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Within quantum molecular dynamics (QMD) simulations we demonstrate the effect of virial correc-
tions on heavy ion reactions. Unlike in standard codes, the binary collisions are treated as nonlocal so
that the contribution of the collision flux to the reaction dynamics is covered. A comparison with stan-
dard QMD simulations shows that the virial corrections lead to a broader proton distribution bringing
theoretical spectra closer towards experimental values. Complementary Boltzmann-Uehling-Uhlenbeck
simulations reveal that the nonlocality enhances the collision rate in the early stage of the reaction. It
suggests that the broader distribution appears due to an enhanced preequilibrium emission of particles.
[S0031-9007(99)09104-8]
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The Boltzmann equation including the Pauli blockingent contributions to the scattering integral [10,11] which
[the Boltzmann-Uehling-Uhlenbeck (BUU) equation [1]] are numerically inconvenient and thus have never been
and the closely related method of quantum moleculaemployed in demanding simulations of heavy ion reac-
dynamics (QMD) [2,3] are extensively used to interprettions. Recent theoretical studies have filled this gap.
experimental data from heavy ion reactions. Becaus®anielewicz and Pratt [12] pointed out that the collision
of their quasiclassical character, they offer a transparerdelay can be used as a convenient tool to describe the
picture of the internal dynamics of reactions and allow onevirial corrections to the equation of state for the gas of
to link observed particle spectra with individual stages ofquasiparticles. Although their discussion is limited to the
reactions. equilibrium, it marks a way to introduce virial corrections

The expectation to cover the heavy ion reactions withiralso to dynamical processes. This task was approached
experimental errors has been recently set back by a failuri@ [13], where a quasiclassical kinetic equation was de-
of BUU simulations to describe the energy and angularived by a systematic quasiclassical approximation of a
distribution of neutrons and protons in the energy domaimonequilibrium Green’s function in the Galitskii-Feynman
=200 MeV/A [4-6]. Indeed, the Boltzmann equation approximation. The derived kinetic equation is suitable
does not contain all of the relevant physics. As noticedor simulations having the quasiparticle renormalizations
in numerical studies of hard sphere cascades by Halbeirt the standard form of Landau’s theory and nonlocal col-
[7] and, more generally, by Malfliet [8], it is unfortunate lisions reminiscent of classical hard spheres.
that all dynamical models rely more or less on the use In this Letter we follow the line of research initi-
of the space- and time-local approximation of binaryated by Malfliet, however, with more advanced theoretical
collisions inherited from the Boltzmann equation. Thisand numerical tools. We start from the kinetic equation
approximation neglects a contribution of the collision flux from [13] and evaluate nonlocal collisions from the Paris
to the compressibility and the shear viscosity which contropotential solving the two-particl& matrix. These non-
the hydrodynamic motion during the reaction. In order tolocal corrections are then incorporated into the QMD
include the collision flux and other virial corrections, the simulation. Results show that the nonlocal corrections
nonlocal character of binary collisions has to be accountebiring the energy distribution of protons closer to experi-
for. Malfliet also demonstrated that nonlocal collisions camtmental values. On a complementary BUU simulation
be easily incorporated into BUU simulation codes. we enlighten the microscopic mechanism leading to this

In the absence of a first principle theory, Malfliet in his improvement.
pioneering study and, more recently, Kortemeyer, Daf- The scattering integral of the nonlocal kinetic equation
fin, and Bauer [9] had to use classical hard-sphere-likelerived in [13] corresponds to the following picture of a
nonlocal collisions which naturally do not result in a collision. Assume that two particles and b, of initial
full quantitative agreement with experimental data. Thismomentak and p, start to collide at time instantbeing
ad hoc approximation reflects a gap in former quasi-at coordinates, and r,. Because of a finite range of
classical theories of quantum transport: authors eithethe interaction, at the beginning of the collision particles
considered nonlocal collisions leaving aside quasiparticlare displaced by, — r, = A. The collision has a
features or vice versa. Moreover, quantum theories ofinite duration A;; i.e., it ends atr + A,. During the
binary collisions treated nonlocal collisions via gradi- collision, both particles move so that their end coordinates
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differ from those at the beginning;, — r, = A, and p+q
r, — r, = A,. The particlez transfers a momentuto

the particleb; therefore their relative momentum changes

from k = %(k —p)tok' = %(k — p) — g. Their sum

momentum is modified by an external field acting on the

colliding particles during the collision going fror = A

k+ ptoK'=k+ p+ Ag. The same field changes

the sum energy of colliding particles frof = €, + ¢, A® I
0E =€ + e, =€, + € + Ag. A keq

The values ofA’s are given by derivatives of the total
scattering phase shitt = ImInTz(Q,k, p,q,t,r) of the
two-particleT matrix Tg,

k
L Abez(%_%_%> out
t )
aQ |, ap dq ok ), FIG. 1. A nonlocal binary collision according to Eq. (1).
¢ a¢
Ap = —— a= 77| 1) : : .
at | Ik |, t + A, back to the timer. Doing so one finds that the
effective coordinates read
a¢ I¢
AK:a_ Ab:_a_ . k—q k—q
" e P g Fo=rl - —IAN, =r,+ A, - —LA,, (@
m m
Note that energy{) enters as an independent quantity so " n
that one needs to know the scattering phase shift out of, — r, — 2—9 A, =y, + A, - 2"9 A, (3)
m

the energy shell. The on-shell energy,= E’, is substi- m

tuted after derivatives are taken. Figure 1 illustrates thgpe change of the relative momentum is insensitive to
nonlocal concept derived in [13]. We point out that thiSihe instant approximationz = k' = x — g. The sum

concept Iegds toa contingous trajeg:tory in the kinetic picy,omentum and energy, however, get simplified because
ture replacing real potential scattering. Consequently th@uring the instant process the mean field has no time to

energy, momentum, density, and angular momentum Cofsass "any momentum and energy to the colliding pair.
servation are conserved including second order q“a”tu'ﬂccordingly kK =K and E = E. In other words. the

virial correlations [13]. momentum and energy gains are naturally covered by
_ Itis our intention to incorporate these features of COl-he effect of the mean field on particles during the time
lisions into the QMD and BUU simulation codes. The nierval(r,r + A,) which, in the instant picture, is already
self-consistent evaluation of alA’s for all collisions  qyered by a free motion. Similarly, in agreement with

would be too demanding. We employ two kinds of ad-yhe continuity of the center of mass motion, one finds that

ditional approximations. First, following approximations ; Fo =1, + 1p.

. . . . a
used within the BUU equation, we neglect the medium \yhen incorporating the displacements into the QMD
effect on blnary collision, i.e., use the well known frge- simulation code, we have to face the fact that two
spacel’ matrix. Second, we rearrange the scattering intéparticles are selected for a collision if they meet at the

gral into an instant but_ nonloc_a! form. This instant form point of closest approach. This distance is different from
parallels hard-sphere-like collisions that allow us to em-

ploy computational methods developed within the theory
of gases [14] similarly as it has been done in [9].

In the instant approximation we let particles make
a sudden jump at time from r, and r, to effective
final coordinates’, and7,. These effective coordinates
and momentak and K are selected so that at time A, a9 (PH) A
t + A, particles arrive at the correct coordinatésand Zm
r, with the correct momenta’ and K’. Accordingly,
in the asymptotic region, after + A,, there is no
distinction between the noninstant and instant pictures, A
which is shown as a solid line in Fig. 2. This asymptotic P > ' o center of mass

condition is naturally met if one extrapolates the outgoingriG. 2. A nonlocal binary collision (solid line) together with
trajectories from known coordinates and momenta athe scenario of a sudden jump at the closest approach.

ffffff =------¢ closest approach
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the distanceA® required from the equivalent scattering — o> QMD(nonlocal) o INDRA
scenario presented in Fig. 2 as a solid line. We consider
now the time required to travel frol®¢ to the distance

of closest approach\, = 7=«A% in analogy to [15].
Within this scenario we are allowed to jump at the point of
closest approach to the final asymptotics (2) and (3) with
the additional distance the particles travel duriyg The
effective final coordinates thus have to be evaluated as

150 200 250
Egp(MeV)

Fap = Ra/b + Afs (4)

with the effective displacement

L pee — A, +

2 m

Af: k_q

(At - At) (5)

Since the center of mass does not jump in the collision, .

. . . . . o 50 100 150 200 250 [/ 50 100 150 200 250
the final displacement can also be written in an alternative EcyfMeV) Ecy(MeV)
way, AT = A% + A, — 2X9(A, — A,). The nonlocal
corrections are thus performed as follows. When the
collision is selected, we evaluats’ from (5) and (1),
redisplay particles int¢, and7,, and continue with the
simulation.

At this point it is possible to establish a connection of : 5 E .
the present theory to the hard-sphere-like corrections used 0 o 100 150 200 250 0 50 100 150 200 250
by Malfliet [8] and Kortemeyer, Daffin, and Bauer [9]. FeaeV? FadMe?)

For hard spheres of the diametérthe phase shift has a FIG. 3. The particle spectra for central collision 6fXe —

classical imitg = 7 — lgld which gives.., =0 and B0 830 e 1l g O R evnevments (01, The
f _ Abe — 4 : X xperi .

A ] A Iqld' The dlsplac.e.ment thus hgs th.e Same, snlocal corrections bring the spectrum of the protons towards

amplitude d for all binary collisions and points in the the experimental values leaving the clusters almost unchanged.

direction of the transferred momentum, as it is known
from the Enskog equation [16]. In the present theory,

an amplitude of displacement (5) depends on the selectegt high-energy protons is too low to meet the experimen-
channel,A'(k, p, ¢), and the direction does not coincide tg] values. As one can see, the inclusion of nonlocal col-

with the transferred momentum, lisions corrects this shortage of the QMD simulation. As
. q k—p—gq demonstrated in Fig. 3, productions of light clusters are
AN = Tl Hy + THI . (6) rather insensitive to the nonlocal corrections. This also

shows that the improvement of the proton production is
The second term is perpendicular to the transferredhot at the expense of worse results in other spectra.
momentum and stays in the collision plane. The notation A microscopic mechanism leading to the increase in the
of coefficients H;, is identical to the corresponding high-energy part of the particle spectrum can be traced
interface subroutines which can be obtained from authorglown to an enhancement of the number of collisions at
In order to investigate the effect of nonlocal shifts onthe preequilibrium stage of the heavy ion reaction demon-
realistic simulations of a heavy ion reaction, we havestrated in Fig. 4 for the BUU simulation of the same
evaluatedA® from the two-particle scatterind matrix  reaction. This enhancement gives rise to an immediate
TR in the Bethe-Goldstone approximation [13,17] usingproton production which itself translates into a high ener-
the Paris potential [18]. The comparison of the shiftsgetic spectra. In other words, the strong production of the
calculated for different potentials concerning partial wavehigh-energy protons follows from the preequilibrium emis-
coupling up toD waves can be found in [19]. We have sion of particles. The BUU simulation also shows that
incorporated these shifts into a QMD code for the cennonlocal corrections are important, namely, in the early
tral collision of 'Xe — !'19Sn at50 MeV/A. Figure 3a  stage of reaction well before most light clusters are formed.
shows the exclusive proton spectra subtracting the protorisexplains why the production of protons is affected while
bound in clusters. This procedure is performed within ahe formation of light clusters is nearly untouched by the
spanning tree model which is known to describe a prononlocal corrections.
duction of light charged cluster in a reasonable agree- In summary, as documented by the improvement of
ment with the experimental data, Figs. 3b—3f. Within thethe high-energy proton production, the nonlocal treatment
local approximation, however, the remaining distributionof the binary collisions brings a desirable contribution
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