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Anomalous diffusion in chaotic scattering of heavy ions
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Close collisions of heavy ions, in which nuclei experience a considerable overlap of their
density distributions, may lead either to the formation of a compound nucleus or to the
deeply inelastic dissipative processes in which the system breaks apart before the compound
nucleus is formed, i.e. before a complete statistical equilibrium is achieved. In this latter
case, there exist 'collective' degrees of freedom which relax very slowly as compared to the
relaxation of single particle degrees of freedom or to the contact time of colliding heavy
ions. This process is associated with the mass transfer, kinetic energy loss and angular
momentum dissipation. The phenomcnological description of slowly relaxing , collective
degrees of freedom employs the transport equations or the Langevin equationsfl] . With
respect to the collective variables, the dissipative collisions are similar to the induced fission
in the highly excited nucleus and, indeed, the Langeviu approach has been applied for the
description of this process for a long time. Irreversibility of dissipative processes is related to
the memory loss, quantitatively described by various time-dependent correlation functions.
Analyzing those functions is important because they determine essentially the transport
properties, in particular the diffusion coefficients.

Recently, the velocity autocorrelation function has been determined in the classical molec-
ular dynamics with the realistic nuclear potential[2] and the slowly decaying algebraic ve-
locity and force correlations have been demonstrated for peripheral collisions of nuclei. The
decay of both velocity autocorrelation function (VACF) and force autocorrelation function
(FACF) seems to be universal (~ t~^ with 7 = 1 ) and originates from the long free paths
between collisions, similarly as in the strongly chaotic (ergodic) periodic Lorentz gas (PLO)
with open horizon. This means also that the decay of the force (velocity) correlations is in-
dependent of both the details of the potential, in particular its short range features, and the
fermionic/bosonic nature of the particles involved[3] , as was demonstrated on the example of
fermionic diffusion in superlattices[5] . ' Recently, we have shown how such slowly decaying
correlations can be incorporated in the Langevin approach which is a usual framework for
the description of the dissipative reactions and/or the induced fission of hot nucleus. The

'These results are relevant for modelling transport properties of fermions in e.g. Boltzmann-Langcvin
formalism if in medium two-particle cross-section is small with respect to the size of the topological hole
clue to the antisyinmetrization. In this limiting case, two-particle collisions in the collision integral of the
Boltzinann-Langevin equation would generate, even for large densities, the anomalously enhanced diffusion
process with D ~ ta (a ~ 0.6) and not the normal diffusion as it is usually assumed. The consequences of
this finding for transport properties in realistic situations of nuclear heavy-ion collisions or metallic cluster
collisions should be further studied.
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main problem is the generation of the properly correlated noise which drives a Brownian
particle in each microscopic realization of its trajectory.

In the earlier exploratory studies[l] , we have designed the generator of such a stochastic
force applying the velocity series of a point particle in the two-dimensional PLG as a gener-
ating process of the deterministic, chaotic random process. In case of the open horizon, the
velocity autocorrelation function of the particle in the PLG is proportional to I//, and iden-
tifying the time series {u(<0), u(<i)...} with the time-series {F(/0),F(/i)...} of the stochastic
force {F(t) ~ u(<)) , one obtains the non-Markovian generator of the stochastic force acting
on the Brownian particle. This generator has desired correlation properties but its practical
implementation may be cumbersome. More recently, we have studied Markovian generators
of the stochastic force which are based on the Kangaroo process (KP)[6] . In particular, we
have proposed a special, multidimensional generalization of the KP, conserving the norm and
having the covariance V(t) ~ t~* as the PLG process for the open horizon case. We have
found also that the path length distribution, which is P(s) ~ .s~3 for the non-Markovian
PLG case independently of the dimensionality, equals P(s) ~ s~2 in the generalized KP, also
independently of the dimensionality of the problem. This difference is however not essential
for the properties of the Brownian particles. In particular, both the survival probability for
the Brownian particle to remain inside of the potential as well as the asymptotic energy
distribution of particles are qualitatively the same and can be made almost identical by an
appropriate change of the geometry of the PLG, i.e. by changing the radii R of the circular
scatterers. These result remain unchanged if one allows variations of |m| (or |u| in the case
of the PLG) of the stochastic process. The advantage of the Markovian generator lies in its
flexibility to describe physical situations with a different degree of isotropy in the distribution
of the long free path. One should also stress that both for the Markovian and non-Markovian
generators, the long free paths are responsible for the appearance of the algebraic covariancc

\ For particles escaping from the aUraclJivej^e^.aJj^ external bar-
rier, we4kwo futmTITair entangled relatioirbetween the FAGFofthe stochasljcTotce, on one
side, and both the/survival projjabilil,y~aiul the asymptotic energy distribution oTpaiticles,
on_the other sjde.yFor fast (exponentially) decaying FACFy l|icTsurvival probability decays
exponentially and the asymptotic energy distribution of particles is always Maxwellian. For
the FAGF decaying as C(t) ~ I// , the situation is more involved. For a shallow poten-
tial , the asymptotic energy distribution of escaping particles exhibits a pronounced peak
corresponding to pre-randomized particles which are associate*! with long trajectories in the
adjoined billiard with the open horizon and leave the potential without any collision with par-
ticles of the molecular environment. With increasing depth (size) of the potential, this peak
is shifted gradually to lower energies and finally it disappears. The peak for pre-randomized
particles is superimposed on top of the Gaussian distribution.! The Gaussian shape of the
energy distribution is connected with the randomized particles. They can stay inside the
potential well for a long titne, never reaching the equilibration state. Decreasing magnitude
of the fluctuating force leads, first of all, to the disappearance oj the 'pre-randomized peak1

and, moreover, the smooth part changes its shape gradually from the Gaussian distribution
to the Maxwellian one. In the survival probability distribution one sees a similar tendency
accompanying the decrease of the magnitude of the Langevin fonce. In the case of a strong
force, the survival probability approaches the asymptotic ~ \/t dependence in a short time.
With decreasing magnitude of the Langevin force, the exponential modifications of this de-
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pendence show up for short and intermediate times and the algebraic ]/t-tn\\ is seen only
asymptotically. The passage time from exponential to algebraic regime of the decay law
moves gradually towards higher values with decreasing magnitude of the stochastic force.

The simple laws relating the FACF to the properties of both the decay probability of
the system p(t) and the asymptotic energy distribution P(E) are challenging. For pe-
ripheral collisions of particle aggregates such as heavy nuclei, the diffusion is anomalously
enhanced and the diffusion coefficient grows from D(to) = 0 logarithmically in time. Hence,
depending on the duration time of the process, the time-averaged diffusion constant may ex-
hibit considerably different values. From this stand point , the long-lived orbiting dinuclear
complexes, found in medium-heavy ion reactions, are particularly attractive lor theoretical
studies. On the one hand, classical molecular dynamics and Langevin studies of this work
predict characteristic dependencies for N(t) and P(E) , associated with the anomalous dif-
fusion. On the other hand, small number of open decay channels, which one expects in these
configurations, yields by independent quanta! arguments the algebraically decaying survival
probability N(t) . The correspondence between these two formulations, if any, remains an
intriguing open question.

Similarly, in the induced fission one would expect different lime-averaged diffusion coef-
ficients and, hence, different dissipations for low and high fissility systems which are charac-
terized by substantially different path length from saddle to scission. The existing data on
prescission neutron multiplicities and fission fragment kinetic energy are clearly incompati-
ble with hydrodynamical two-body viscosity and hence with the fast decay of the temporal
correlations. A much better description is obtained using the one-body/long-path type
dissipation[7] . This is an indication that the dissipation mechanism for strongly elongated
shapes, proposed in the present work, could be the correct one. Much systematic work has
still to be done to address appropriately this challenging open problem.
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