation.
These nuclei are unique laboratories of quantum-mechanical tunnelling and the in-
teraction between resonant states and bound states in the limit of very small level
density. A good example of exotic spectroscopy on the proton-rich side are the
recent measurements for the Pb isotopes. The lightest Pb isotope identified experi-
mentally in alpha decay [35] is l82Pb (N=100) with a half life of 55±^ ms. However,
the lightest Pb isotopr 3 fcr which there exists some spectroscopic information are
i86,i88pb (N=i()4, 106). Very recently, Heese et al. [36] were able to perform high-
spin spectroscopic studies for those very neutron deficient nuclei, thus reaching the
middle of the 82<N<126 shell (N=104). They reported low-lying collective bands
and interpreted the data in terms of prolate-deformed structures (for recent sys-
tematic calculations, sc^ [37]).

Oa the neutron-rich side, the studies of the heavy-Zr nuclei, 28<Z<50,
50<N<82, using heavy-ion fusion reactions are worth mentioning. In those mea-
surements it was possible to approach the very neutron-rich systems (medium-mass
neutron halos) such as 104Zr or 108Mo [38].

8. Superdeformations

The observations of extremely elongated, rapidly rotating configurations of
the nucleus, the SD states, open .1 new area in the physics of atomic nuclei - high-
spin spectroscopy at 2:1 shapes. Indeed, a measurement of the discrete SB states in
the 20-60 ft spin range is slowly becoming a "standard" experiment for the nuclear
7-ray spectroscopist, thanks to both the high skills of the experimentalists and the
advent of very powerful 7-ray Compton-suppressed multi-detector arrays. A sizeable
amount of the high-spin discrete-line spectroscopic date, on SD states taken up to
now makes it possible, for the first time, to test fine details of the underlying shell
structure.

We have learnt, for example, that the spectroscopy of SD bands can give us
some insight into the structure of high-if states that govern the rotational properties
at 2:1 shapes. In particular, a correlation has been found between the number of
these intruder orbitals and the behavior of the moments of inertia. The intruder
orbitals which become occupied in the SD bands lie very high in energy (around 8-10
MeV above the Fermi surface at typical ground-state deformations. This means
that the spectroscopy of SD bands offers a very unique possibility for probing the
relatively pure shell-model configurations at extreme conditions. By extracting the
positions of high-JV levels at large deformations and extrapolating them back to the
normally-deformed or spherical shapes we may in the future gain some information
about the energy position of the high-j subshells that otherwise cannot be accessed.

We can also see that the existence of SD shapes enables us to probe the



structure of the natural-parity states that carry very little angular momentum. In
addition, because of the very weak Coriolis force these states have extremely pure
configurations; thus they can be used to test fundamental symmetries of the mean
field, such as the pseudo-spin, pseudo SU(3), and the multiple SU(3) symmetry of
the rational harmonic oscillator [33].

Although some of the questions concerning the structure of SD states have
already been answered, many problems still remain open. One of the most puzzling
questions is the population mechanism of the SD bands. Why are just these special
states so favored among many other possible configurations that appear at excitation
energies arouud 8 MeV (a typical neutron separation energy)? We have already
learnt that as soon as the SD states are formed the relative in-band intensity is
almost constant. This suggests that these states hardly mix with (very many) close-
lying levels because of their very distinct intrinsic structure. Another interesting
problem is the very rapid feeding out of the SD bands. Last, but not least, there is
the unsolved mystery of identical bands. Although discovered at super deformations,
this phenomenon is rather common; twinned bands have been found everywhere [39].

According to the model predictions (see, e.g., refs. [6]), low-lying super
and hyperdefcrmed configurations are expected in various mass regions, many of
them are practically inaccessible with the present detector systems (too low cross
sections), or inaccessible at all using combinations of stable beams and targets.
According to predictions of the mean field theory, nuclei in the N=Z~40 mass
region favor 2:1 shapes. This tendency remains at high spins, and SD configurations
in nuclei around 3lSr44 or 44R.U44 are predicted to be yrast at spins -^30-40 h [19,
40]. Since neutron and proton numbers are rather close, the neutron and proton
SD configurations are similar, corresponding to the alignment of one or two l/in/2

protons and neutrons. At very high spins the lowest 1*13/2 orbitals also become
occupied. On the neutron—rich side, the best prospects for superdeformation are
expected to be in nuclei around 1SfRu64. Indeed, by combining the SD gaps at Z=44
and N=64 one obtains a very favored SD structure which becomes yrast around
r=35ft [40,41].

According to the recent calculations [42, 37], the SD minimum observed in
i9o-2oojjg disappears in 188Hg. However, with decreasing neutron number the SD
states reappear again. Interestingly, the excitation pattern of the low-deformation
shape-coexisting configurations and the SD states is symmetric with respect to the
middle of the shell, i.e., N~102. A similar situation has also been calculated for the
Pt and Pb isotopes [37].

A new region of hyperdeformed shapes has been predicted around 130Ce [43].
These structures involve N=G protons and N=7 neutrons and are expected to be-
come yrast around 1=50 h. As discussed in the proposal for the Oak Ridge Radioac-
tive Ion Beam Facility (RIB) [44], the new beams will provide the necessary tools to
access high-spin states in regions with N=Z~40, around 120Ce, and around 176Hg.
The new magnificent instruments will certainly shed new light on many of the basic
questions surrounding the physics of superdeformation and give rise to the prospect



of observing many new phenomena.

0. Other Topics. Summary

There are many "dreamy" experiments to be done. Every nuclecx physicist
can quote a number of exciting ones. Of course, the term "dreamy" is a qualified
one; what is exciting for me can be "awfully boring" for some of my colleagues
- this is always a question of taste and personal judgement. In the list above I
did not mention many most interesting subjects which will surely be investigated
using the new powerful detector systems. One such area are giant resonances,
quasicontinuum, and chaos (complete spectroscopy). Other topics include reaction
mechanisms, fundamental measurements (symmetry violations), and many, many
others. The new-generation detector systems will open up new avenues in nuclear
physics. We should be prepared for many surprizes and a lot of excitement.
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