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Atomic nuclei provide a unique laboratory for the study of quantal systems under the
extreme conditions of high spin, temperature, pressure, baryonic and energy densities.
For example, collisions of heavy ions at relativistic energies are expected to produce high
temperatures (T ~ 200-300 MeV). and large enough energy densities that are sufficient to
create deconfined quark matter over an extended volume. Recreation of this novel state of
matter, which is believed to have existed momentarily in the first few microseconds of the
early universe, will provide the most clear evidence in support of the QCD as the correct
theory of strong interactions. Interestingly, even at such high energies, some vestiges of
the low-energy nuclear structure remain discernible. For example, measured transverse
energies, which are sensitive to the nuclear size, reflect the shape and deformation of the
cold target nucleus,

Of course, we have far simpler techniques at our disposal to probe the deformation of
cold nuclei, both at low and high spins. Indeed spectroscopy of the discrete superdeformed,
as well as normally-deformed states in the 50-60 h spin range is becoming "routine",
thanks to both the ingenuity of the experimentalis. and the advent of powerful gamma-
ray detection systems. Similarly, these technical feats have been matched, or oftentimes
surpassed, by the impressive achievments in the theoretical understanding of the nuclear
behavior at high spins. After all. theoretical predictions for the presence of superdeformed
slates at high spins in the A ~ 150 mass region preceded the discovery of these states by
almost a decade.

The picture, unfortunately, is not as bright when it comes to the understanding of the
structure of nuclear systems at finite temperatures. Although heavy-ion fusion-evaporation
reactions constitute the basic tool to form and study hot nuclear matter, it is surprising
thai many of the important parameters that enter into the simulation of such reactions
are not yet known reliably. To illustrate, determination of the full range of the partial
waves contributing to the fusion cross section at or below the Coulomb barrier; compe-
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tition between fission, neutron,charged particle, and 7 emmision in the initial stages of
the deexcitation; or variation of the level density with spin and temperature are not fully
explored. Even more glaring is the fact that our knowledge about such basic processes as
the competition between statistical and non-statistical cooling still remains limited: it is
only very recently that we have begun to appreciate the important role of Ml transitions
in cooling hot deformed nuclei. (See Egido's presentation in this session, and a further
discussion of the experimental findings below.) Naturally, a vigorous theoretical and ex-
perimental undertaking must be attempted to remedy the situation before we can attack
the very intersting and challenging problem of studying the evolution of nuclear properties
as a function of not only spin, but temperature as well. Despite the technical difficulties
involved, studies of the temperature degree of freedom could be richly rewarding: impor-
tance of quntal fluctuations and their influence on the expected phase transitions (both
in deformation and gauge spaces); rotational and vibrational damping, and the effects of
motional narrowing; and gradual vanishing of pairing, shell effects and collective motion
in hot nuclear matter are only a few examples of the rich and varied phenomena yet to be
explored.

At this conferecnce, we heard about some of the current theoretical and experimental
efforts that have addressed some of these questions. The purpose of this commentary is to
briefly review several of these works, and to enumerate a few of the difficulties encountered
in the interpretation of the experimental results. To be brief, I confine my comments to
the studies in the particle-bound regime, i.e. a temperature range of T < 1 MeV. Among
the interesting topics to be addressed in this temperature range are the question of thermal
fluctuationions, and the variations of the pairing correlations , shape parameters, nuclear
collectivity, and rotational damping width with spin (1), and excitation energy (U).

1. PAIRING CORRELATIONS

Experimentally, variation of the pairing correlations as a function of spin and temper-
ature is the least explored item in the above list. Of course, this comes as no surprise:
even at zero temperature it is difficult to draw unambiguous conclusions regarding pairing
correlations, as hinted by J.D. Garrett in his talk. It was stressed by P. Ring that transfer
reactions provide the best probe of pairing correlations. However, systematic investigation
of pairing correlations as a function of temperature via transfer-reaction studies remains
to be a future task.

2. ROTATIONAL DAMPING

Nuclear rotational damping is a relatively new topic, and we can draw only preliminary
conclusions about its variation with temperature, as discussed by F. Stephens. It should,
however, be emphasized that since these conclusions are based on comparisons of the
experimental data with simplified simulations of the decay process, they must be viewed
with caution.

First of all, on the experimental side it would be highly desirable to isolate the effects
caused by variation cf spin, from those due to changes in the excitation energy. Techni-
cally, this could be achieved by simultaneusly measuring (H.K) , and investigating the
differential effects of H and K on the rotational damping width and other observables.
(H is the total pulse height of the 7 rays and measures the total excitation energy; K is
the total coincidence fold and is proportional to the spin.) This technique is already in



use at Oak Ridge (Ref. 1) , and is becoming available at other laboratories.
On the simulation side, the real challenge lies in the calculation of decay pathways

that reflect only the influence of the assumed function for Trot(U, I) , and are free from
biases caused by inadequate assumptions regarding other input parameters. For example,
since decay pathways probe and span a large portion of the (U, I) plane, we need a full
description of both the shape parameters , {0,~[) , and their radiation patterns as a
function of spin and excitation energy. In the talk by J.D. Garrett, we learned about the
tendency of even the well-deformed, "rigid" nuclei to change their shapes at high spins.
Similarly, at high temperatures, not only do we expect changes in the most probable value
of (P,~f) , but also thermal fluctuations that produce a large ensemble of shapes. The
resulting average shapes are usually very different from the most probable shape (see A.L.
Goodman's talk in these proceedings).

Another factor that significantly affects the results of these simulations is the form of
the 7-ray strength functions (El, Ml, and E2 radiation) which enter in the determination
of the decay pathways. In the present simulations, these strength functions are kept
at fixed values for all spins and temperatures. This assumption is at variance with the
calculations presented by J.L. Egido, which show considerable variation in the Elf Ml ,
El/E2, and particularly M1/E2 branching ratios as a function of spin, temperature, and
7-ray energy. A very important result is the significant enhancement of the Ml radiation
at high temperatures, which is in agreement with the recent experimental results 2 '3).
Neglecting these effects (i.e., variation of the shape parameters and strength functions),
will result in simulation of unrealistic 7-ray decay pathways which may well mask the
true behavior of the rotational damping width. For example, neglecting the enhancement
of the M1/E2 branching ratio at high temperatures will result in a larger number of
correlated 7-rays in the simulated cascades. Thus, when experimental data are compared
with such a simulation, one deduces an apparently smaller number of correlated 7-rays,
which in turn will be translated into a larger value for r r o t at high temperatures. This
could easily obscure the effects of motional narrowing. Obviously, a detailed experimental
and theoretical study of the 7-ray strength functions at high spin and temperature is called
for.

3. SHAPE CHANGES
To a limited extent, variations of the nuclear shape and collectivity as a function

of spin and temperature may be studied by using continuum 7-ray spectroscopy (7-ray
energy, angular distribution, polarization, and life-time measurements) in conjunction
with (H. K) gating. In a recent study of 1S8Yb along these lines, it has been observed that
,at high spins, noncollective features near the yrast line gradually give way to collective
structures at high excitation energies 3). These features include broad E2 {E1 ~ 1.2 MeV)
, and Ml (E-, ~ 2.5 MeV) structures that emerge at moderate excitation energies, and
grow increasingly with temperature. The short (sub ps ) life times of these transitions
attest to their collective nature. In the calculations presented by A.L. Goodman, while the
minimum in the potential energy surface remains on the noncollective oblate axis, thermal
fluctuations result in average shapes that become increasingly prolate as the temperature
is raised. Using 0d0d-f as the volume element, he obtains average values of/3 = 0.128 and
7 = 3.9 deg at a temperature of 0.8 MeV and spin of 40 h. To compare with the above
experimental data, one needs to calculate E2 and Ml 7-ray spectra that originate from



these average shapes. This requires an integration over the entire ensemble of shapes that
make up the average shape for a given point in the (U, I) plane. Once again, a knowledge
of the 7-ray strength functions, and the radiation pattern ( especially the Ml radiation)
of a rotating triaxial body is needed for such a calculation.

As pointed out by Chen and Leander 4', for axially symmetric shapes, the centroid of
the Ml bump directly reflects the magnitude of the quadrupole deformation parameter,
/?. Thus, similar to the splitting of the GDR, it provides a very useful probe of the shape
parameter /3 at finite temperatures. Indeed, by varying 8. Chen could obtain a good
fit to the above experimental E2 and Ml spectra in 158}r6 (Ref. 3). These calculations
neglected thermal fluctuations. The deduced value of /? = 0.35 is considerably larger than
the average value of 0.128 obtained by Goodman. The effects of triaxiality on the Ml and
E2 spectra remain to be investigated E).

Interestingly, self consistent HFB calculations give also smaller /? values at higher
temperatures, where the GDR splitting has been used to infer an "effective" deformation
parameter 6). Obviously, changing the volume element to 04d/3 | sin(37) ! d-1 wiU shift
the results toward larger values. However, it is not obvious if this is the correct volume
element, or if it could account for the discrepancies.

Finally, is it possible to experimentally estimate these thermal fluctuations? That is,
how can one distinguish between a dynamic deformation due to thermal fluctuations (as
used by Goodman) , and a static deformation ( as used by Chen)? Will the difference be
distinctly reflected in some observables, such as the width of the Ml strucure?

Answers to these questions will be hopefully forthcoming in the near future.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, cr favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


