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Abstract. The role of the value of the in-medium nucleon-nucleon cross section on
nuclear dynamics at intermediate energies is studied within the framework of a semiclassical
transport model. Particular attention is payed to the early reaction phase and the effects
produced on the energy transformed into heat and compression as well as on the prompt
dynamical emission.
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1. INTRODUCTION

Despite of many decades of theoretical and experimental efforts, the ques-
tion of nuclear equation of states (EOS) is still open. With time it has become
increasingly evident that the EOS cannot be studied separately from the un-
resolved question of a possible contribution of nuclear surroundings to the
elementary particle scattering even at energies below 100 MeV /nucleon where
inelastic processes are negligible. Nevertheless, the effects of the in-medium
modified nucleon-nucleon (N N) scattering probability on heavy-ion dynamics
have so far been rarely studied in detail.

In the present work we systematically investigate the effects of the NIV
scattering cross section on several dynamical observables of interest for heavy-
ion reactions (HIR). We use the Landau-Vlasov (LV) model [1], an one-body
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microscopic transport approach complemented with the two-body correction
term (Boltzmann’s collision integral), which is reputed to correctly describe
the bulk properties of HIR at intermediate energies. The LV equation describes
the spatio-temporal evolution of the distribution function f(r,p;t) under the
mean field hamiltonian H of nuclear and Coulomb origin

W +{f(r,pit), H} = Lou(f(r, p; ). (1)

The symbol { , } stands for the Poisson brackets. The collision integral is
calculated in the Uehling-Uhlenbeck approximation [2]
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and takes into account energy and momentum conservation as well as the Pauli
exclusion principle. The symbol g is the degeneracy, m is the nucleon mass,
f = (27h)3 f(r,p;t)/g is the occupation number, p and p2 (ps and py) are
initial (final) momenta of the scattering particle pair, ¢ = €(p) is the single-
particle energy, while oy is the in-medium transition probability defined as

X
X

ONN = FUlf\IN- (3)

Here alf\IN is the free NN cross section with its usual energy and isospin de-

pendence and F' is a corrective constant factor. For the sake of simplicity,
alf\IN is assumed to be isotropic and density independent, an approximation
which is fully justified in HIR below 100 MeV/u. Equation (1) is solved nu-
merically in the Wigner representation for a nonlocal effective force (Gogny
D1-G1, the incompressibility modulus K., = 228 MeV, and the effective mass
m*/m = 0.67 [3]) by projecting the one-body nuclear phase space onto a con-
tinuous basis of thousands of coherent states (here 100 per nucleon) taken as
elementary Gaussian functions [4]. The LV model with the Gogny interac-
tion generates a well-defined mean field with a proper surface dependence and
includes the Coulomb interaction, which is essential at low incident energies.

From the technical point of view, as in any Monte-Carlo-method based
calculation, the quality of the used random number generator is of a fun-
damental meaning. The presented results are the first LV model simulations
obtained with a true quantum random bit generator [5] and not with a classical
pseudorandom number generator.

In this paper we present the results on the study of the 36Ar+58Ni and
Ni+58Ni reactions at 52, 74, and 95 MeV /u (52, 74, and 90 MeV /u for the
latter reaction) at all impact parameters from central to peripheral collisions.
These systems have been extensively studied experimentally by the INDRA
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Fig. 1 — The number of NN collisions in the system, accumulated between

the instant =0 of the contact of colliding nuclei and the instant tsep (see

text for the definition), divided by the number of nucleons bound within

the QP and QT at tscp as a function of the multiplicative factor F' of

eq. (3). Shown is the result for the *®Ni+Ni system at 52 MeV /u in the

head-on collision. The dotted line is the best-fit result, while the full line
displays the bisectrix y = z.

collaboration at GANIL [6, 7, 8]. Although in some publications the multi-
plicative factor F' of eq. (3) was varied between 0.5 and 5 (see, e.g. [9]), the
motivation for such extreme values was solely in demonstrating their nonphys-
ical character and a large discrepancy of such a prediction from experimental
reality. In the present study, F' takes the values 0.8, 1, 1.2, and 1.5.

2. EARLY ENERGY TRANSFORMATION

In central nucleus-nucleus collisions stopping is mainly due to the vis-
cous feature of nuclear fluid. The nuclear viscosity from around the Fermi
energy upward receives contribution not only from the one-body (mean-field)
component, but increasingly also a contribution coming from the two-body
(N N) dissipation of the initial motion. An expected trivial result is that, on
the average, the number of NN collisions per nucleon is proportional to oy
Indeed, as shown in Fig. 1, the average number of hard NN collisions per
nucleon almost perfectly follows the y = x bisectrix line.

It has recently been shown theoretically [10, 11, 12] and confirmed ex-
perimentally [8] that HIR at intermediate energies, especially for central colli-
sions, are strongly dominated by the midrapidity emission, a component which
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is emitted early during the dynamical reaction phase. As an example, Fig. 2
shows the emission rate of the Ni+Ni reaction in a central and a peripheral
collision. In both cases, the emission pattern displays a copious dynamical
contribution from the first compact reaction stage which may be considered
to cease at the instant e, (labeled by heavy vertical bars in Fig. 2) at which
the quasiprojectile (QP) and quasitarget (QT) emerge and separate in the
exit reaction channel. The rest of the abundant emission is due to the rup-
ture of the so-called neck which is formed between QP and QT. This shortly
lasting emission is followed by a typical calm statistical-like disintegration by
which moderately hot QP and QT cool down slowly [12, 13]. This prompt and
copious dynamical emission (DE) from the first compact reaction stage is pro-
portional to the impact parameter b, i.e., to the reaction geometry [10, 11, 13].
We underline that the physical nature of the DE component is different from
the relatively well-studied neck-rupture mechanism by which the midrapidity
domain is also fed. Most of the studies of the neck-rupture are devoted to
semiperipheral collisions, in which this component may be distinguished by
higher clustering probability. For a review of semiperipheral studies, see the
most recent experimental [7, 14, 15] and theoretical works [16, 17].
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Fig. 2 — Time evolution of the nucleon emission rate for the Ni+Ni reac-
tion at 74 MeV/u and a central and a peripheral impact parameter. The
vertical bars label the instant tsep. The factor F' of eq. (3) is equal to one.

The prompt DE particles evacuate a large amount of available system
energy. Since this emission occurs in the early compact phase of HIR, it is cru-
cial to study details of the early transformation of the initial relative motion of
the entrance reaction channel into other forms of energy. A quantitative study
of the main energy components that are responsible for the observed copious
midrapidity emission, namely, heat and compression energy, has recently been
reported [18]. Here, we investigate how the change of oy} influences the early
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energy transformation and, in particular, how heat and compression energy
behave as a function of the factor F.
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Fig. 3— Time evolution of the energy components for the Ni+Ni reaction at
74 MeV /u and an intermediate impact parameter. The available entrance
channel energy in the center-of-mass is prior to the contact of colliding
partners in the form of the kinetic energy of their relative motion. After
the contact, this collective kinetic energy FEkiin con is rapidly transformed
into the compression Fcompr and the heat Eyy,. Negligible at the beginning
of the collision, the energy Femitt carried out of the system by emitted
particles, becomes the dominant energy component shortly after Ecompr
and Fi, have passed their maxima. The factor F of eq. (3) is equal to one.

The center-of-mass energy may be decomposed into collective and intrin-
sic contributions,

Eiot = Econ + Eing. (4)

The component Fi,; may be further subdivided into the excitation energy
contribution E* and the “cold” (potential) contribution which is evaluated
in the Thomas-Fermi limit as is usual in semiclassical approaches. In the
present study, instead of the common local sphere approximation the “cold”
contribution is evaluated in the so-called local bisphere approximation which,
in the zone of overlap of the two spheres at zero temperature, does not violate
the Pauli principle [19]. Such a treatment is relevant even on the time scale
on which the system is clearly out of equilibrium. This “cold” kinetic energy
(Ep in [19]) may, in the first approximation, be identified with the compression
Ecompr- Strictly speaking, E* can be identified with thermal energy (heat) only
at the limit when the pressure tensor is equilibrated, which does not occur for
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the reaction time of interest in the present study. Nevertheless, for the didactic
purpose, this proto-thermal component of the total energy is hereafter referred
to as thermal energy Eiy, or heat. To summarize, one may write

Eint = Eth + Ecompr + Eemitt; (5)

where E* = Fi, and Eepnity is the energy evacuated from the system by particle
emission.
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Fig. 4 — The thermal (left) and compression energy (right) per nucleon
as a function of time and ofy at 52 (top), 74 (middle), and 95 MeV /u
(bottom) in head-on collisions of *Ar and *®Ni nuclei. Dotted curves are
for I = 0.8, full for F' = 1, dashed for F' = 1.2, and dot-dashed for F' = 1.5.

The collective contribution Eiyi, con is defined in the usual way:

. r 2
Eyin coll = % /d3f Jp((j) ; (6)
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Fig. 5 — Same as Fig. 4 but for the *®Ni+°®Ni reaction.

i.e., at each instant of dynamics it is an integral over the whole system of the
square of a local collective current j = pv normalized by the local density p.
For details see, e.g., Ref. [19]. A typical time evolution of the system energy
is shown in Fig. 3.

The time evolution of heat and compression during the early dynamical
reaction phase at three energies as a function of the factor F' is shown in Fig. 4
(Fig. 5) for the Ar+Ni (Ni+Ni) reaction in the head-on regime. For other
impact parameters, the dependence on oy is weaker and vanishes for grazing
collisions. Nevertheless, the dependence on the reaction geometry persists and
is in full agreement with the study [18].

It is worth noting that E};, increases with oy, whereas Ecompr decreases.
This is clearly visible in the behavior of the above energy components maxima
shown in Fig. 6 for the Ni+Ni reaction. As expected, the value of the energy
maxima increases with the entrance channel energy. The instant at which
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Fig. 6 — The value of thermal (left) and compression energy (right) maxima
of Fig. 5 as a function of the factor F' of eq. (3) at 52 (open circles), 74
(full circles), and 90 MeV /u (triangles).

these maxima are reached is almost independent of oYy and decreases with
increasing relative velocity of colliding nuclei, as shown in Fig. 7 for the Ar+Ni
reaction. One also sees that Ey, reaches its maximal value a few fm/c before
Ecompr reaches its.
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Fig. 7 — The instant at which the maximum of thermal (left) and com-
pression energy (right) of Fig. 4 is reached as a function of the factor F' of
eq. (3) at 52 (open circles), 74 (full circles), and 95 MeV /u (triangles).



9 In-medium nucleon-nucleon cross section 269

3. DYNAMICAL EMISSION

Dynamical emission (DE) was introduced in the preceding section. Since
these particles are emitted during the early compact reaction phase, one ex-
pects that the value of oy has a strong impact onto DE. As in [11], we define
the quantity

DE
D = 100225 1)

tot

which corresponds to the amount of charged particles emitted before g, di-
vided by the total charge of the system, Zi,s = Z1 4+ Zp, where the subscript
T (P) stands for the target (projectile). Depy, takes the value 0% if no DE
occurs, and 100 % if the whole system disintegrates by DE.

Figure 8 shows how DE depends on the reaction centrality as a function
of oyy. As a reference, shown is a curve which represents the size of the
overlapping region between the target and the projectile in a fully geometrical
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Fig. 8 — Simulation results for the evolution of dynamical emission as a
function of the reduced impact parameter for the Ni+Ni reaction at 74
MeV/u as a function of oyy. Different symbols used denote different
values of F: circles for F'=1.5, triangles F'=1.2, filled circles F'=1, and
diamonds F'=0,8. The curve is due to a simple estimate of the contribu-
tion of participant matter assuming a purely geometrical overlap of the
two interpenetrating spheres [20] in the spirit of the participant-spectator
picture [21].



270 7. Basrak, Ph. Eudes, F. Sébille 10

assumption [20]. The centrality of the reaction is expressed via the reduced
impact parameter, i.e., the impact parameter normalized according to byax =
= Rt + Rp, where Rt (Rp) stands for the radius of the target (projectile).
The values and the error bars reported in the figure correspond, respectively,
to the mean value and the difference obtained by considering DE at ts, and
at tsep + 5fm/c. For the sake of figure clarity, the error bars stand for the
F = 1.5 case only, but they are essentially the same for other studied values
of the factor F. Despite of somewhat scattered points, the value of DE is
evidently proportional to the value of oyy. This observation may be used
to constrain the factor by which the free NN cross section alf\IN has to be
modified in order to account for the modifications of the elementary NN
scattering process caused by the presence of nuclear surroundings.

4. SUMMARY

To experimentally disentangle the contribution of the so-called nuclear
EOS from the possible effects coming from the in-medium distortion of ele-
mentary free-particle scattering is an extremely difficult problem. The aim
of the present work is to contribute to unraveling the very complex heavy-
ion-reaction mechanisms in the intermediate energy regime by studying how
the change in onn affects the early reaction phase, in particular the thermal
and compression energy and the so-called dynamical emission. The value of
oNN may also have consequences on the fusion disappearance [22], a phenom-
enon occurring around the Fermi energy. This work is in progress and will be
reported elsewhere.
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