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The review is devoted to a topical problem of nuclear physics, namely, the interaction of heavy ions at
energies ~ 10 MeV/nucleon. The experimental data on fusion reactions, deep inelastic collisions, and
excitation of giant resonances in heavy-ion collisions are analyzed. Theoretical approaches to the description

of these processes are discussed.
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INTRODUCTION

During the last five or six years, much research has
been done at numerous scientific centers on reactions
involving heavy ions, These studies were initiated by
successes in the development of accelerator technology
with the possibility for accelerating very heavy nuclei.
Currently, there are heavy-ion beams with either ener-
gies of order 10 MeV/nucleon or relativistic energies
around 1 GeV/nucleon. The existing plans, after real-
ization, will open up a new and interesting range for in-
vestigation, namely, reactions with heavy ions at ener-
gies ~100 MeV/nucleon, This will make it possible to
construct a “bridge” between the investigations at ~10
MeV/nucleon and ~1 GeV/nucleon.

By means of beams of heavy ions accelerated to rela-
tivistic energies, investigations are currently being
made of the properties of nuclear matter under ex-
tremal conditions (pion condensation, critical charge,
superdense nuclei) and a search made for collective ef-
fects in the interaction of nuclei (cumulative effect,
threshold effects, shock waves).

Outside the relativistic region at energies up to 10
MeV/nucleon, where collective effects, which deter-
mine the course of reactions with heavy ions, play an
important part, the investigations are concentrated on
elucidating the microscopic picture of the collective ef-
fects in the hope of understanding the mechanism of the
various reactions, This branch of heavy-ion physics has
developed most rapidly in recent years, but it is still
far from the construction of a unified picture of such
reactions, Many questions are still unanswered, while
many new ones are being posed by the experimental in-
vestigations,

This review is an attempt to systematize the problems
investigated in this branch of physics.! The main atten-
tion will be concentrated on the problems still unsolved.
It is convenient to classify the various types of reaction
involving heavy ions on the basis of classical notions
about the motion of an ion in a trajectory. Then, depen-
ding on the distance of closest approach of the nuclei,
different types of reaction will be realized (Fig. 1). In
grazing collisions of the nuclei, only direct reactions
with characteristic reaction times 10~%-10"% sec take
place.

In the case of closer encounters of the nuclei, deep
inelastic collisions of the heavy ions are observed., This
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type of nuclear reaction was investigated for the first
time at the Laboratory of Nuclear Reactions at Dubna.?
We encounter here a fundamentally new phenomenon in
nuclear physics—the existence of a double nuclear sys-
tem, Such a system lives for ~10~%! sec, without
reaching a state of complete equilibrium, This makes
it possible to investigate various nonequilibrium pro-
cesses in nuclear matter, The different partial waves
that contribute to the deep inelastic collisions corre-
spond to different interaction times and, accordingly,
different angles of deflection of the incident nucleus.
Therefore, investigation of the correlations between the
reaction characteristics and the angular distributions
gives information about the development in time of the
nonequilibrium processes. Finally, the nuclei may get
s0 close to each other that fusion reactions become
possible, The system formed in such a case evolves
toward the establishment of statistical equilibrium,
The process ends either with the evaporation of light
particles and the formation of a residual nucleus or
with fission into two fragments (7 =10~%-10"1 sec).
The fusion reactions are of great interest in connec-
tion with the attempts to synthesize superheavy ele-
ments, In this direction, fundamentally new results
have been obtained at the Laboratory of Nuclear Reac-
tions,’

Because of the low compressibility of nuclear matter
at energies of the incident ion up to 10 MeV/nucleon,
the mutual penetration of the nuclei is slight, except
for light systems, and the interaction occurs basically
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FIG. 1. Classification of heavy-ion reactions according to the
value of the impaet parameter b and the reaction time; bgr is
the value of the impact parameter corresponding to a grazing
collision.
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on the surface of the nucleus, Therefore, except for
the fusion reactions, the reactions considered above
can be classified as peripheral.

1. DIRECT REACTIONS
1.1 Elastic scattering

At low energies, there is purely Coulomb scattering
of the heavy ions: either elastic, described by the
Rutherford formula, or inelastic, accompanied by Cou-
lomb excitation of the nuclei. With increasing energy,
the nuclei make closer encounters, Besides the Cou-
lomb interaction, the “tail” of the nuclear potential be-
gins to have an effect. Therefore, the elastic scat-
tering cross section is no longer described by the
Rutherford formula, Elastic scattering is conveniently
characterized by the ratio of the experimental cross
section of elastic scattering to the Rutherford cross
section, As can be seen in Fig, 2,* this ratio decreases
exponentially above a certain angle. The angle at which
0« /0 e =0.25 is called the angle 6 . of grazing colli-
sion, Knowing it, one can determine the values of the
orbital angular momentum / & and the impact parameter
by corresponding to a grazing collision, Knowing 0,
one can in principle also determine the interaction
range R ;,, With increasing energy of the incident ion,
£y decreases, and the rate of decrease of 0, /0,y in-
creases (see Fig. 2).

This behavior of the cross section corresponds to a
simple classical picture in which all the partial waves
with I greater than some critical [, are scattered with
virtually no absorption. The partial waves with I <[,
are absorbed without contributing to the scattering, The
scattering is determined by the “tail” of the nuclear po-
tential and does not depend on the behavior of the poten-
tial within the nucleus, This is the reason why optical
potentials with the same tails but very different be-
havior within the nucleus describe the experimental
data on elastic scattering equally well,

Such a picture existed for several years prior to the
experimental discovery of anomalously strong scatter-
ing through large angles and a number of other facts.®
To describe this phenomenon, it was necessary to as-
sume that the partial waves with angular momenta near
I, are absorbed much less strongly than hitherto as-
sumed, The transparency of the nucleus for surface
partial waves leads to an interference between the
waves reflected from the surface of the nucleus and the
waves reflected from its inner regions. The interfer-
ence of these waves is manifested through the fact that
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FIG. 2. Cross section for elastic scattering of %0 jons by
208ph at energies 129.5 (a) and 192 MeV (b).
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the elements s; of the S matrix cease to depend smooth-
ly on /, Their behavior exhibits nonmonotonicity. The
weak absorption of the partial waves with large values
of / in the surface layer and the occurrence of a
standing wave in it sharply increase the backward
scattering compared with the case of strong absorption,

The anomalous backward scattering may be due to the
transfer of a group of particles (cluster) from one nu-
cleus to the other or to scattering on substructures (for
example, a clusters), Many problems associated with
anomalous backward scattering are now understood, but
a full explanation of this phenomenon has still not been
provided.

1.2 Excitation of giant resonances

Among the experiments on the inelastic scattering of
heavy ions, investigations into the excitation of giant
resonances are of independent interest and also of in-
terest from the point of view of studying the energy-
dissipation mechanism in collisions, The probability
that a fragment is discovered in a distinguished reso-
nance state depends on the considered system. For
heavy nuclei, the probability of multiple excitation of
giant resonances is large because of the large losses of
kinetic energy. In these reactions, it is difficult to ob-
serve a fragment in a distinguished and, therefore,
identifiable state, It is therefore necessary to increase
the energy per nucleon of the incident nucleus in order
to obtain information about the early stage of the energy
relaxation process and observe fragments in the dis-
tinguished resonance state.

In light systems, the high energies of the giant reso-
nances make the separation of fragments in a distin-
guished resonance state probable, The question at
issue is whether there is selective population of giant
resonances above the continuum,

So far, only a few investigations have been made in
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FIG. 3. Energy spectrum of the *'Al (3¢, 2C%?'A1* reaction
at E,, = 82 MeV, The excitation regions corresponding to the
low-energy octupole resonance (LEOR) and the giant quad-
rupole resonance (GQE) are shown.
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which giant resonances were excited by means of heavy
ions.®~® In Ref. 6, the 'Al(!%C, 12C*)?"Al* reaction was
investigated at E,, =82 MeV. The energy spectra,
measured at different angles, reveal transitions to
groups of states at 10.4, 12.8, and 14-26 MeV (Fig. 3).
The groups at the excitation energies 10.4 and 12.8
MeV lie in the region of the low-energy octupole reso-
nance of ?’Al, although there are no direct indications
that these are octupole transitions., The broad struc-
ture covering the range of excitation energies from 14
to 26 MeV coincides with the known position and width
of the giant quadrupole resonance in 2'Al, The inte-
grated cross section corresponding to excitation of the
individual resonances was 10 mb, whereas the total
inelastic cross section is 200 mb, which indicates a
relatively low probability that the target remains in the
resonance state at the end of the reaction. Data do
exist! on the excitation of isoscalar quadrupole and
octupole resonances in ?%Pb and *™Ni by 315-MeV O
ions,

It is evident that under certain conditions heavy ions
can be used to excite giant resonances of high multi-
polarity,

2. DEEP INELASTIC COLLISIONS

The elucidation of the mechanism of deep inelastic
collisions of heavy ions is one of the most important
problems in heavy-ion physics. In such reactions, a
huge number of internal degrees of freedom of the nu-
cleus are excited, and it is impossible to follow the
evolution of each of them, Instead, one considers the
most important, collective degrees of freedom asso-
ciated with the change in the state of the motion of a
large number of nucleons, and one considers their in-
teraction with the large number of internal degrees of
freedom, Such collective macroscopic degrees of free-
dom are: the kinetic energy of the relative motion; the
total excitation energy and its distribution between the
fragments; the mass or charge distribution between the
fragments; the relative angular momentum; the internal
angular momenta of the fragments and their orientation;
the relationship between the numbers of neutrons and
protons in the fragments; and the deformation of the
system,

The coupling between the collective and single-par-
ticle degrees of freedom is a source of irreversible
processes in the nucleus such as friction and mass and
charge transfer. Although different irreversible pro-
cesses have already been investigated for a long time in
many branches of macroscopic physics, deep inelastic
collisions have for the first time opened up the possi-
bility of studying them in a small quantum-statistical
system such as an atomic nucleus, The study of deep
inelastic transfer reactions is also interesting in that
we obtain information on macroscopic properties of
nuclear matter such as the viscosity, thermal conduc-
tivity, and mass and charge diffusion,

The various macroscopic quantities have different re-
laxation times. One of the most important advantages of
deep inelastic collisions of heavy ions is the possibility
of studying a nuclear system at different stages in the
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FIG. 4. Energy spectrum of products of deep inelastic heavy-
ion collisions. E,, is the position of the center of the deep in-
elastic maximum, and I is its width.

relaxation processes on account of the connection be-
tween the angular distributions and the interaction
times, We shall consider below in more detail the
various relaxation processes which take place in nuclei
in deep inelastic collisions.

2.1 Dissipation of the kinetic energy

One of the most characteristic features of deep inelas-
tic collisions of heavy ions is the large loss of kinetic
energy. Study of the process of kinetic-energy dissipa-
tion must provide the answer to questions such as the
following: which nuclear states are excited preferen-
tially; what is the excitation mechanism; what is the
characteristic time of “discharge” of the main part of
the kinetic energy; how is the excitation energy distri-
buted between the fragments; how rapidly, if at all, is
thermal equilibrium established ?

Experimental data, The energy spectrum do/dE of
the reaction products is shown schematically in Fig, 4.
Its most characteristic features are the narrow quasi-
elastic peak and the broad peak corresponding to deep
inelastic collisions with large energy loss up to several
hundred MeV. An increase in the energy of the incident
ion leads to a growth in the width I of the deep inelas-
tic peak,! 1% At the same time, the most probable
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FIG. 6, Dependence of the mean kinetic energies in the
center—of mass system of the products of the 2Ne + 107 10945
reaction (Ey,, = 252 MeV) on the Z of one of the fragments for
different angles. The curves correspond to the calculated
kinetic energies of the fragments obtained under the assump-
tion of Coulomb repulsion of two spheres in contact (upper
curve) or two spheroids (lower curve).

kinetic energies E,_ of the fragments are in many cases
independent of the energy of the incident ion. This last
fact indicates that the energy dissipation is a fast pro-

cess,

Important information can be obtained by investigating
the correlations between the energy losses and the mass
transfer. The differential cross section d%/dEdZ is
shown as a function of the kinetic energy for different
elements in Fig. 5. For Z near Z, of the incident nu-
cleus, the spectrum contains an appreciable high-ener-
gy component, With increasing |Z- Z,|, the spectrum
becomes softer.

As can be seen in Fig, 5, a significant part of the
cross section corresponds to kinetic energies lower than
the Coulomb energy calculated for two touching spheres.
Therefore, deformation effects in the exit channel make
an important contribution to the energy dissipation. The
same characteristic features as for heavy systems can
be found in reactions with light nuclei, The mean ener-
gies of the fragments (deep inelastic component) in the
Ne + Ag reaction!? are compared in Fig. 6 with the Cou-
lomb energies calculated for two colliding spheres or
spheroids. In this case too deformation effects make
an appreciable contribution to the energy dissipation,

Study of the correlations between the energy loss and
the most probable deflection angle gives information
about the time characteristic of the energy dissipation,
The contour diagram of the double differential cross
section d%/dEd6, which was published for the first time
by Wilczyiiski®® for the ®?Th(®Ar, K)Ac reaction at E
=388 MeV, is shown in Fig. 7. The diagram reveals
two “ridges” in the E—6 plane. A large ridge leads to
lower energies and to 6=0°. The second ridge leads to
large angles and only slightly lower energies, It is as-
sumed that it continues the first ridge to the region of
negative angles,

To determine the interaction time, it is necessary to
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FIG. 7. Contour diagram of the double differential cross sec-
tion d%0/dEd9 for the 2Th(*’Ar, K)Ac reaction at laboratory
energy 388 MeV. The black circles are the angular momen-

tum for 1, in the range from 250 to 180.

construct the experimental deflection function 6(l).
Such a construction is based on the assumption that the
E axis in the Wilczyiiski diagram can be converted to
the I axis, The difference A6, between the experimen-
tal and Coulomb deflection functions characterizes the
angle through which the intermediate system is turned
during the interaction time 7, , which can be calculated
approximately: 7 ,,()=A8,J()/%l, where J() is the
moment of inertia of the intermediate system, As fol-
lows from the evaluation®® of the experimental data,
Tin () decreases exponentially with increasing ! (Fig.
8).

Information on the time characteristic of energy
dissipation can also be obtained by investigating the
correlations between the energy loss and the width of
the charge distribution 0§ of the reaction products,
since the transfer of nucleons requires a definite time,
The dependence of AE on ¢ 2 for the Xe +8n reaction
(E 4o =779 MeV) is shown in Fig. 9. The connection
between the scale of ¢ % with and t, is indicated.
However, such a graph does not give a full picture of
how rapidly the energy loss proceeds. For example,
for Ty =2x 10~2! sec, AE=135 MeV. However, on the
basis of this graph one cannot assert that 70% of the
AE is lost in =1,1x 10~ gec. For example, calcula-
tions in a model using a phenomenological frictional
force!® show that 70% of the kinetic energy is lost in a
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FIG. 8. Dependence of the interaction time on the angular
momentum [ .
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FIG, 9. Dependence of the kinetic-energy loss AE on the width
ozz of the charge distribution of the light fragment in the Xe+ Sn
reaction (Ej, = 779 VeV),

time ~1,2x 10~ sec. Therefore, the energy can be
lost in a very short time (amounting to a small fraction
of T,.) despite the correlations shown in Fig. 9, which
are also reproduced by calculations in the framework
of phenomenological models. It cannot be concluded
from these correlations that the “discharge” of the
kinetic energy and the diffusion of the nucleons take
place in a comparable time, It can be seen from Fig,

9 that for short interaction times a high rate of energy
dissipation is characteristic.

Depending on the interaction time, and therefore on
the number of transferred nucleons, the nature of the
angular distributions also changes (Fig. 10)."°* Angular
distributions with a sharp peak at 6, are encountered
only for elements with Z near Z,. For |Z- Z,|=86, the
angular distributions become smoother and acquire fea-
tures characteristic of systems with relatively long
lifetimes.

Great interest attaches to the investigation of the dis-
tribution of the excitation energy between the fragments
in deep inelastic reactions, The experiments so far
made?™ % indicate a distribution of the excitation energy

T+ Fr(bzomevy | TN 20004

F0(x10%)

o 200x10%) \@m
1% s e :,'g-rx'vg‘;

km‘)
%‘o 4

e

412167

o

M
20235 |

73(»6%)

/

500 43(x10%)

7

(da/dS2)ems, mb/sr
| a‘
'y
T T
/;/
S -

440e10™)

35(x10")
45(x70")

o
wd
y 27(x10") 70y
ok 37(x .
¥ e j ‘ 46(210°
: \_\\ﬂﬂiﬂ‘;
1071 x10™
B 470x10%)

o (I S ST TR TSSO (e o
30 60 ;ﬂ 120 150 3w 6o 90 120 150 30 60 90 720 50
Oems. deg
FIG. 10. Dependence of the angular distribution on the Z of the
light fragment in the ¥Au+ ®¥Kr reaction (E,,, = 620 MeV).

)

1
o

(!

133 Sov. J. Part. Nucl. 12(2), March-April 1981

proportional to the masses of the fragments. However,
the question of structural effects in the distribution of
the excitation energy associated, for example, with the
manifestation of large shells remains open.

Theovetical models. To describe the process of dis-
sipation of kinetic energy, it was suggested’ that clas-
sical equations of motion with phenomenological fric-
tional forces should be used. Choosing the value and
radial dependence of the fraction tensor, one can
achieve a satisfactory description of the experimental
data”™1 if allowance is made for deformation effects
in the exit channel. However, such an approach does
not give information about the energy-dissipation
mechanism,

This mechanism was analyzed in the framework of
classical notions in Refs, 20 and 21, Since nucleons
are characterized by a long mean free path if the ex-
citation energies of the nuclei are not high, they can
be treated in a first approximation as an ideal gas in
a closed shell, Collisions between the nucleons and
the surface lead to an exchange of energy between the
motion of the nucleons and the collective motion of the
surface, i.e., to energy dissipation. Another possi-
bility is associated with transition of nucleons from
one nucleus to another. The relative momentum of the
nucleon will be dissipated, going over into momentum
of internal excitation. In this last case, the energy loss
per nucleon must decrease linearly with increasing
dissipation of the energy. The experimental data con-
firm such a dependence,’> However, the observed ener-
gy losses are much greater than the classical model
predicts, Exchange of nucleons explains 15-30% of the
energy loss, The remainder must be due to excitation
of nucleons in the same nucleus. Here one could have
incoherent particle—hole excitations? or collective ex-
citations, i.e., giant resonances.? Of course, the
giant resonances have a fairly large width and are cou-
pled to other excitations of the nuclei of more compli-
cated nature (two-particle-two-hole, etc.), but they
could be “doorway” states in the reaction,

Emission of light particles, We now consider the rate
of thermalization of excitation energy, i.e., the rate at
which thermal equilibrium is established throughout the
volume of the nucleus. This question is intimately re-
lated to the emission of light particles in deep inelastic
reactions. It is to be expected that the particles emitted
in the interaction process will carry information about
the degree of equilibration achieved in the collision pro-
cess if they are emitted prior to the disintegration of
the compound system. If they are emitted after disinte-
gration of the compound system by one of the fragments,
they may carry information about the excitation energy
transferred to the fragment and the rate of establish-
ment of thermal equilibrium, A deep inelastic reaction
takes place in a time that is only a certain fraction of
the characteristic rotation time, Therefore, if emis-
sion takes place in a time interval comparable with the
interaction time of the nuclei, one cannot expect mani-
festation of characteristic features of evaporation in the
emission spectra of the light particles. Such processes
must be direct or preequilibrium processes,
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In the initial stage of the collision process, a large
fraction of the excitation energy can be concentrated
in the overlap region of the interacting nuclei. It is
very probable that one or several particles will be
emitted from this region of higher “temperature.” As
in pre-equilibrium emission, such particles will pre-
dominantly have high energies, Then, if the lifetime
of the system is sufficiently long, the remainder of the
excitation energy will be uniformly distributed over the
complete compound system until a common temperature
is established.

Are there experimental data which confirm the above
considerations ? Measurements of various types have
so far been made,

Observation of light charged particles (p, @) in
reactions with heavy ions without coincidence with
one of the heavy fragments, It was already shown in
the early paper of Ref, 27 that the spectrum of charged
particles emitted in heavy-ion reactions is not always
symmetric about 90°, as should be the case for emis-
sion from compound nuclei. The observed forward peak
indicates the existence of an additional reaction mecha-
nism, The spectrum of nonequilibrium « particles is
enhanced more than the spectrum of nonequilibrium
protons and deuterons in reactions induced by '2C, N,
and 0 jons. The kinetic energies of the a particles
are also consistent with disintegration of the incident
ion in the field of the target nucleus. The greater yield
of a particles in the reactions with *C and *0 com-
pared with those induced by N ions is support for the
existence of the disintegration mechanism,

Unexpected results were obtained in Ref, 28. Two
reactions leading to the same intermediate systems
were investigated:

“N+Rh, E_ =107 MeV
and
©Ar+7'Se, E, =132 MeV.

The emission of pre-equilibrium o particles in the
reaction with Ar was found to be small compared with
that in the reaction with N, The reasons for this dif-
ference are still not clear. In addition, the high mean
energies of the protons and the high-energy tail in the
a-particle spectrum precluded an explanation of the ex-
periment on the basis of the disintegration mechanism,
However, without measurement of the emitted light par-
ticles in coincidence with one of the heavy fragments it
is difficult to say at which stage of the collision process
the emission occurred.

Experiments with coincidence between deep inelastic
fragments and light particles. If a light particle is de-
tected in coincidence with a massive fragment, this
does not yet give a direct indication of the stage in the
reaction in which the particle was emitted nor by which
fragment, To determine which nucleus emitted the par-
ticle, it is necessary to know the recoil energy of the
parent nucleus, Particularly interesting in this connec-
tion is the case of strongly asymmetric breakup when
the velocity of the light fragment is much greater than
that of the heavy fragment,
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FIG, 11, Dependence of the ratio R=dM,(E, >15 MeV) /dM,(E,,
<15 MeV) on the emission angle of the @ particle in the €0

+ %Ni reaction (E,, = 96 MeV). The temperature correspond-
ing to the given value of R is indicated on the right.
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The specific features of high-energy light particles
emitted in deep inelastic reactions depend on the inci-
dent-ion—-target combination and E,,. For example,
in reactions with light systems, « particles are emitted
predominantly from the heavy fragment, Later results
obtained for heavy systems show that a particles are
also emitted from the light fragment,?

In Ref, 30, a study was made of the emission of «
particles accompanying deep inelastic %0 + %Ni colli-
sions. The particles were detected in coincidence with
the light fragment, It was found that the « particles
are emitted predominantly by the heavy fragment,

The coincidence spectrum of the « particles in the
rest frame of the heavy fragment has a Maxwellian pro-
file with peak energy independent of the emission angle
of the o particle. However, at forward angles the ob-
served a spectrum has an extended high-energy tail
(Fig. 11), It can be seen from Fig. 11 that the ratio R
=dM,(E, > 15 MeV)/dM,(E, <15 MeV) has a maximum
at forward angles. The high-energy part of the a-par-
ticle spectrum carries information about the nuclear
“temperature.” The temperature of the region from
which the « particles are emitted predominantly for-
ward (determined from the asymptotic behavior of the
a spectrum) reaches 3.5 MeV, For the backward emis-
sion, it is 2 MeV,

The angular correlations in the reaction plane between
the directions of emission of the light fragment and the
a particle (Fig. 12) differ strongly from the predictions
of statistical evaporation. The angular width of the
correlations makes it possible to estimate the fragment
lifetime up to the emission of the « particle, this being
made possible by the connection between the width and
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FIG. 12, Dependence of the &~-particle yield on the emission
angle with respect to the beam direction in the reaction plane
(IGO+ ﬁﬁNi)'
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FIG. 13. Dependence of the a-particle yield on the emission
angle ¢, with respect to the plane of the reaction (¥0+ 3Ni),

the rotation time: 7 =20,J 4 /(1) ~2x107% sec.

It can be seen from the angular correlations outside
the reaction plane (Fig. 13) that coincidences are con-
centrated in the reaction plane. The observed aniso-
tropy can in principle indicate alignment of the fragment
spins perpendicular to the reaction plane. But the
strong anisotropy in the forward direction (&, <90°)
cannot be described in the model of a rotating nucleus
with homogeneous temperature and indicates a pre-
equilibrium emission of the a particles.

Thus, the spectrum of @ particles accompanying deep
inelastic collisions contains the two components—equi-
librium and pre-equilibrium—with comparable yields.

The equilibrium component is completely responsible
for the a particles emitted backward in coincidence.
Its statistical nature is clear from the most probable a-
particle energy, which is near the Coulomb barrier,
from the profile of the a spectrum, which corresponds
to T=2 MeV, and from the anisotropy outside the reac-
tion plane at backward angles, which agrees with the
predictions of the equilibrium model for a rotating nu-
cleus at T=2 MeV. The pre-equilibrium component is
characterized by forward-backward asymmetry, by an
emission time 7 = 2x 10~%! sec, which is an order of
magnitude shorter than the lifetime of a fragment with
the excitation energy realized in the reaction, and by
the anisotropy outside the reaction plane, which cannot
be described in the model of a rotating nucleus in
thermal equilibrium,

One of the possible explanations of these experiments
is the existence of a spatially localized region with
temperature higher than the remainder of the nu-
cleus.’® The large energy transfer in a short time
could lead to the existence of such regions. However,
it is clear that this cannot be a simple particle-hole
excitation, since it is not localized in any narrow inter-
val along the radius of the nucleus and, having a de-
finite angular momentum, is not localized with respect
to the angle. It must be a collective excitation localized
in the surface region of the nucleus. One requires a
spectrum of such excitations with different ! to achieve
angular localization, The experimental data correspond
to an area of the strongly heated region corresponding
to about one fifth of the area of the sphere.
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FIG. 14. Energy spectrum of protons emitted in the 0+ 28g
reaction (E, = 315 MeV).

Investigation of the phenomenon of local “heating” is
extremely interesting, since not only the space-time
evolution of the reaction but also a property of nuclear
matter such as thermal conductivity becomes observ-
able. The phenomenon itself has some similarity to a
fireball, and its investigation, especially at high ex-
citation energies, makes it possible to bridge the gap to
the physics of heavy-ion interactions at high energies.
As an example, we give the results of measurement of
the proton spectrum in the ¥Q + *"Au reaction at ~20
MeV/nucleon,?® This spectrum (Fig. 14) has a profile
characteristic of a statistical evaporation process that
corresponds to a temperature of 6.9 MeV. The %0
+ ®7Ay compound nucleus should have temperature 3.3
MeV. As an alternative to the above model, one can
propose direct knockout of an a particle. This presents
no difficulties in the explanation of the angular asym-
metry and anisotropy. But to explain the statistical fea-
tures of the spectrum, the knockout particle must have
undergone rescattering, One consequence of the
existence of a region of enhanced temperature is the
possibility of achieving very high temperatures in a
small region, The problem of the existence of a region
with enhanced temperature does not exhaust all the
problems associated with the emission of fast o par-
ticles in heavy-ion collisions.

Measurements of o particles in coincidence with the
light fragment in the %8 + ®TAu reaction at 12 MeV/nu-
cleon did not explain the forward emission of a large
fraction of the o particles.®® True, the heavy-ion de-
tector was at a fixed angle near 6y. It is possible that
the ratio of a particles measured in coincidence with
the light fragment to the total number of a particles
will increase with decreasing detection angle of the light
fragment.

In reactions with energy per nucleon reaching 20 MeV,
disintegration of the incident ion may make a large con-
tribution to the cross section of a-particle coincidence,
For example, investigation of the '2C+ ¥°Gd reaction at
7.5 and 16.7 MeV/nucleon?’ revealed not only complete
fusion and quasielastic and deep inelastic scattering but
also incomplete ('%C, @) and (12C, 2a) fusion processes
and disintegration of the incident nucleus. The @ par-
ticles detected in coincidence have on the average the
velocity of the incident beam, The angular distributions
of these « particles have a forward peak. The absence
of y—a coincidences accompanying complete disintegra-
tion indicates the absence of excitation of the heavy
fragment.
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In Ref, 42, the cross sections for emission of isotopes
of various elements from He to F in "B+ 07 ®9As reac-
tions at £,,, =86 MeV were measured. A high yield of
a particles was observed. As for the heavier elements,
the results for He agreed fully with the @, systematiza-
tion, This indicates that in this reaction many-nucleon
transfers make the main contribution to the a-particle
yield.

Interest in the emission of light particles accom-
panying heavy-ion collisions has increased considerably
in recent years. However, the accumulated experimen-
tal material is clearly still inadequate. Little is known
on the emission of protons, deuterons, and tritons, The
emission mechanism of the pre-equilibrium particles in
the heavy-ion reactions is completely obscure, and one
could imagine that it is precisely in this region that the
most interesting results will be obtained in the immedi-
ate future,

2.2 Many-nucleon transfers

One of the best studied regions of deep inelastic
heavy-ion collisions is that of the processes involving
mass (and charge) transfer between the incident nu-
cleus and the target nucleus. The broad mass (and
charge) distributions of the reaction products indicate
a statistical nature of these reactions, However, when
the mass (and charge) distributions are integrated over
the energy and angle, they reveal maxima near the
masses of the incident nucleus and the target, which
indicates that a “memory” of the entrance channel is
not entirely lost and, therefore, the deep inelastic col-
lisions have a pre-equilibrium nature, It was for this
reason that a diffusion model was used to describe the
evolution of such a microscopic system as a double
nuclear system, Such diffusion processes are well
known in other branches of physics and are described
by a Fokker-Planck equation or a master equation,
Norenberg?®® was the first to use a Fokker-Planck equa-
tion to describe the diffusion of nucleons between two
nuclei in deep inelastic reactions, Later,’® 37 a master
equation was used for this purpose,

In using transport equations to describe the transfer
of nucleons, we take as a basis the fact that the deep
inelastic collision process can be divided into three
stages.

1. Very rapid dissipation of the kinetic energy and
formation of the double nuclear system,

2. Evolution of the strongly excited double nuclear
system and intense exchange of mass (and charge) be-
tween its two parts.

3. Decay of the double nuclear system, The diffusion
models of Refs, 35—-37 were used to describe the second
stage with no allowance for the relative motion of the
two ions. In Refs. 38 and 39, attempts were made to
treat simultaneously the relative motion and the mass
diffusion by solving a corresponding equation of motion
and a Fokker—Planck equation for the mass transfer,

Let us discuss the process of charge diffusion using
a Fokker-Planck equation for the probability P(Zy, {)
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FIG. 15. Description of the process of transfer of nucleons on
the basis of a Fokker- Planck equation,

of finding the system at time f with charge asymmetry
Z, (Fig. 15). To characterize the charge asymmetry
x=Zl/ (z+ Zz,) of the system, we shall use the charge
Z, of the fragment nearer the incident ion, We also as-
sume that the drift coefficient is proportional to the de-
rivative with respect to the charge-asymmetry param-
eter of the ground-state energy of a system of two
touching spherical nuclei at the point of initial asym-
metry, For simplicity, we shall assume that the trans-
port coefficients v, and D, are constants. The solution
of the Fokker- Planck equation has the form of a Gaus-
sian with mean value (Z,) =Z,+v,! (Z, is the charge of
the incident nucleus) and variance cg =2D,¢ (Dz is the
diffusion coefficient). The charge distribution of the
products of the deep inelastic reaction is obtained from
this solution by integrating over all contributions of the
partial waves corresponding to different interaction
times.

For a strongly asymmetric initial distribution (see
Fig. 15a), the drift velocity v, is negative and, there-
fore, the mean value (Z;) decreases with increasing
interaction time, For longer interaction times, the
diffusion process leads to fusion (x =0). The charge
distributions do/dZ, are not symmetric about Z, and
the cross section is greater in the direction of greater
asymmetry,

In the case of Fig. 15b, the drift velocity is zero, v,
=0, which leads to a symmetric distribution of dor/dzi
about (Z,) =Z,. The mass diffusion is due to statistical
fluctuations,

In the case v, >0 (see Fig. 15¢), there is drift in the
direction of a symmetric configuration (x=0,5), and,
therefore, the charge distribution again becomes asym-
metric with cross section greater in the direction of
lower asymmetry, i.e., Z;> Z,.

If the initial configuration is symmetric (see Fig. 15d),
the drift velocity is again zero, which leads to a sym-
metric charge distribution do/dZ,. In this case, the
statistical fluctuations will decrease the drift coeffi-
cient in the case of small deviations from a symmetric
configuration, Therefore, the charge distribution will
be narrower than that shown in Fig, 15b,

As is indicated in Fig. 15, such charge distributions

R. V. Jolos and R. Schmidt 136



B T
ﬁ\ .—‘iq,M?V
T

N LA

NN ®r
AN

i -‘(?:“ i

AN
| b 5

A
\ | / ;
i N "
i \ \%x‘_" o :
Lo e = : f ;

! 72 \ 82 ,{/ gat TN e vy R
| \ A ka1
‘ b\ j
} ’// 5 i\\ {
) / J Ly
l \// \Y;
E ~ \X
! Al / b k! .___‘

FIG. 16. Potential energy AU; of a system of two touching
nuclei calculated in the liquid-drop model for Z = 0 and 250
(continuous curves) and with allowance for shell corrections
(broken curve),

have been observed experimentally, although there are
deviations from the idealized picture,

For example, for the very heavy nuclei in the #8U
+ B8 reaction (E =7.42 MeV/nucleon), an unexpectedly
large diffusion of protons was observed? compared
with a different symmetric system such as ?%pPb
+ 28pp, 4! The reason could be the influence of shell
effects on diffusion of the nucleon, In Fig. 16, we com-
pare the potential energies for a system of two touching
nuclei obtained in the liquid-drop model and with al-
lowance for shell effects calculated on the basis of
Strutinskii’s method.*! It can be seen from the figure
that one can expect strong drift in the direction of Z,
=82, although the shell effects may also disappear with
increasing excitation energy. To estimate an upper
limit of the influence of the shell efiects, we can ignore
their dependence on the excitation energy.®® The re-
sults are given in Fig. 17, in which the theoretical cor-
relations of the kinetic-energy loss with the width of
the charge distribution are compared with the experi-
mental data of Ref, 40. The broken curve lies above the
experimental data, although it does correspond to the
upper limit for the shell effects. Therefore, the shell
effects cannot be the only source of the observed broad
distribution of elements in the ***U + #%U reaction,
though they are partly responsible for the differences
between the reactions **U + *%U and ?®Pb + ?*Pb mani-
fested inthe AE - 0% correlations. Thus, an explanation
of the large diffusion of protons in the *%U + **U reac-
tion has not been provided. The static deformation of

&0 FA

FIG. 17. Correlations between the kinetic-energy loss AE and
the width of the charge distribution arzz of the reaction products.
The points are the experimental values, and the continuous
curve and the broken curve are calculated without and with

allowance for shell corrections.
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of isotopes with 2< Z <17 in the 4Ar + Ag reaction (285 MeV).

the nuclei leads to an effective increase in the overlap
region of the colliding nuclei, This could be an addi-
tional source of the broad charge distribution, How-
ever, the influence of deformation effects on the diffu-
sion process has not yet been investigated,

There is a further experiment®? that indicates a pos-
sible manifestation of shell effects in reactions with
light nuclei, namely, “Ar+ Ag (E . =285 MeV). As
can be seen in Fig, 18, the yield of the nuclei decreases
rapidly as Z, decreases from 18 to 9 (fluorine). But
then the yield begins to increase with decreasing Z; and
reaches its largest value for a particles, In addition,
there is an enhanced yield of nuclei with closed shells
such as 0, !?C, and !N, These experimental results
were analyzed in Ref, 43, and it was shown that al-
lowance for the shell effects makes it possible to repro-
duce qualitatively the tendency in the behavior of the
cross section do/dz,.

2.3 Dissipation of the relative orbital angular momentum.
Orientation

The transition of the relative angular momentum into
internal angular momentum of the fragments is one of
the most interesting relaxation phenomena observed in
heavy-ion reactions. Experimental information on the
angular-momentum transfer is important for under-
standing the mechanism of energy dissipation in deep
inelastic collisions. As we have already noted, the en-
ergy dissipation can be described in the framework of
classical notions by means of frictional forces propor-
tional to the velocity. These forces are decomposed
into two components—radial and tangential, The radial
friction is responsible for the deceleration of the rela-
tive motion of the nuclei. The tangential friction leads
to additional energy losses associated with dissipation
of the relative angular momentum, Various models are
used to describe the loss of angular momentum, the
models differing in the significance and radial depen-
dence of the coefficient of tangential friction. The pa-
rameters of these models are chosen so as to describe
either the fusion cross section** 45 or the correlations
between the kinetic-energy losses and the deflection
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angle.”® Thus, the different models give different re-
lationships between the energy losses of the radial and
the rotational motion. Measurement of the angular-mo-
mentum loss in deep inelastic reactions gives important
information about the tangential friction and criteria for
choosing between theoretical models,

Experimental information on the orientation (polariza-
tion, alignment) of the angular-momentum transfer
served as confirmation of the hypothesis of scattering
through negative angles.!” It can be used to test various
theoretical deflection functions. In addition, orientation
‘experiments demonstrated the limited applicability of a

classical description of the angular- momentum transfer,

In the classical models, the angular momentum trans-
ferred to the fragments is aligned exactly perpendicular
to the reaction plane, but the experimental value of the
alignment is less than unity, Thus, the orientation ex-
periments become an important means for studying the
statistical features of the mechanism of angular- mo-
mentum dissipation in deep inelastic collisions,

The experiments hitherto made to determine the value
and orientation of the angular momentum can be divided
into four groups.

Measuvement of the v multiplicity, This is the most
general approach to obtaining any information about the
angular momentum transferred to the fragments, The
method consists of determining the number of y rays
emitted by both fragments of the deep inelastic reaction,
The number of y rays is related to the internal angular
momenta of the fragments, Attempts were made?® to
distinguish the y rays emitted by the light and the heavy
fragment by measuring the mean energies of the y rays,
The basic result of measurement of the mean y multi-
plicity can be formulated as follows*®~%¢; In deep inelas-
tic collisions, the angular-momentum transfer is large
and close to the limit obtained under the assumption of
“rigid interlocking” of the two colliding nuclei that
form the double nuclear system,

The mean y-ray multiplicity is low for the products
of a quasielastic reaction, i.e,, for small kinetic-en-
ergy loss, For large energy loss, the y multiplicity is
high and depends weakly on the total energy loss.

The y multiplicity integrated over the energy, M,,
increases with increasing number of nucleons trans-

ferred in the reaction. An unexpected difference in the
dependence of M, on the charge asymmetry of the reac-

tion products is found for light and heavy systems, In
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FIG. 19. Dependence of the mean Y-ray multiplicity (3/,) on
the charge asymmetry of the products in the reactions “Ar
+ ¥y, ®Ne+ Ag (a) and *Kr + Ag (b).
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reactions with light incident ions, M, increases with
increasing charge asymmetry, as shown in the upper
part of Fig. 19, Such a dependence corresponds qualita-
tively to the hypothesis that the two colliding nuclei
rotate as a single system, In the reaction with Kr ions,
the y multiplicity is insensitive to the Z, of the light
reaction products. The reasons for the very different
behavior of the two systems are as yet obscure,

To interpret qualitatively the measurements of the y
multiplicity, it is necessary to know the connection be-
tween M, and the angular momentum. Usually, a linear
dependence (I ) =m(M,) +n is assumed. But this re-
lation depends on the mass number and the excitation
energy. In addition, the emission of light particles, in
particular a particles, can dissipate an appreciable
fraction of the angular momentum, which must also be
taken into account,

Measurement of angulayr covrelations in the case of
discvete vy transitions, Alignmenit, The angular corre-
lations outside the reaction plane of y rays of known
multipolarity were studied in deep inelastic collisions
of 0 with %Al in coincidence with the light reaction
fragment,” If the angular momentum is initially per-
pendicular to the reaction plane, the dipole y rays will
have an intensity maximum in the direction perpendicu-
lar to the reaction plane, and the quadrupole y rays will
have an intensity maximum in the reaction plane, These
predictions are confirmed experimentally, and the ob-
served anisotropy is close to the value expected for
complete alignment of the angular momentum perpendic-
ular to the reaction plane,

Measurvement of angular covvelations in the case of a
y-ray continuum, The investigation of Ref, 49 found a
9-22% decrease in the yield of y rays outside the reac-
tion plane compared with the yield in the reaction plane
in deep inelastic Cu+ Au collisions, In the ®Ar + 8%y
reaction, a 30% decrease was found:‘® The quantitative
interpretation of these data requires a detailed knowl-
edge of the y cascade, including, in particular, the
numbers of dipole and quadrupole y rays. Since the
dipole and quadrupole y rays have anisotropy of opposite
signs, there can be appreciable mutual cancellation, re-
sulting in a small total anisotropy of the y rays.®® Thus,
the existence of even slight anisotropy outside the reac-
tion plane in deep inelastic collisions is a consequence
of constancy of the alignment until the final stage in the
de-excitation of the reaction products,

Measurement of cirvculay polarization in the case of a
y-ray continuuwm. The circular polarization of the ¥
rays emitted during quasielastic and deep inelastic re-
actions was measured in Ref, 57. Such measurements
give information about the polarization rather than the
alignment of the angular momenta of the reaction pro-
ducts, The sign of the polarization indicates whether
scattering has occurred through positive or negative
angles, It was found that in the *Ar + Ag reaction at
two energies of the incident ion scattering through posi-
tive angles corresponds to the quasielastic component
of the spectrum, whereas deep inelastic collisions are
accompanied by scattering through negative angles.
This fact can be regarded as an experimental confirma-
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tion of the hypothesis of scattering through negative
angles in deep inelastic collisions,

Angular correlations of the o particles accompanying
deep inelastic collisions, The emission of « particles
by excited reaction fragments carries information about
the magnitude and alignment of the angular-momentum
transfer. It is, however, necessary to distinguish these
a particles from the a particles produced by a direct
process such as disintegration of the incident ion. In
Ref, 58, the angular correlations in and out of the re-
action plane for o particles in coincidence with the
light fragment of the ®¥O + %Ni reaction were studied.
The results are shown in Fig, 13, It can be seen that
the evaporation component has a large anisotropy out-
side the reaction plane, from which one can deduce the
mean value () = 15 for the angular momentum trans-
ferred to the fragments. The alignment of the angular
momentum was also determined,® and it was found to
be A=0.71.

Angulay corvelations of fission products accompanying
deep inelastic collisions, This method consists of mea-
suring the yields of the fission products of the heavy
fragment in and out of the reaction plane, which is de-
termined by the simultaneous detection of the light re-
action fragment, The angular correlations of the fission
products of the heavy fragment of the ¥Kr + ®°Bi reac-
tion (E,, =610 MeV) with respect to the recoil direction
in the reaction plane and outside it were investigated in
Ref. 59. The angular-momentum transfer deduced from
the experimental data agreed with the prediction of the
model based on the assumption of “rigid” rotation of the
double nuclear system, -

The %Kr + 28y reaction (E ., =730 MeV) was studied
in Ref. 60, The alignment and the angular momentum
transferred to the heavy fragment were determined at
different @ values of the reaction (Fig. 20). It can be
seen that the magnitude and alignment of the angular
momentum decrease rapidly with inereasing energy
loss.

Angular anisotvopy of B particles. The angular
anisotropy of the g particles emitted by the light reac-
tion product contains information about the polarization
of the light nucleus, The spin polarization of !’B in the
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FIG. 20. Dependence of the mean angular momentum of the
heavy fragment (J;) and its alignment A, in the *Kr + 2%U
reaction (730 MeV) on the  value of the reaction.
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oo (14N, 12B) reaction at incident-ion energies E =90,
125, and 200 MeV and fixed emission angle of the ’B
nucleus was determined in Ref. 61, The following re-
sults were obtained:

a) The polarization is negative and largest in absolute
magnitude at the largest values of @ realized in the re-
action (@ =- 25 MeV). The polarization decreases with
decreasing Q. Such behavior at these energies can be
described under the assumption of direct transfer of
protons,

b) The polarization becomes positive in the region
- 25 MeV= Q= - 60 MeV,

¢) The polarization again becomes negative and is
close to — 0.1 at @ < - 70 MeV. The polarization de-
creases with decreasing @ (Fig. 21). The results given
in the figure at low values of @ correspond to deep
inelastic collisions,

Additional measurements were made in Ref, 62 for
the #2Th(!4N, ?B) reaction at E,, =129 MeV, For @
values corresponding to deep inelastic events the polar-
ization was found to be positive and to decrease with
decreasing Q.

Theorelical treatment of transfer of angular momen-
tum. Classical models. Togetaqualitative idea of
the fraction of the initial orbital angular momentum Z;
that can be transferred to the fragments, it is helpful
to consider some macroscopic models, When two
spherical objects touch each other, they can either roll
on their surfaces, when the sliding friction is infinitely
large, or they can be rigidly joined and rotate as a rigid
body if the rolling friction is infinitely large.

In the limit of infinite sliding friction, the angular mo-
mentum Al =1, - l,=I;+1I, transferred to the fragments
is given by the expression

Al=2/7L;. )
1t does not depend on the mass asymmetry of the reac-
tion products, The ratio of the angular momenta trans-
ferred to the fragments is

11, =Ry/Ry=(AJA)'". (2)

In the limit when the double nuclear system rotates as
a single system, the transferred angular momentum is
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where p is the reduced mass, and J; and J, are the mo-
ments of inertia of the fragments, It can be seen from
this expression that the angular- momentum transfer in-
creases with increasing mass asymmetry, The dis-
tribution of the angular momentum between the frag-
ments is determined by the ratio of their moments of
inertia:

11/12=J1sz:(-41/442)5”- (4)

-Although these models are simple, the experimental
data show that the maximal angular momentum Al trans-
ferred in deep inelastic collisions is close to the limit

®).

Besides these two simple models, there are many
dynamical models with friction,*~% In some of them,*
inertial rotation of the fragments is ignored, The cal-
culated angular-momentum transfer can exceed the limit
(8). In other models, the internal rotation of the frag-
ments is taken into account, and, therefore, the limits
(1) and (3) arise automatically, The parameters of
these models are chosen to reproduce correctly the
fusion cross section, and also the turning angle and the
energy loss, We shall not go into details of the problem
and will only mention that in the framework of such
models it is very difficult to find a set of parameters
satisfying the requirements listed above and, in addi-
tion, giving the correct value of the internal angular
momentum,

Thus, the maximal value of the angular- momentum
transfer in deep inelastic collisions is close to the
classical limit (3), although it should be noted that the
observed differences in the dependence of (M,) on the
mass asymmetry for the light and heavy products (see
Fig. 19) do not find an explanation in the framework of
the simple models, Further, all classical models pre-
dict complete alignment of the angular momentum,
which is not confirmed experimentally, This indicates
the presence of statistical fluctuations, which are im-
portant for understanding the mechanism of angular-
momentum dissipation in deep inelastic reactions, The
statistical fluctuations destroy the alignment of the in-
ternal angular momentum in the collision process.
These effects are taken into account in the statistical
approaches of Refs, 63-66.

Kinetic approachbasedona single-particle model. In
suchanapproach, the dissipation of the angular momentum
istreatedasatransport phenomenondescribed by a Fok-
ker-Planck equation.®® The following physical picture pro-
vides the basis of suchanapproach. Duringthe initial stage
of the collision, the energy of the radial motionanda small
fraction of the angular momentum are very rapidly dissi-
pated, Then the excited compound system begins to
rotate, and the relative angular momentum is dissipated
gradually during the entire interaction time until the
breakup. This stage of the reaction is described by the
Fokker— Planck equation for the z component of the in-
ternal angular momentum with transport coefficients
calculated in the single-particle model.®4 In such a
model, the angular momentum is transmitted to particle—
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hole excitations. The statistical fluctuations are as-
sociated with Fermi motion of the nucleons, Using
phenomenological models to calculate the deflection
functions and the mean interaction time, one can calcu-
late the mean values, the mean-square fluctuations, the
alignment, and the polarization of the internal angular
momentum as functions of the initial angular momen-
tum,®® The calculated values of the internal angular
momentum are in reasonable agreement with the ex-
perimental data, though there is a general tendency to
underestimation of the angular- momentum transfer in
the region of large AE. One of the possible reasons
for this discrepancy is the breakdown of the one-to-one
correspondence between AE and [, at large AE, To
overcome this difficulty, a fully dynamical treatment is
required. In addition, a dynamical model makes it
possible to calculate the magnitude, polarization, and
alignment of the internal angular momentum as func-
tions of the scattering angle, the energy transfer, and
the mass number of the reaction products, which per-
mits direct comparison with the experimental data,
Such a model will be described below,

Kineticapproachbasedon linear-response theory. The
basic equation inthis approach® is the Fokker—Planck
equation inthe phase space of the collective degrees of
freedom obtained in Ref. 67 on the basis of linear-response
theory. This equation describes boththe dissipationand
the fluctuations of the dynamical variables. It takes intoac-
count the connectionbetween classical motionalongatra-
jectory and the internal motions, The latter are charac-
terized by a time-dependent temperature 7'(f). The
solution of the Fokker—Planck equation contains in-
formation about the mean values and the fluctuations of
the dynamical variables, The mean values satisfy equa-
tions of Newtonian type with frictional forces. The
transition of the orbital angular momentum into internal
angular momentum is brought about by the tangential
component of the frictional forces, The statistical fluc-
tuations of the angular- momentum transfer are deter-
mined by the diffusion coefficient D, which is obtained
by means of Einstein’s relation between the diffusion
coefficient and the friction coefficient y:

D=4T (1).

Hitherto, only phenomenological frictional forces have
been used in the realization of such an approach. Never-
theless, these models make it possible to interpret the
single, double, and triple differential cross sections
for the product yields of deep inelastic reactions.3?

However, in the description of the transition of the
relative angular momentum into internal angular mo-
mentum, one comes up against the same problems as
in the classical treatment of the dissipation of the angu-
lar momentum, It was shown in Ref, 68 that in the
framework of models which take into account explicitly
the rotational degrees of freedom of the two nuclei the
calculated angular- momentum transfer is much smaller
than the experimental value, In addition, in all the
formulations of the theory of Ref, 67 hitherto used,
complete alignment of the angular- momentum transfer
is predicted, as in the classical model,

These difficulties can be overcome by assuming that®:
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1) the tangential friction is three-dimensional; 2) the
forces of the tangential friction depend on the angular
momentum, This presupposes the introduction of a
form factor which depends on the angular momentum,;
this has the result that when the classical limit (3) is
attained the forces of tangential friction are zero,®®

The results of such a model calculation are compared
in Fig, 20 with the experimental data obtained by mea-
suring the angular correlations of the fission products
of the heavy fragment in the ¥Kr + ?*®U reaction,® The
figure gives the mean values of the angular momentum
of the heavy fragment and its alignment for different @
values of the reaction. Good agreement with the ex-
perimental data is achieved without fitting of free pa-
rameters.

With allowance for mass diffusion during the reac-
tion, a calculation was also made of the !B polarization
in the Mo (!N, 1?B) reaction®! for given emission
angle as a function of @ (see Fig, 21). It can be seen
that the calculations correctly reproduce the tendency
in the variation of the polarization as a function of Q.
The change in the sign of the polarization with in-
creasing @ is correctly reproduced. However, the ab-
solute value of the polarization is overestimated. This
could be due to two reasons:

a) the angular momentum cannot be treated classical-
ly in reactions with light fragments;

b) no allowance is made for the modes of the motion
in fission that lead to depolarization,

2.4 Establishment of equilibrium between the number of
neutrons and number of protons

The ratio N/Z is usually different for the incident ion
(N,/Z,) and the target nucleus (Ny/Z,). But for the
products of deep inelastic reactions this ratio is equal
to neither N,/Z, nor Ny/Z, but corresponds to the
compound system. This alone indicates that the collec-
tive mode associated with equilibration with respect to
N/Z is a fast mode,

The usual way of studying this fast collective mode is
to measure the distribution with respect to the atomic
number for fixed mass asymmetry. This distribution
has a Gaussian form and is characterized by two mo-
ments, namely, the most probable value of N/Z and the
width of the distribution. The experimental data show
that for light systems (Ar + Ca,Ni, Zn) equilibrium with
respect to N/Z is already established in an early stage
of the relaxation process,

When heavy ions are scattered by heavy nuclei, the
number of nucleons that must be transferred before the
N/Z equilibration is greater than for light nuclei.
Therefore, for heavy systems, particularly at rela-
tively low energies, it is convenient to study the tran-
sition from nonequilibrium to equilibrium ratio N/Z.

In the 1% 18%13%%e + 197y reactions at energies 25 MeV
above the Coulomb barrier, the mean value of N/Z and
the mean number of emitted neutrons have been deter-
mined for each element,”® What results could one ex-
pect? In the absence of equilibrium with respect to
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N/Z, the mean value of A for Z =79 should not change
on the transition from ®Xe to ¥2Xe and *Xe (memory
of the entrance channel: '}{Au). The mean values of A
for fragments with Z =54 should be widely distributed
for the three reactions: N/Z=1,39, 1.46, and 1.52. If
equilibration with respect to N/Z does occur, one should
observe a parallel shift in the dependences of (N/Z) on
Z on the transition from the one reaction to the next,
The experimental results show a parallel shift in the
case of a transfer Z>1, For Z="T79, this shift is sharp-
ly reduced, and the value of N/Z tends to its value for
B7Au, For Z=054, there is a broad spread of N/Z
values for the three reactions. These values approach
N/Z, respectively, for ®Xe, *?Xe, and *Xe, Thus,
AZ=1 is the boundary between N/Z equilibration and
nonequilibration. For AZ> 1, more than four neutrons
are emitted. The mean excitation energy per evapora-
tion neutron is 9-11 MeV, i.e., 40-50 MeV is trans-
ferred before equilibration, The rate of energy trans-
fer is 4x 10% MeV/sec,’’ and therefore 7.,,=1.2x10"%
sec., An estimate based on the diffusion coefficient gives
1.4x107% sec,

Another approach to study of equilibration with respect
to N/Z is based on investigating how the width of the Z
distribution depends on the excitation energy for a fixed
mass asymmetry. The potential energy of the compound
system as a function of Z for fixed mass asymmetry has
the form of a parabola, Therefore, the collective mo-
tion in which we are interested can be treated in the
harmonic approximation. Strictly speaking, such an
oscillator is not isolated but coupled to the other de-
grees of freedom of the nucleus, We include them in the
treatment as a thermal reservoir with temperature T,
We shall investigate the influence of the temperature on
the fluctuations of the neutron excess, i.e., the influence
of the excitation energy on the width of the charge dis-
tribution for fixed mass asymmetry. It is

02 =(Z2)—(Z)t= % [(—;—ﬁw+ ﬁm)/(ﬂXP (hofT)— 1)] '
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FIG. 22. Dependence of the width of the charge distribution
0% of the products of the 8K+ %Mo reaction (Ep, = 430 MeV)
for fixed mass asymmetry (M) on the value of the kinetic
energy in the exit channel.
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where C is the rigidity, and #iw the energy of the vibra-
tional excitation. If iw < T, then 02=7T/C. In this
case, we are dealing with statistical fluctuations. The
width of the charge distribution will increase as T 1/?
with increasing energy loss. For fiw > T, 0 % =fiw/2C,
i.e,, the width of the distribution does not depend on the
energy loss and there are quantum fluctuations,

In a study’® of the ®¥Kr + Mo reaction it was found
(Fig. 22) that the width of the distribution initially in-
creases with increasing energy loss but then reaches a
plateau at AE=30 MeV. The total energy loss in this
reaction is 100 MeV, It follows that the relaxation time
for the N/Z mode is of order 10~% sec,

What could be the microscopic source of the mode as-
sociated with the neutron excess? Very probably it is
a giant dipole resonance. In a spherical nucleus, fAw
=78/AY3 MeV. But it is natural to assume that the
N/Z mode is associated, not with one nucleus, but with
the compound system, In this case

ho ~ 78/(A1" 4 457 MeV.

For the considered system, this gives fiw =8.6-8.7
MeV.

Figure 22 also shows the expected dependence of 0 2
on the energy loss for statistical fluctuations (normal-
ized to the experiment at AE =30 MeV). Also given is
the theoretical curve corresponding to the rigidity C
calculated in the liquid-drop model for giant dipole
vibrations. The experimental width of the distribution
is appreciably greater than the theoretical value and
exhibits a different dependence on the energy loss.

Under the assumption of a quantum nature of the fluc-
tuations, a value of order 8 MeV is obtained for %Zw for
the same value of the rigidity C, this agreeing with the
theoretical estimate obtained under the assumption of
giant dipole vibrations in the double nuclear system,

It is of interest to continue the investigation of N/Z
equilibration at different energies per nucleon of the
incident nucleus, The experiments of Ref. 73 show that
at energies up to 10 MeV/nucleon neutron-rich nuclei
are obtained with large cross section, whereas at rela-
tivistic energies it is neutron-deficient nuclei that are
obtained, which is of interest for spectroscopy of nu-
clei far from the stability band. The dependence of
{N/Z) on Z for different values of the energy per nu-
cleon and different incident-ion—-target-nucleus com-
binations is shown in Fig. 23.
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FIG. 23. Dependence of the mean value of the ratio N/Z on Z
in the light reaction product for different energies per nucleon
of the incident ion.
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3. COMPLETE FUSION REACTIONS

In recent years, interesting results have also been
obtained in the field of fusion reactions, which is a
traditional field of heavy-ion physics. Below, we shall
discuss only some of the results, which have not yet
found an exhaustive explanation.

Fusion of light nuclei, The energy dependence of the
cross section for fusion of light nuclei has been inten-
sively studied in recent years for two main reasons,

First, oscillations were found in the excitation func-
tions for complete fusion in the reactions '2C + 12C (Ref.
74), 2C+ %0 (Ref, 75), and *0+ 0 (Ref. 76). No os-
cillations were found in the reactions *C+ 180, 3C
+ 14y, and C+ ¥F," This resonance structure was
also observed in other inelastic channels, In Fig, 24a,
we give the energy dependence for the cross section of
inelastic *C'+ '°C scattering™:

120 120 — 123G (21) 4 £2C (21),

in the energy range from 15 to 45 MeV. The fusion
cross section is shown in Fig, 24b, Correlations in the
positions of the oscillations are clearly visible, The
reasons for the oscillations are not yet clear. One of
the possible explanations is the existence of nuclear or
a-particle molecules,” But the occurrence of doorway
states of a different nature is also possible, 8!

A second unexpected result concerns the absolute

+
2?1 2!“‘ 70
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of, b — gy b

—— 1412
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FIG. 24. Energy dependence of the cross section of the cross
section of the inelastic scattering 2C(g.s) —2C(2}) + c(2})
(upper curve) and complete fusion (lower curve) (a); the energy
dependence of the fusion cross section in the reactions 120
+12¢, ¥p. 2¢ 160, 120, and 2c+ 12C (b).
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magnitude of the fusion cross section when one of the
partners goes over from the p shell to the s-d shell,
There is a sharp increase by about 20% at the maximum
of the excitation function for 2C+ 80, ?c+ U¥F, 2
+%Al, and %0+ *Mg compared with 2C + %0 (see Fig.
24b). The result can be interpreted as a shell effect.
However, a clear understanding has not yet been
achieved.

Fusion of heavy nuclei, The failure to synthesize
superheavy elements in reactions with heavy incident
ions such as Zn, Ge, and Kr stimulated experiments
with 8Ca, For the synthesis of superheavy elements,
480a has advantages such as the minimal excitation en-
ergy and maximal number of neutrons in the compound
nucleus formed in the fusion reaction. So far, all at-
tempts to discover superheavy elements by using the
neutron-rich incident nucleus **Ca and the neutron-rich
targets **Am, %2pu, and % 28Cm have yielded only
upper limits on the lifetime and cross sections for the
formation of superheavy elements,®?

Nevertheless, study of the fusion reactions with heavy
incident nuclei such as Ca and Ar has led to the dis-
covery of new elements and isotopes, In addition, the
investigations into the possibility of synthesizing super-
heavy elements in fusion reactions involved the syste-
matic study of the reaction mechanism, including, in
particular, the influence of the excitation energy and
the angular momentum on the “survival” of the com-
pound nuclei. The energy dependence of the fusion cross
section was also studied for different nucleus—target
combinations,

We shall consider two examples, In Ref. 83, “Ar ions
were used to bombard 2*Am nuclei and a study was
made of the mass distribution of the products of the
fusion reaction with subsequent fission at different en-
ergies of the incident ion, i.e., at different excitation
energies of the compound system in the range 40-116
MeV. Figure 25 shows contour charts of the reaction-
product yields for different values of their total kinetic
energies, It can be seen that with decreasing energy
of the incident nucleus the mass distribution becomes
asymmetric,

The fusion cross sections for different incident-nu-
cleus—target-nucleus combinations are shown in Fig.
26 as functions of Vi /Ecms (V3 is the Coulomb barrier
and Ecms the kinetic energy in the center-of-mass sys-
tem). For the majority of combinations, the fusion
cross sections correspond to a general dependence, but
for the doubly magic system “®Ca + ®®Pb the fusion cross
section is 20% lower. This reduction may indicate an
increase in the barrier for complete fusion in such sys-
tems. It is interesting to note that a reduction in the
fusion cross section for magic systems was predicted
in Ref. 85.

Theoretical models, The fusion phenomenon is still
far from being understood from the theoretical point of
view. A reflection of this fact is the existence of a huge
number of phenomenological models based on different
assumptions and describing the experimental data to
greater or lesser extent, These models can be classi-
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FIG. 25. Contour diagrams of the yields of the products of the
Ar + 23Am reaction at different kinetic energies.

fied according to various criteria.® In some models,
limits on the fusion cross section are deduced from the
instability of the produced system due to the large
amount of angular momentum involved in the reaction
or, alternatively, the disappearance of the fission bar-
rier,37-%

In other models,*?~12 the possibility of fusion is as-
sociated with the existence of a minimum in the interac-
tion potential V(, R) of the nuclei,

In a third group,3® %2 3 1imit on the fusion cross sec-
tion is associated with the existence of a critical radius.
This concept arose as an alternative to the description
of fusion in terms of a critical angular momentum, It
was shown in Ref. 85 that the concept of a critical radi-
us is realized only for high energies of the relative mo-
tion of the colliding nuclei. At low energies, the limits
are due to the interaction barrier:

Gor (E) = nR% (1 —V 5/E)— at “low” energies.
Gt (E) = R (1 —Ver/E)— at “high” energies,
Rea= r%:?-) (Ai'fs—k Aéﬁ).
In such a model, two energy regions are distinguished

in the behavior of ¢ (E), The graphs of the dependence
of o.r on 1/E reveal two straight lines, whose slopes
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FIG. 26. Energy dependence of the fusion cross section.
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TABLE I Comparison of the parameters 7% and V., ob-
tained by evaluation of experimental data on the basis of the
model of Glas and Mosel,104-8

Ref. 104 Ref. 86
Reaction ’f::)- = Ver, MeV. r&'}), E Ver, MeV
12C4-27A] 0.75 =70 0.98 —-13.7
1602771 0.76 —100 1.00 —10.1
20Ne -27A] 0.69 —100 1.00 —5.9
32542141 0.56 —53 0.98 b

-determine the values of Ry and R, and the points of
intersection with the 1/E axis the values of Vg and Ver,
On the basis of analysis of a large number of experi-
mental data it was shown that the critical-radius pa-
rameter »?’ is virtually independent of the mass num-
ber and has value %’ =1,0+0.07 F.

In Ref. 85, the critical radius was interpreted as the
distance between the ions at which a large fraction of
the kinetic energy goes over into internal energy. The
shell structure of the colliding nuclei is broken up,
and the shell structure of the compound nucleus begins
to form, Therefore, for magic systems one can expect
a smaller than usual value of the critical radius. In
such a model, the two ions necessarily fuse if they
reach the distance R.. There are no other restric-
tions,

However, in some cases analysis of the experimental
data on the basis of such a model has revealed some
physical discrepancies. At high energies, 7. begins to
depend on the energy, and to achieve agreement with
the experiments it is necessary to specify unphysically
small values of 7. and a very deep potential V... This
was a strong argument against the critical-radius con-
cept. However, in Ref, 86 a model was proposed intro-
ducing a third energy region in the behavior of o¢r, this
being associated with the existence of restrictions on
the stability of the double nuclear system formed when
the critical radius is reached. It can be seen from
Table I that the model makes it possible to interpret the
experimental results with reasonable values of 7. and
V. At the present time, the critical-radius concept
is widely used to analyze experimental data on fusion,
However, the microscopic foundations of this concept
have not yet been elucidated. It is to be hoped that the
answer to this question will make it possible to under-
stand the mechanism of energy loss in deep inelastic
collisions and fusion reactions,

CONCLUSIONS

The investigation of heavy-ion reactions has made it
possible for the first time to study various relaxation
processes in nuclear matter,

As a result of the experimental investigations, which
have been carried out intensively during the last few
years, it has been found that the various degrees of
freedom of a nuclear system are characterized by dif-
ferent relaxation times, and they can be classified as
fast and slow modes, The slow modes with characteris-
tic relaxation times ~10~%! sec (transfer of nucleons and
angular momentum) have been carefully studied in
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heavy-ion reactions at energies ~10 MeV/ nucleon, and
a qualitative understanding of the observed phenomena
has been achieved,

The degrees of freedom associated with dissipation
of the kinetic energy and equilibration between the num-
ber of neutrons and the number of protons are faster
processes with characteristic relaxation times ~10~%-
10~% sec. In these processes, much remains obscure,
and heavy-ion beams with ~20-100 MeV/nucleon are
needed for further investigations, Such beams will
make it possible to study processes characterized by
short relaxation times (7 <10~% sec),

As was noted in the Introduction, intensive investiga-
tions have been made in the last few years of reactions
with heavy ions in two basic energy regions:; 10 and
1000 MeV/nucleon, The investigation of processes with
heavy ions having ~ 100 MeV/nucleon will make it pos-
sible to understand how the interaction mechanism of
the nuclei changes with increasing kinetic energy per
nucleon,

In heavy-ion physics there is at present a rapid
growth in the experimental information obtained in
various correlation experiments. Such information
gives more stringent criteria for the selection of theo-
retical models and is therefore more valuable, but
more intense heavy-ion beams are required for corre-
lation experiments. For these reasons, further pro-
gress in understanding the interaction mechanism of
nuclei will, in our opinion, be associated with an in-
crease in the intensity of the heavy-ion beams and tran-
gition to the energy range ~100 MeV/nucleon.
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