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I. Introduction

Studies of heavy-ion collisions at 10 MeV per nucleon which have
been performed during the last years produced the relevent information
on the interaction of heavy ions and the properties of a dinuclear sys-
tem. A part of these data can be interpreted based on the statisti-
cal model. For instance, from decay characteristics of the dinuclear
system 1t follows that at least on the later stage of the reaction
the system is in thermal equilibrium., This conclusion is confirmed
by the phenomenological analysis of nucleon emission spectra, low-
energy component of which is due to evaporation from a compound nuc—
leus. Another part of the experimental data requires for the inter-—
pretation some new physical ideas. The deviations from the predicti-
ons of the statistical model are probably caused by the properties
of the initial stage of the reaction.

In 1 we have developed the model describing the initial stage
of heavy-ion collisions, Firstly, this model has been applied to
describe the relative motion of o00lliding nuclei, which is characteri-—
sed by dissipation of a large part of the initial kinetic energy. The
model 1s based on the assumption that the two-body collislons between
nuoleons can be neglected and the one-body collisions of nucleus with
a time-dependent wall determine the dynamics of the collision.
Particle-hole exoltations generated at the first stage of the react-—
lon take away a relevant part of the initial kinetic energy. Decay
of particle-hole states during the reaction into more complicated
conflgurations with the larger density make the transition of the
kinetic energy to the energy of particle-hole exoitations irreversib—
le.

hmong the particle-hole excitations arising at the first stage
of the reaotion there are components with the partiole in continuum,
Decay of these sxcltatlons leads with enhanced probability to emis..
slon of a nucleon from a nucleus. Since the excitation and decay of
thesa states oocur at the initial stage of the reaction when the
exoltation energy i1s not yet distributed uniformly between all thé
degrees of freedom the emitted nucleons may be of a very large energy.
As the momentum of relative motion 1s not dlstributed uniformly
between all the nucleons of the dinuclear system as well, particles
will be emitted mainly in the forward direotion.
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A significant yield of nucleons at small angles with energles
exceeding considerably the predictions of the statistical model was
observed experimentally in heavy-ion collisions. The present paper 1s
aimed at studying this process within the model suggested in ref./]'/ .

2. The model Hamiltonian

From the microscopic point of view the time-dependent mean field
determines the dynamics of the collision, since the two-body oolli-
sions are less important at velocities of relative motion smaller
than the Fermi velooity.

The Hamiltonian describing t?o interaction of two colliding
nuclei has been obtained in ref. and contains the coupling of
relative and intrinsic motion:
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The term H.nt 1n (1) 1s the interaction responsible for the tran—
sition of a part of nucleons from bound states into a continuum in

the course of partial overlapping of the densities of colliding nuclei.
In the ococordinate representation
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Here U is the potential generated by the target-nucleus. The
collective current /wll (2‘) has the form
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where Lr/t) 1s the relative motion velocity, 76(?:) =% &) in the
lab.system of ocoordinates, po is the mean denslty o¢f the dinuoclear
system produced, 9,: 1s the fluctuating part of nucleon density in

1

1

H

ﬂ,

incident particle. The single-particle current i1s defined by
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Here (//5 is the single-particle wave function of a bound state in
an 1lncldent nucleus.

Theoretical calculations of the nucleon yield include the calou-
lations of emission of statistical and preequilibrium particles at the
initial stage of the reaction.

The emission of statistical nucleons is calculated in the frame-
work of the standard cascade-—evaporative model, whereas the emission
of preequilibrium particles requires the wave function of the dinuc-
lear system at small interaction time /2 .

As we have already mentioned, our model is based on the one-—par—
ticle mechanism of dissipation of kinetic energy. A time-dependent
mean field of each nucleus excited in the partner particle-hole
states including those in the ocontinuous speotrum. Just the latter
are important for nuoleon emission. Though, on the whole, distortion
of the wave functions of colliding nucleil may be rather large ’
the weight of each conorsete particle-hole component will be small
and they can be calculated by perturbation theory. In such an appro-
ximation the momentum diatribution of nucleons provides
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where L, =F,+ 7 my*, the factor € is related with a natural

width of a level.
Substituting (2) 1nto (3) we get
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We have ohosen rather a simple form of the wave functions of the
states in the oo?t}nuous speotrum-plane waves.

As in ref. 1 we assume that the radial parts of the single-
partlicle wave functions in the surface region are similar and can be
approximated by square root of denslty. To simplify celoulatlons we
substitute in the integrand for demsities product the expression:
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where the Qopr s d and K¢ values are detemmlned by the requirement
of the best approximation of the left-hand side of (5). The parame-
ters ¢! and .()..,”-, are related with the depth of interpenetration
of nuclel. The integral ocould be calculated exactly; however, we
thought it to be useful by physilocal considerations to simplify some
what the problem for a better gqualitatlve analysis.

After simple transformations expression (4) takes the following
forms
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Substituting (5) into (6) we find
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In deriving (6) we used:
U, = U, Pclz).
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3. The yleld of preequilibrium nucleons

A nucleon emitted from an incident particle with momentum p-
may immediately appear outside the target-nuoleus or pass the
path through the target-nucleus.

Consequently, one should either neglect the absorption of a
particle in the system or take it into account.

We solved this problem in a pure geometrical way considering a
possible position of an incident partiole with respect to a target—
~-nuoleus. 4 portion of particles emitted from the projectile and
absorbed 1n the target is determined by the impaot parameter, nuc-
lear radli R; R, and the dimensions of the overlapping reglon of
nuclei. The part of particles Absorg7d in the nucleus depends on
the mean free path at given energy / .

Based on such a consideration we have for the double differen-
tial oross section of preequilibrium nuoleons
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where & is the angle of particle emission, BRere the parameters of
the single-partiole potential are taken from ref. 4 3 the decay
wldth of the particle~hole 7tates in the contlnuum,from the calcula-
ticn73?y the exciton model 5"; and the nucleon mean free path,from
ref. . The main parameter of our model 1s ¢ defining the re-
glon of mutual overlapping of oolliding nuclei. This parameter
characterizes the slope of the spectrum of nonequilibrium nuocleons.

4., The evaporation oross sectlon

To analyse experimental data one should caloulate the yield of
evaporative neutrons. For this purpose we have used the GROGIG
progran ' %/ which is a modified version of GROG12 7/ . 1t includes
the competition of the fission ohannel with the channel of particle
(n.p,d) and X‘ —emlission and the dependence of the value of the
fission barrier on momentum. & system formed as a result of inte-
raction of an incident ion with = target-nucleus has a large excita~
tlon energy and high angular momentum. T?erefore, the contributlon of
the fisslon channel can be very large aven for the nuoleli which
are not fissionable in the ground state,

We have investigated the dependence of the oross section of
evaporated neutrons on the statistical model parameters. It was found
that 1t 1s most sensitive to the value of f,. . The cholce of Z,,
depends on the experimental value of the fusion cross sectlon for the
glven reactlon.

Theoretical calculations of the neutron yleld at small energles
naturally provide valuses somewhat less than the experimental ones
sinoe an additional neutron yisld at these energles 1s related with
thelr aemission from fission fragments.
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The optical potential parameters used for the caloulation of the
fusion cross seotlion have been taken from ref. s/ « The level-densit
parameters (@ and & have been chosen according to aystmatios/lo .
The program used for statistiocal calculations provides the values of

5
JdE integrated over all angles. The transition to }i‘—ﬁ— Proceeds
following ref. =

5. Discussion

Based on the results of the preceding sections we have analysed

Iga experimental data /1 on the neutron yield in the reaotions
C +51g, E%:= 105 MeV in the lab.system, The figure shows the re—

sults of oaloulations of the double differential cross section of
inclusive neutron emission, The dashed ourve is the caloulation by
the cascade-evaporative model; the continuous ourve 1s the total
theoretioal cross seotlon. The points and triangles are the relevant
experimental data.

It is seen from the figure, that up to the neutron energy of
10 MeV the experimental oross sections are described within the cas-
cade-evaporative model., With increasing energy of an emitted partiole
the statistical mechanism contribution to the ocross seotion sharply
decreases whereas the yleld of nonequilibrium particles increases.
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The fast neutrons component in the oross section 1s defined by
expression (7). It 1is obvious that the absolute value of the yield
of preequilibrium neutrons depends on both the geometric dimensions of
colliding nuclel and the dimensions of the region of mutual overlap-
ping of nuclear densities. The d defines also the energy dependence
of the preequilibrium component since the effective temperature is
represented by K;ﬁpuiL'- The angular anisotropy of the cross section
i3 determined by the veloclty of the relative nuclear motion that
changes at the inltial stage of the reaction 'from )=/ Z ]
zero, In concrete caloulations we hava used the walue E.—fztu .

It 418 seen from the figure, that the experimental data on the
yleld and energy dependsnce of the cross seotion are reproduced in
the calculations.

The angular anisotropy observed experimentally 1s described
qualitatively in our caloulations. The figure exemplifies for two
angles, for which the agreement of theoretiocal ocalculations with ex-
perimental data 1s good. However, with inoreasing angle of emission
the theoretical values of the oross seotion decrease more sharply than
experimental data. An- analogous result has been obtalned in ref./13/
for the model with two sources.

It should be noted that we discussed the yleld of nonequilibrium
nucleons from an incident particle; however, the emission of high-
—-energy neutrons i1s also possible from the target-nucleus. Therefore,
incluslon of these two sources of fast particles may improve a
quantitative agreement. However, the fact that our numerical results
are close to experimental date allows us to state that the mechanism
of the yield of nonequilibrium nucleons suggested in this paper
describes one of the souroces of emisgion of high-—energy particles,

Annlogously one can investigate emission of protons in heavy-ion
reactions.
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