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The phenomenology concerning the emission of fast nucleons in fusion and quasi-
fusion reactions of two heavy ions is reviewed together with some of the theories
developed to account for these processes. It is shown that, at energies exceeding
~20 MeV /nucleon, nucleon-nucleon collisions play a major role in the equilibration
process of the excited intermediate created in the interaction of the two ions. Some
theoretical results predict a considerable hardening of the primary nucleon spectrum

when the asymmetry parameter y = A,/Ar is sufficiently high.



In this paper we will limit ourselves to discussing the phenomenology concerning
fusion and quasi-fusion reactions and, in particular, that referring to fast nucleon
emission, to which interactions between projectile and target nucleons, when they
come in strict contact, contribute in a significant way.

Many experiments focusing on these processes have been made at rather low
incident particle energy (< 10 MeV/nucleon) and have been interpreted assuming
that the excited nucleus, after fusion with all or part of the projectile, mainly de-
excites by nucleon evaporation.:

At higher incident energies (> 20 MeV /nucleon) information on pre-equilibrium
emission mainly comes from the study of the spectra of light ejectiles.

Fig. 1 shows the experimental differential multiplicities of neutrons from the
interaction of 300 MeV 2C ions with ' Ho, measured in coincidence with an evap-
oration residue emitted at a forward angle (Holub et al 1986). The results of such
experiments look rather similar to the pre-equilibrium + equilibrium spectra mea-
sured in the case of nucleon induced reactions. In spite of this, these spectra are often
parametrised in terms of isotropic statistical emissions from two (or more) moving
sources. One of these fits is shown in the figure by the continuous lines that are given
by the incoherent addition of two contributions: the first, referring to evaporated
neutrons, corresponds to emissions from a source moving in the beam direction with
a velocity equal to that of the two ion center of mass, the second, corresponding to
the fast component of the spectrum, from a source moving in the beam direction
with a velocity about one half of the beam velocity, which corresponds to the mean

velocity of the nucleon-nucleon center of mass.

This parametrisation has been used to fit most of the inclusive and exclusive data
reported in the literature (see for instance, Awes et al (1981, 1982), Glasow et al
(1983), Holub et al (19832,1986), Hilscher et a! (1987)) and might provide evidence
in favor of theoretical models that interpret the light particle spectra as originating
from isotropic emissions from high temperature hot-spots corresponding to the zone

of the di-nuclear system where the projectile and the target density distributions come
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Fig. 1

Measured double differential cross-sections of neutrons from the reaction *2C(1¢*Ho,
nX) at 300 MeV (black points) measured in coincidence with evaporation residues
having velocity larger than 0.23 cm/ns, detected at 7.5°. The full line are the result

of the moving source parametrisation described in the text (Holub et al (1986).



in contact. Nucleons with the energy distribution expected for an high temperature
Fermi gas might cross the boundaries of the hot spot leaving the di-nuclear system
either immediately or after a propagation in the cold surrounding regions. The
existence of the hot spot requires that in its interior the nucleon mean free path be
very short so that nucleon-nucleon collisions lead very rapidly to a thermalisation.
On the other hand, in the cold surrounding regions the nucleon mean free path is
assumed to be very long allowing the propagation of the fast nucleons coming from
the hot spot without any interaction that could reduce their energy (Morison et
al 1980). Though these requirements might, at least qualitatively, be justified by
theoretical predictions of the dependence of the mean free path of a nucleon on the
temperature of the nuclear matter through which it propagates (Collins and Griffin

1980), it is doubtful if they can be really satisfied in practice.

At energies of some ten MeV /nucleon, the parametrisation of light particle spectra
in terms of isotropic emissions from moving sourées is by no means the only way
to reproduce the data. Korolija et al (1988a,b) first remarked that a very accurate
reproduction of the measured proton differential cross-sections, in heavy ion reactions
at ~20 MeV /nucleon, may be obtained by a multi-source fit including a non-isotropic
emission from a source moving with the two ion center of mass velocity. Fig. 2 shows
the fit to inclusive proton differential spectra (in reactions induced by S ions on 1248n
and Au) obtained by considering contributions from four sources, three of which
represent isotropic emissions from, respectively, the composite nucleus (evaporations
at the end of a pre-equilibrium cascade), a source simulating a fast projectile-like
fragment and a source simulating a slow target-like fragment (the velocities of these
last two sources are free parameters whose value is obtained by a best fit procedure).
The fourth contribution represents forward emissions from a non-equilibrated source
moving with the composite nucleus velocity. The degree of anisotropy in this source
system is characterised by A# that, as shown by Mantzouranis et al (1976), represents

the intrinsic uncertainty in the direction of a nucleon due to the finite size of the
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Fig. 2
Moving source parametrisation of experimental proton differential cross-sections us-
ing four moving sources, one accounting for pre-equilibrium emissions from the com-

posite system (Korolija et al 1988b)



emitting source and is given by

2%

Al =~ Y

(1)

k being the nucleon wave number and Rcy the source radius (in this case the com-
posite nucleus radius). The forward peaked angular distribution is suggested to be
given by

o(6,E) « exp(—0/A0(E)) (2)

which, in fact, as shown in Fig. 3, reproduces rather satisfactorily the average § de-
pendence of the estimated pre-equilibrium contribution to the CM double differential
spectra of nucleons emitted in fusion processes (Fabrici et al 1989a).

Fig. 4 shows the various contributions to the angle-integrated cross-section in the

case of the reaction 24Sn(S,pX) at 678.8 MeV.

When one studies theoretically the interaction between two heavy ions to repro-
duce single-particle observables, one must consider either the action of the mean-field
(that acts on the nucleons and changes as the two'ions move one against the other,
stick together and eventually fuse or separate again) and the effects of nucleon-nucleon
collisions due to the residual interaction that are most effective in producing a shar-
ing of the nucleon energies and momenta. At low incident energies, it is expected
that residual interactions are of little importance due to the Pauli blocking. At the
increase of the relative energy of the two ions, the restrictions due to the Pauli prin-
ciple become less effective and the importance of the nucleon-nucleon interactions
grows. Finally at high relative energies the interaction between the two heavy ions
should be essentially describable in terms of nucleon-nucleon collisions.

The most sophisticated way to treat mean-field effects is by using the time-
dependent Hartree-Fock (TDHF) theory (Negele 1982 and Davies et al 1984). How-
ever in most of these calculations, due to the great mathematical and computational
complexity, the residual interactions are neglected compared with the mean-field.
When the residual interactions are important one can use approximations, some of

which are described in the following.



i T T T 3
~~
& 10° -
3 ;
= £
1= {MeV)
£ 10° 10 3
& F *a20 3
£ 0o, ]
2 | @30 ]
L el i
E ¢t ]
o 4a50 ]
iu"‘ - o
b 10'5:— " 60 -
[ o070 ]
10'6 ] 1 1 | {
0 30 60 90 120 150 180
6, . (deg)

Fig. 3

Double differential centre of mass multiplicity distributions of neutrons from 300 MeV
12C! bombardment of '*Ho. The experimental multiplicities are given by open and
full dots, triangles, squares and diamonds. The full lines show the expression M(6,
E)xexp(-0/A6(E)) with Af=2r/kR, where k is the neutron wave number and R the

radius of the composite nucleus (Fabrici et al 1989a).
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The first consists in evaluating the single particle phase space distribution f(r,p,t)

by means of the Vlasov-Uehling-Uhlenbeck (VUU) equation

h 25 of1 / d®p2d°pydpa
. . g 1 ¢ 1 ’
AR U : (2n)® oviz[fif2(1 — frr)(1 - far)+

—fifa (1= £1)(1 - £2)16%(p1 + P2 — Pv — P21), (3)

where U is the mean-field potential which is assumed to be a specified function of
the local density (Aichelin and Bertsch 1985). |

With the right-hand side set to zero this equation reduces to the Vlasov equation
which is the classical analogue of the TDHF equations. It has been shown that,
at incident energies greater than ~ 25 MeV /nucleon the Vlasov equation is a good
approximation to the quantum mechanical TDHF theory (Aichelin and Bertsch 1985,
Kruse et al 1985, Aichelin 1986).

The right-hand side term of (3) accounts for the two-body collisions and has
a structure similar to that of the Boltzmann master equations proposed by Harp,
Miller and Berne (1968) to describe the nuclear relaxation in the course of a cascade
of nucleon-nucleon interactions. It is a sum of a feeding and a depletion contribution
and the effect of Pauli blocking is simulated by the (1 — f) factors appearing within
the square brackets. Indices 1,2,1’,2’ refer to the collision partners before and after
the interaction.

To solve the VUU equation, one uses a numerical method from hydrodynamics
(Aichelin and Bertsch 1985). The phase space is divided into cells and the phase space
distribution function is represented by a collection of test particles whose coordinates
evolve individually. For evaluating quantities depending on the phase space density,
such as the potential field or the Pauli operators (1— f), the number of test particles
within each cell is counted.

The solution of the Vlasov equation is obtained by computing the dynamical
evolution of the test particles by Newtonian mechanics. The initial phase space
distributions are those corresponding to particles distributed uniformly in spheres

with radius r,A!/2 with momenta given by a local Fermi gas approximation, assuming
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that the spheres representing the nuclei in momentum space are displaced from each
other by their relative momenta.

The collision integral is evaluated in a stochastic way assuming that two particles
may interact if they approach each other to a distance smaller than \/,;/_ﬂ' and if the
scattering is not Pauli blocked.

Without entering further in computational details we may discuss only a few
results.

In Fig. 5 are compared the coordinate-space time evolutions predicted for the sin-
gle particle distribution functions, in the case of the interaction of C ions at an energy
of 84 MeV /nucleon and a small impact parameter (b=1 fm), as predicted by TDHF
(without nucleon-nucleon collision terms), left, by the Vlasov equation, middle, and
the VUU equation, right (Aichelin 1986). Both mean-field calculations display a re-
markable transparency, while this is greatly reduced by considering nucleon-nucleon
collisions that also greatly increase the probability of nucleon emissions.

Fig. 6 shows the momentum space time evolution of the single particle distribution
functions in the case of a central collision (b=0 fm) for another symmetric system:
Ar + Ca at 137 MeV/nucleon (Kruse et al 1985). One finds that the momentum
space distribution is practically unchanged in the mezn field calculation, while the
inclusion of the collision term results in a strong thermalisation of the composite
gystem.

According to these calculations in a typical heavy ion interaction, at an incident
jon energy of some tens MeV, fast particle emission occurs at an early stage of the
process (within about 10722 sec~ 30 fm/c) with maxima in forward and backward
direction in the case of symmetric heavy ion collisions and mainly in the forward
direction in the case of asymmetric interactions. These particles mainly come from
the overlap region where collisions occur between projectile and target nucleons.
This is qualitatively what is expected on the basis of the PEP and Fermi jet theories
(Bondorf et al 1980 and Robel 1979) where one predicts that nucleon emission in
the forward (backward) direction is essentially due to projectile (target) nucleons,

from the overlap region, having momenta equal to the sum of a forward (backward)
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directed translational momentum and a randomly directed Fermi-gas momentum that
propagate through the nuclear matter, sometimes without interactions, sometimes
suffering interactions with target nucleons. However, Aichelin (1986) found that
the mean field interaction, in VUU theory, provides them with an extra push that
increases their energy. This because the absorption of the projectile generates a
region of density higher than normal and the mean field tends to lower the density
in this region by accelerating particles towards lower density regions.

VUU theory, however, is semiclassical in nature, and violates the uncertainty
principle. A way to improve this kind of calculation while retaining its physical
assumptions has been indicated by Cassing (1987a, b, 1988). Cassing separates in
time the action of the mean field and of the nucleon-nucleon interactions. The mean
field interaction is dominant for t < t, and thereafter the time evolution is ruled by

nucleon-nucleon interactions. The time
to=1t.+7/2, (4)

where ¢, is the time spent by the two nuclei to come in contact, and 7 is the average
primary nucleon-nucleon collision time which is estimated to be of the order of 10
fm/c at incident energies between 20 and 100 MeV /nucleon. The mean field inter-
action is evaluated by the TDHF theory and provides an average momentum-space
distribution f;,(k, t=0) for nucleons in the overlap interaction region, whose subse-
quent time evolution depends on nucleon-nucleon interactions and emissions to the
continuum.

The equilibration through two-body collisions and the emissions to the continuum
are described by a system of master equations that, to avoid violation of uncertainty
principle, evaluate the time evolution of the single nucleon momentum space distri-

bution without considering explicitly the spatial coordinates:

3 2K3
Et_fav(k’t) = W///daqzdaqidsq;x

dolk — q ,ql S hz
( ;n ! qz)63(k+Qz—Q’l—Q'z)5(m(k’+q§—q’?—q’%))[fa.,(Q’ut)fau(Q’z,t)><
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(1 - Iav(kat))(l - fau(Q2,t)) - fav(k,t)fav((h;t)(l - fcv(q’nt))(l - fau(qlz’t))]"'
hk?

77 (k,t) ™ fau (k, ) Ht — 77 (k, 0)| H[ oo

- U, (5)

the quantities k, q2,q9'1,q’2 are the momenta of the interacting nucleons before and
after scattering, U, is the depth of the mean field and the H’s are the Heaviside
functions equal to unity for positive argument and zero otherwise.

The initial momentum space distribution fs,(k,t = 0) (as well as the time evolv-
ing one) contains high momentum components, essentially due to finite size effects,
that are not possessed by distributions evaluated with use of Fermi gas model. Cas-
sing (1988) claims that this quantum mechanical effect is of the greatest importance
to reproduce the hardest part of emitted nucleon spectra.

The average time 7¢(k,t) during which a nucleon of momentum k, in the rest
frame of the moving mean field, experiences two-body collisions before reaching the
di-nuclear surface with a chance to be emitted is given by the average distance of the
nucleon from the surface divided by the nucleon velocity. Its reciprocal 7y (k,2)"1is
tentatively taken to be the decay rate for emission to the continuum. The momentum

distribution of particles in the continuum at time ¢ is then

t 2.2
Fellst) = [t fou G )BT = e O

— U,)dt'. (6)

After the transformation to the energy and angles in the lab. system (E and ),
one gets the spectrum of particles emitted with a given energy and direction up to
time ¢ in the lab system, fiab(E,,t). To obtain absolute cross sections, Cassing
(1988) tentatively suggests the assumption that an equal number of nucleons from
the projectile and the target contribute to emission (even in the case of asymmetric
systems) so, for instance, in the case of neutron emission, assuming N, to be the
number of neutrons in the projectile, one gets

N _ 2Ny fiab(E, 0,1 = o) 0
dEdQN ~ [ dkfa(k,t=0)

Some examples of the agreement between the data and this theory are shown in Fig.

7, 8, 9. In all cases the estimated theoretical yield has been reduced to one half to

13
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Double differential multiplicity spectra of neutrons, in coincidence with an evapo-
ration residue, emitted in the interaction of 2C with '®*Ho at 600 MeV (Holub et
al (1986). The continuous line is the result of calculations by Cassing (1988), the
dashed line of Fermi jet calculations by Holub et al (1986), the dash-dotted line the

result of using f,,(k,t = 0) given by two shifted Fermi gases at zero temperature

(Cassing 1988).
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take into account the part of the calculated outgoing neutron flux that contributes to
complex particle yield and has to be subtracted before comparison with experiment
(this might be subject to some criticism since to take into account formation of
complex particles one should increase the nucleon-nucleon interaction cross-section
including a sticking term).

The effect of the mean field is also taken into account macroscopically by evalu-
ating the trajectory of the two colliding ions under the action of Coulomb, nuclear
(proximity interaction) and centrifugal forces. The so called one-body dissipation
process occurs by means of a friction force or by exchange of nucleons through the
neck that forms between the two nuclei when they come in close contact (Leray et al
1985, Randrup and Vandenbosch 1987). A window forms through the neck and fast
nucleons with high momenta (originating, as already indicated, from the coupling of
the translational momentum, due to their participating in the collective motion of
the ion, and the internal Fermi-gas momentum) may transfer from the donor to the
receptor propagating through the nuclear medium and being eventually emitted if
they reach the receptor surface with sufficient energy to overcome the potential bar-
rier. Randrup and Vandenbosch (1987) use the nucleon-exchange transport model to
describe the two ion trajectories, the formation of the di-nucleus and the exchange
of nucleons through the neck, (Randrup 1979, 1983, Dossing and Randrup 1985).
The two ions are described as two Fermi gases with a sharp surface in coordinate
space connected, when in close contact, by a neck of radius c.sy. When nucleon
transfer from donor to receptor occurs the two nuclei are finite temperature Fermi
gases, that have been heated by previous transfers and equilibrated. The transferred
nucleon may experience a two-body interaction with a receptor nucleon and the col-
lision probability per unit time is calculated as in pre-equilibrium phenomenological

models as
d _ —_
Wi, = <pof@f]{,v,,zf{ f2> %f(pz)of{,{v (Ercl)vrclf(p’l)f(p’z)’ (8)

where o;,fl{, is the effective nucleon-nucleon cross section in nuclear matter, assumed

equal to k(=1/2) times the free nucleon nucleon cross-section, vres and Er.i are,

17



respectively, the two-nucleon relative velocity and energy and the indices 1 and 2
refer to the transferred and the receptor nucleons, and the primed quantities to the
nucleons after the scattering. The quantities f = (1 — f) represent the probability
that the final state be available. Whenever a nucleon-nucleon collision occurs the
propagation through the receptor of both the scattering partners is followed. When a
nucleon reaches the receptor surface it escapes with a probability equal to the quantal
transmission coefficient appropriate to the diffuse potential step and the refraction
at the crossing of the nuclear surface is evaluated classically. The calculation is made

for each partial wave contributing to a particular reaction.

The time evolution of a typical collision, predicted by these calculations, is shown
in Fig. 10 that shows, from top to bottom, as a function of time (in units of 1022
sec), in the case of the interaction of 402 MeV 2°Ne ions with '°*Ho and the =46
partial wave, (a) the decrease of the radial component of the kinetic energy, (b) the
variation of the internuclear separation R and the neck radius c.ss, (c) the evolution
of the equilibrium temperatures of the projectile-like and the target-like di-nuclear
components and, finally (d) the time-dependent multiplicity of the projectile nucleons
emitted.

This figure shows that, according to the model, fast nucleon emission occurs after
substantial damping of the two-nuclei kinetic energy, shortly after the neck formation,
and when the temperature of the projectile-like fragment has almost reached its
maximum value. The fact that the projectile may be described, at the moment of
nucleon transfer, as a finite temperature Fermi gas leads to a substantial increase of
the energy of emitted nucleons due to the coupling of the translational momentum
with high internal motion momenta from the tail of the finite temperature Fermi-
Dirac distribution.

In Fig. 11 (for the same reaction considered in Fig. 10) are shown the double-
differential distributions predicted for the emitted neutrons (i) considering zero tem-
perature donor nuclei and neglecting two-body interactions of the transferred nu-
cleons (dashed lines), (ii) considering finite temperature donor nuclei (long dashed

lines), and (iii) considering also the effect of two-body interactions (full lines). The

18
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increase of fast neutron emission at backward angles, considering finite temperature
Fermi gases and two-body interactions, may be easily noted. Fig. 12 shows a typical

fit to observed differential cross-sections (Randrup and Vandenbosch 1987).

All the approaches previously described take into account, to a different degree
of accuracy, the so called one-body dissipation mechanism, due to the mean field
acting on the interacting ions, and the two-body dissipation mechanism occurring via
two-body nucleon-nucleon interactions. A number of calculations of nucleon spectra
has also appeared in literature considering explicitly only the two-body interaction
mechanism and these are more directly related to the calculations of pre-equilibrium
cross-sections made in the case of light projectiles (Blann 1981, 1987, Blann and
Remington 1988, Cindro 1988, Fabrici et al 1989a,b, Iwamoto 1987, Korolija et al
1988a, Remington et al 1988).

The justification of such procedures rests on the observation (Kruse et al 1985,
Cassing 1987b) that for reaction times smaller than ~ 30 fm/c~10~22 sec the colliding

nucleon momentum distribution is not greatly changed by the mean field interaction.

Most of these calculations are based on the solution of a system of master equa-
tions proposed by Harp, Miller and Berne in 1968 for a one fermion gas and further

generalised to two fermion gases by Harp and Miller in 1971.

In this theory (see Fig. 13) the nucleon states are classified according to their
energy, €, and divided into bins of width Ae. The number N; of occupied states
within each bin is equal to the product of the total number of states for that bin,
g, times an occupation number 0< n;<1. Nucleons in states within bins ¢ and j
may interact and scatter to states within bins / and m subject to the conservation of
energy and the availability of unoccupied states in / and m . Unbound nucleons may
also escape from the nucleus with energy €'=¢;-¢p-B; (er and B; are, respectively,
the Fermi energy and the binding energy of the nucleon in the composite nucleus)

thus contributing to precompound emission.

The relaxation of the nucleus, is described by the master equations (written, in

the following, for the proton gas, those for the neutron gas being the same with
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Fig. 12

Comparison of experimental double differential distributions of neutrons from the
interaction of 402 MeV 2°Ne with '®*Ho (Holub et al 1983) with the theoretical
predictions by Randrup and Vandenbosch (1987). The solid line give the calculated
pre-equilibrium component, the dashed line the evaporative component (Randrup

and Vandenbosch 1987).
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Schematic representation of the time evolution of the occupation probability of single

nucleon energy bins in a nucleon induced reaction according to Harp, Miller and Berne

(Blann 1975)

23



obvious substitutions):

d y A
(490" S gt ol nTamnt (1~ n)(1 = n)+

dt Im—iy
Jjlm

—wih aFnleTnl (1 — nf)(1 — nR)] + ) (Wi el nf gmnim (1 — o) (1 — nf)+
Jim
g nT gl (1 — n])(1 — n%)] = nf g Wi 0gh6(] —€p — Bf —€5),  (9)

and emission of particles to the continuum is obtained by integrating the equations

dN!™
dt

=nlgTwl ;g7 6(ef —exp — BT —€5r). (10)

L

fi—im are the decay rate for the scattering of particles in definite

The quantities w
states of the bins ¢ and j to bins / and m (evaluated as discussed by Fabrici et al

1989b) and

Oiny Uy’

o= 11
Wi—g giﬂ ( )

are the decay rates for emission of particles into the continuum. The quantities o;n.,
vy and ) are respectively the inverse cross-section, the emitted nucleon velocity and
the Lab. volume which cancels a similar factor appearing in the expression for g;:.

The system of master equations (9) is not the original one proposed by Harp
et al but that proposed by Fabrici et a/ (1989b) obtained by eliminating two of
the approximations made by Harp et al in evaluating the decay rates for nucleon-
nucleon interactions, namely that of considering only perpendicular collisions which is
inconsistent with the assumption of energy-dependent nucleon-nucleon cross sections,
and that of considering as equiprobable any partition of initial energy between the
final particles provided that their total energy is conserved. In fact linear momentum
conservation leads to further restrictions on the possible values of the energies of the
particles after scattering.

Most of these last calculations have been made by Blann and collaborators (Blann
1981, 1987, Blann and Remington 1988 and references therein) who analysed exclu-

sive spectra of nucleons in coincidence with evaporation residues with a modified set
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of Harp, Miller and Berne master equations (Blann 1981) assuming the initial exci-
tation energy partitioned statistically among the projectile nucleons while the target

was considered to be a Fermi gas at zero temperature.

The modified master equations used by Blann contain in addition to the terms
appearing in (9) an injection term [d(N;(t)/dt] rus (Ns(t) = nigi) that should describe
the time-dependent rate of insertion, into the coalescing system, of nucleons of a given
energy (bin ) coming from the projectile (assumed to be the lighter nucleus).

These calculations often provide excellent reproductions of angle integrated par-
ticle spectra, however the use of an initial exciton energy distribution corresponding
to a statistical partition of the energy does not seem consistent with the momentum
space description of the dynamics of the interaction process considered in all pre-
viously discussed theories. In fact it is straightforward to evaluate the particle and
hole initial distribution resulting from the assumption of the coupling of the transla-
tional momentum of the nucleons (due to their being part of a translating ion) and
their Fermi motion momentum, and it is found that it does not coincides with the
statistical distribution. Fig. 14 shows the occupation probability distribution of the
neutron states of the composite nucleus available per unit energy bin, in the case of
the interaction of (a) 600 MeV 2°Ne ions with !®Ho (cashed line) and (b) 800 MeV
40Ar jons on 4°Ca (continuous line) (Fabrici et al 1989b). The calculation is made
using a value of 40 MeV for the Fermi energy of projectile, target and composite
nucleus, assuming a central collision and that the Coulomb potential energy of the
two ions is converted back into translational kinetic energy as they fuse. These dis-
tributions are characterized by holes, in addition to excited particles, whose number
and excitation energy depends on the projectile-target mass symmetry. The presence
of these holes allows, as the cascade of nucleon-nucleon collisions develops, the exci-
tation of particles to an energy higher than that resulting from the coupling of the
internal and translational momenta.

Fabrici et al (1989b) have investigated quantitatively this effect using the Harp,
Miller and Berne master equation theory. In case of very asymmetric systems like C

or Ne + Ho, the calculated spectrum closely resembles that obtained by means of a

25



101131

=T Ty
- -
-

s 1oyt

T
I

—_——
el S
—
—
—
-

-~ -
-—

T T
/

rd
Losoaa gt

Fig. 14

Occupation number distribution of neutron states of the composite nucleus, at the
beginning of the de-excitation cascade, in the case of 600 MeV 2°Ne ions on **Ho
(dashed line) and 800 MeV *°Ar on *°Ca (full line). Neutrons with energy in excess
of, respectively, the dashed and the full arrow are in the continuum. The dotted line

gives the occupation number distribution for a zero temperature Fermi gas (Fabrici

et al 1989b).
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generalisation of the exciton model (Fig. 15, Fabrici et al 1989a) which consists in
neglecting the hole excitations and in considering simply the excited particles that
in the case of very asymmetric systems are essentially the projectile nucleons. This
demonstrates that for asymmetric systems like those above considered (asymmetry
parameter y = Ap/Ar < 0.13) the effect of interactions between excited nucle-
ons in the presence of deep holes is of negligible importance. Basically different is
the result one finds when one considers a symmetric system (y = 1) such as 40Ar
+ 40Ca at 800 MeV. In this case, the maximum neutron energy at the beginning
of the nucleon-nucleon interaction cascade, corresponding to the kinematical limit
Ex = (pt+pr)?/2m, — B—er (where p; and pr are the translational and the Fermi
momentum; B, ey and m,, are, respectively, the neutron binding energy, the Fermi en-
ergy and the nucleon mass), is only ~20.3 MeV, an energy considerably smaller than
that to which the experimental neutron spectrum measured by Résch et al (1987) ex-
tends. Also considering the smearing due to the low energy resolution affecting these
data, one cannot bring the calculations in agreement with the data in the absence
of a considerable hardening of the spectrum due tp nucleon-nucleon collisions. The
comparison in Fig. 16 of the experimental neutron spectrum (Lassen 1988) (thick full
line) with the ones calculated using free nucleon-nucleon cross-sections (thin full line)
and cross-sections scaled, respectively, by a factor 2 (dashed line) and 4 (dotted line)
shows that this hardening occurs. The calculated spectra are in excellent agreement
with the measured spectrum thus showing that nucleon-nucleon interactions have
considerably hardened the neutron energy distribution existing at the beginning of

the nucleon-nucleon interaction cascade.

The importance of nucleon-nucleon interactions is also indicated by the depen-
dence of the calculated neutron yield on the scaling factor multiplying the free
nucleon-nucleon cross-section. In this case, at variance with that which occurs in
the case of very asymmetric systems, a larger nucleon-nucleon cross-section results
in an increased yield of high energy neutrons. An increase of the interaction cross-
section increases the probability of producing high energy nucleons in nucleon-nucleon

interactions. At the same time, the probability of their emission into the continuum
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Fig. 15
Angle integrated centre of mass multiplicity distributions of pre-equilibrium neutrons
for the reactions indicated. The experimental results are given by the solid dots, the

theoretical expectations by the solid lines (Fabrici et al 1989a).
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Fig. 16

Comparison of the neutron spectrum from the interaction of 800 MeV *®Ar ions with
40Ca?® (thick full line, Lassen 1988) with the spectra calculated using free nucleon-
nucleon cross-sections (thin full line) and cross-sections scaled, respectively, by a

factor 2 (dashed line) and 4 (dotted line) (Fabrici et al 1989b).
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decreases. The emitted nucleon yield depends on both these two opposite tendencies
and the observed increase in the yield of the emitted neutrons for a larger nucleon-
nucleon cross-section demonstrates that the first effect is predominant. The calcu-
lations by Cassing (1988) do not reveal this hardening of the initial nucleon spectra
due to fast nucleon interactions in presence of deep holes, as it is demonstrated by
Fig. 17 which shows that, in his calculations, an increase of the nucleon-nucleon
interaction cross section leads to a decrease of fast neutron emission even in the case

of symmetric heavy ion interactions.

In the case of very asymmetric systems the amount of high energy nucleons at the
beginning of the interaction cascade is too small to produce any significant yield of
high energy nucleons as a result of the nucleon-nucleon interactions and, in practice,
the second effect is the only one operating. Thus, an increase of the nucleon-nucleon

cross-section reduces the yield of high energy neutrons.

In Fig. 18 are shown, for systems of different symmetry ((A) 325 + 27Al (y = .84,
full line), (B) 328 + 58Ni (y = .55, dotted and dashed line), (C) 328 + 298n (y = .27,
dotted line), (D) 328 + 1°7Au (y = .16, dashed lint)), the calculated spectra of pre-
equilibrium protons at a time & 2-10~22 gec from the beginning of the nucleon-nucleon
interaction cascade. The energy of the incident 32S ion beam is in all cases equal
to 679 MeV and, in the calculation, free nucleon-nucleon cross sections have been
used. The arrows indicate, in each case, the highest energy of the protons at the
beginning of the interaction cascade resulting from the kinematical coupling of the
translational and internal momentum. The importance of the nucleon-nucleon inter-
action is shown by the fact that, in spite of the considerably different initial energy
distributions the emitted particle spectra are very similar and, if there is a difference,
the softest spectrum corresponds to the hardest initial distribution. In case (D) one
may identify two components of the calculated spectrum, one corresponding to the
particles emitted immediately, without any interaction, that ends at the energy cor-
responding to the arrow (D), and one of protons that acquired energy in at least one
previous nucleon-nucleon interaction. The two contributions are barely observable in

the case of 12°Sn, and cannot be separated in all the other cases.
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Double differential pre-equilibrium neutron multiplicities for central collisions of *°Ca
on *°Ca at 20 MeV /nucleon, calculated by Cassing (1988) using free nucleon-nucleon
cross-sections (open squares), and free nucleon-nucleon cross-sections multiplied by,

respectively, 2 (open circles) and 0.5 (open triangles).
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Fig. 18

Calculated proton spectra (after a time T' =~ 2 - 10722 sec) from the beginning of
nucleon-nucleon interaction cascade, resulting from the interaction of (A) 328 and
27A] (y = .84), (B) *2S and *®Ni (y = .55), (C) 32§ and 12°Sn (y = .27), (D) *2S and
197 Au (y = .16). The energy of the incident 328G jon beam is, in all cases, equal to 679
MeV, and free nucleon-nucleon cross-sections have been used in the calculation. The
arrows indicate, in each case, the highest possible energy of protons at the beginning
of the interaction cascade resulting from the kinematical coupling of the translational

and internal momentum of either the projectile or the target (Fabrici et al 1989b).
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The hardening of the nucleon spectrum obviously depends on the probability of
interaction of two particles of sufficient high initial energies ¢; and ¢; which is propor-
tional to the product of the corresponding number of occupied states nig; - n;g; and
the availability of deep holes at energy €; where one of the two particles may scatter,
which is proportional to (1 — n;). The comparison, in Fig. 14, of the initial occupa-
tion number distributions corresponding to asymmetric system Ne + Ho and to the
symmetric system Ar + Ca shows that the probability of a nucleon-nucleon inter-
action producing nucleons with energy greater than that of the interacting nucleons

may be orders of magnitudes greater in the symmetric case.

To conclude, it has been shown that, starting from incident energies of the order
of a few ten MeV/nucleon (~ 20 MeV/nucleon) nucleon-nucleon collisions play a
major role in the equilibration process of the di-nuclear system created in the inter-
action of two heavy ions. These interactions also influence in a significant way the
energy and angular distribution (in addition to the absolute yield) of fast nucleons
emitted at an early stage of the two-ion interaction process. They might even lead
to a considerable hardening of the primary nucleon spectrum when the symmetry

parameter y is sufficiently high (>~ .15).
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