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A new cascade model has been constructed and applied to high-energy heavy-ion collisions, where

the emphasis is placed on a systematic study of nuclear collective motion. The model provides a
time-dependent microscopic description of nuclear cascade collisions which takes into account some
important aspects of the colliding system. The calculated results agree consistently with the experi-
mental data, which otherwise have been interpreted as evidence for collective motion.

I. INTRODUCTION

A number of experimental and theoretical works have
focused on the problem of the formation of high-density
and/or high-temperature nuclear matter, which may be
induced by relativistic nuclear collisions. To date, several
experimental data have suggested the appearance of the
collective motion associated with high-density nuclear
matter. '

The first suggestion came from the forward suppression
of low-energy protons ejected in high-multiplicity events
(HME's) of EL ——393 MeV/nucleon Ne+ U collisions. A
similar tendency of forward suppression was obtained in
HME's of EI ——800 MeV/nucleon Ne+ Pb collisions. It
was reported in Ref. 4 that such a suppression could not
be reproduced by cascade calculations, ' but might be due
to hydrodynamical flow.

The second suggestion was found in two-particle corre-
lation functions measured in El ——800 MeV/nucleon
C+ Pb and Ar+ Pb collisions. ' The observed data
show that two particles tend to be simultaneously emitted
on opposite sides of the azimuth. It was pointed out in
Refs. 9 and 10 that this behavior of azimuthal correlation
is similar to the feature given by the hydrodynamical
"bounceoff" effect.

The third suggestion was based on a possible reason
why a particular cascade calculation" systematically
overestimates the observed values of the negative-pion
multiplicity in HME's of Ar+ KC1 collisions. It was
pointed out in Ref. 12 that this discrepancy might be due
to a bulk compression effect not present in the cascade
model.

The fourth suggestion was conjectured from different
shapes between proton and pion energy spectra in HME's

of Et ——800 MeV/nucleon Ar+ KC1 collisions. Here,
the proton data show the "shoulder-arm" shape. This was
interpreted in Ref. 13 as evidence of a radially exploding
nuclear flow.

If at least one of these suggestions is true, it would be
very exciting and interesting. However, it still seems
questionable whether they can ever be explained by any
means of cascade calculations based on successive two-
body collisions, since the usual cascade models contain a
variety of problems in treatments of the Pauli principle,
the potential well, the Fermi motion, the pion production,
and the nucleon-nucleon scattering mechanism, and final-
ly in the framework itself.

In this paper, we would like to improve the above-
mentioned problems and state how these effects are incor-
porated in the cascade model. We further report the re-
sults of our cascade model calculations, which are qualita-
tively consistent with the existing data of present interest.

We organize this paper as follows. In Sec. II, we sum-
marize the main features of the present cascade model. In
Sec. III, our calculated results are compared with previous
results and data. In Sec. IV, we discuss some differences
between our cascade model and others, and make some
concluding remarks. The Appendix gives the detailed
procedure of our numerical calculations.

II. FEATURES OF THE PRESENT CASCADE MODEL

Many cascade codes have been developed to describe re-
lativistic nuclear collisions. They can be classified accord-
ing to method (framework); the time-independent descrip-
tion ' ' and the time-dependent one. ""*' The first
method is properly applicable to nuclear collisions with a
small cascade density, since the nuclear density has to be
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kept constant during the collision time. On the other
hand, the second method can describe the development of
cascade collisions more dynamically but requires a longer
computation time.

The main features of the present code are summarized
as follows: (1) It describes a time-dependent microscopic
behavior of cascade collisions based on the closest-
approach method for the two-body collisions. (2) The
two-body collisions are determined by using the proton-
proton and proton-neutron data, which are distinguishable
from each other. We use the polynomial fits of nucleon-
nucleon scattering data. ' (3) The particles and charges
are identified before and updated after collisions. (4) The
nucleons are distributed initially as a Fermi gas inside the
square-well potential. With the time evolution, they are
reflected or refracted at the surface of this potential but
can pass through freely in the overlapping region between
the two nuclei. The refraction takes place when the kinet-
ic energy of a nucleon exceeds the binding energy (includ-
ing the Coulomb barrier for the proton). (5) The Pauli
principle is taken into account by prohibiting the collision
process of two nucleons, if they belong to the same nu-
cleus and are in the bound state, or if one or both of them
fall(s) into the bound state after the collisions (the bound
state of a nucleon is checked by calculating the relative en-

ergy of this nucleon measured from the center-of-mass of
the projectile or target). (6) The radii of the projectile and
the target, and their center-of-mass velocities, are influ-
enced by the collisions, the reflection, and the refraction.
(7) The pions are produced by the spontaneous decays of
the b, particles formed by the inelastic scatterings, and as-
sumed not to interact with any other particles (this as-
sumption will be removed in the near future). (8) The re-
lativistic effect is considered in the two-body collisions
and the Lorentz transformation with respect to momen-
tum and configuration space. A more detailed procedure
of our calculations can be followed in the Appendix.

The only free parameter in the present cascade model is
the quantity ro, which is related to the initial density

(po 3/4n. ro) and siz——e (8 =rQ' ) of the nucleus and to
the Fermi energy [EF (1 /3 I)( 9/Sr ——

0)

~ ]. In this paper,
we use the average energy (eF=O 6') as th. e Fermi
motion, to keep the binding energy per nucleon as Ez ——8
MeV except for the Coulomb barrier. Then, the depth of
the potential well is given by U =eF+Ez. Alternatively,
it is quite easy to give the momentum distribution for the
nucleons in the initial state. In this case, however, some
nucleons have to be ejected from the nucleus without any
collisions, or the binding energy cannot be kept at 8 MeV.
This problem will be discussed in calculations of pion
multiplicity.

III. RESULTS OF CALCULATIONS
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cross section which is compared with the observed data
(the solid circles). The dotted lines give only the elastic
scattering part without any formation of the b, particles.
The inelastic scatterings are appreciable in the intermedi-
ate energy region (PL, ——0.4-1.2 GeV/c) of the energy
spectra at forward angles, where the single collisions are
predominant. At large angles, the effect of these scatter-
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FIG. 1. The proton inclusive cross section in EI.——800 MeV
P+ KCI collisions. The solid and the dotted lines show the
present results of calculations, which are compared with the ex-
perimental data {Ref. 3) (the solid circles). The dotted lines give
the elastic scattering part only.

A. Check of the present cascade model

1. Proton-nucleus collisions
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The validity of the present model was checked in the
case of EI ——800 MeV P + KC1 collisions. The solid lines
of Fig. l show the calculated result of the proton inclusive

FIG. 2. The calculated respective components of multiple
collisions {the single, the double, and the triple collisions) in
El ——800 MeV P + KC1 collisions.
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FIG. 3. The proton inclusive cross section in EL ——800
MeV/nucleon Ne+ Ne collisions, where the solid and the open
circles are the present calculated result and the data (Ref. 19),
respectively.

ings is negligible and multiple collisions gradually become
important (see Fig. 2). The backward scatterings increase
with a decrease of ro, which means an increase of the Fer-
mi energy. We fixed ro=1.18 fm so as to fit the experi-
mental data at OL

——120' (see Fig. 12).

2. Nucleus-nucleus collisions

After checking the proton-nucleus collisions, we calcu-
lated the proton inclusive cross sections of (a) identical
nucleus-nucleus collisions and (b) light-heavy nucleus col-
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FICx. 4. The proton inclusive cross section in E'L ——393
MeV/nucleon Ne + U collisions, where the triangles and the cir-
cles represent the present calculated result and the data (Ref.
20), respectively.

lisions, without introducing any additional free parame-
ters. The calculated results are satisfactory, as seen from
the two cases EI ——800 MeV/nucleon Ne+ Ne (Fig. 3),'

and EL ——393 MeV/nucleon Ne+ U collisions (Fig. 4).

B. Forward suppression of low-energy protons
in EI.——393 MeV/nucleon Ne+ U central collisions
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FIG. 5. The calculated low-energy proton spectra and the ex-
perimental data (Ref. 2) in high-multiplicity events of EL ——393
MeV/nucleon Ne+ U collisions. The circles and the triangles
are the present calculated results, while the squares are the cal-
culated result based on Ref. 6. The open triangles are results
from neglecting the Pauli blocking effect.

Let us now discuss the low-energy proton data (the
dashed lines of Fig. 5) in HME's of Ei ——393
MeV/nucleon Ne + U collisions. These data are
suppressed at forward angles, while usual cascade calcula-
tions ' give strong forward peakings. The solid squares
of Fig. 5 are the calculated result based on Ref. 6. Stocker
et al. pointed out that the observed data may be ex-
plained by the nuclear fluid-dynamical approach. They
also argued the necessity of more realistic treatments of
nuclear collisions, as in the classical equations-of-motion
approach, ' to confirm the existence of the collective
motion.

However, the present cascade calculations (the circles
and triangles of Fig. 5) yield much better agreement with
the data than the previous calculations. ' Especially the
low-energy proton spectrum (the circles) with Pi ——200
MeV/c gives a large forward suppression. This comes
from the Coulomb effect. Therefore, the neutron spec-
trum (the circles of Fig. 6) with the same momentum
shows a forward peaking. Such an importance of the
Coulomb effect was also pointed out in Ref. 24. The cal-
culated proton spectrum (the triangles of Fig. 5) with
PI ——300 MeV/c is less isotropic than the data, though it
is much more isotropic than the results given by the previ-
ous calculations ' (the solid squares). However, it is in-
teresting to see that the calculated neutron spectrum (the
triangles of Fig. 6) is quite similar to the recently observed
neutron data (the dotted line, in an arbitrary unit) in
EI ——390 MeV/nucleon Ne+ Pb central collisions. Such
a difference between proton and neutron spectra should be
discussed after a more precise measurement of the proton
spectra. The open triangles in Figs. 5 and 6 show the cal-
culated results without the Pauli blocking effect, which
leads to rather higher forward peakings. Finally, the cas-
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FIG. 6. The calculated low-energy neutron spectra (the solid
lines) in Ei.——393 MeV/nucleon Ne+ U central collisions and
the experimental neutron data (Ref. 25) (the dotted line) in
high-multiplicity events of EL ——390 MeV/nucleon Ne + Pb col-
lisions. The open triangles are results from neglecting the Pauli
blocking effect.

cade density increases with a decrease of the impact pa-
rameter, which leads to more and more isotropic scatter-
ings. This tendency of the cascade model is consistent
with the data of Ref. 6.

C. T%0-particle correlations
and azimuthal-angle dependence

The two-proton correlation functions were measured in
EL ——800 MeV/nucleon C+ Pb and Ar + Pb collisions by
Tanihata et al. ' They reported that when a first fast
proton is detected at some azimuthal angle, then a second
fast proton tends to be emitted on the same side of the az-
imuth, while a second slow proton is emitted on the oppo-
site side. 1t was pointed out ' ' that this feature is exact-
ly what is expected from the bounceoff effect of the hy-
drodynamical flow.

To examine the validity of this speculation, we simulat-
ed the azimuthal-angle dependence of ejected protons by

llslIlg 0111 cascade code. In this WRy, 1't becomes qlllte easy
to understand the development of cascade collisions in the
x-y plane perpendicular to the beam direction (the z axis).
Figure 7 shows the calculated result in EL ——400
MeV/nucleon Ne+ Pb collisions, where the high-energy
part (eL, &100 MeV) yields a bottom around /=180,
while the low-energy part (eL, &100 MeV) yields a peak
around this angle. This feature is quite consistent with
that of the experimental data, ' and becomes more re-
markable in peripheral collisions only.

The peripheral-collision process may be divided into
two stages, from the viewpoint of the cascade model: The
first stage describes the cascade collisions in the overlap-
ping region between the projectile and target; the second
stage describes the cascade development toward the
remaining regions of these nuclei.

D. Pion multiplicity in Ar + KCl central collisions

The incident-energy dependence of negative-pion multi-
plicity was measured in HME's of Ar + KC1 collisions. '

Thcrc appcarcd a systematic discrepancy bctwccn thc Ic-
sults of Cugnon's cascade calculations (the squares of Fig.
8) and those of the experimental data' (the triangles).
Stock et al. ' proposed the total pion multiplicity as an
observable linked to the high-density stage of collisions
and regarded the discrepancy as due to a bulk compres-
sion effect not present in the cascade model.

However, the present result (the solid circles of Fig. 8)
of the cascade calculations does not deviate a lot from the
data, though we neglected the absorption effect of the
pions (Cugnon's result includes this effect). The inclusion
of this effect will bring better agreement with the data.
The open circles of Fig. 8 are results from using the Fermi
distribution in the initial state from a =0 to e=e~ in place
of using the fixed value e =ez. The pion multiplicity at
low energies (E,=100 MeV/nucleon) is dependent on the
treatment of the Fermi motion, as seen in Fig. 8. The
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FIG. 7. The azimuthal-angle dependence of ejected protons
(8=45 ) in EL ——400 MeV/nucleon Ne+ Pb collisions, where
/=0 1s the beam direction in the x-y plane. Here, the high-
energy part (ei. &100 MeV} shows a bottom around /=180',
while the low-energy part shows a peaking around /=180'.
This means the "shadowing" effect.
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FIG. 8. The negative pion multiplicity in EI ——800
MeV/nucleon Ar+ KCl central collisions. The present calcu-
lated result (the circles) overestimates the experimental data
(Ref. 12), since it neglects the absorption effect of the pion. It,
however, is in better agreement with the data than Cugnon's re-
sult (including the absorption effect). The open circles take into
account the Fermi distribution in place of using the average
value (Gp=0.6'), which yields the solid ci1cles. This effect of
the Fermi distribution is appreciable at low energies only.
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pion absorption is not appreciable at these low energies,
since there we have very soft collisions only.

IV. DISCUSSION

We have shown in this paper that the calculated results
of our cascade model are qualitatively in systematic agree-
ment with the experimental data, which have been inter-
preted as indications of collective motion. The essential
improvement over previous models is the time-dependent
description which includes the potential-well effect. Here,
we have taken into account (1) the mutual collisions be-
tween cascading particles, (2) the reflection and refraction,
(3) the isospin effect, (4) the Pauli principle, and (5) the
moving radius [Rl(t)] and the moving center-of-mass
velocity [Vl(t)], where I denotes the projectile or target
fragment.

Let us discuss some differences between our results and
the previous ones.

(1) Figure 9 shows the impact-parameter dependence of
proton multiplicity in EI ——800 MeV/nucleon Ar+ Ar
collisions. Our result (the solid line) gives smaller values
of this multiplicity than the fireball model (the dotted
line) in central collisions, but larger values than it in peri-
pheral collisions. On the other hand, Cugnon's result (the
dash-dotted line) underestimates the fireball model sys-
tematically. This comes mainly from a lack of the poten-
tial well (reflection), since nucleons diffuse outside of nu-
clei without any collisions between them and this dif-
fusion leads to less nuclear density, especially in surface
regions of the nuclei. The nuclear binding effect due to
the potential well induces a strong cascade development
toward the radial direction of the x-y plane perpendicular
to the beam axis. This cascade development in peripheral
collisions is very important in explaining the "shadowing"
effect which is characteristic of the experimental data '

of two-particle correlations.
(2) The moving center-of-mass effect of the projectile

and the target fragment brings a behavior quite similar to

the hydrodynamical "bounceoff" effect. ' Figure 10
shows the impact-parameter dependence of scattering an-

gles for the projectile fragments in EI ——400 MeV/nucleon
Ne+ U and Ca+ Ca collisions. The projectile fragments
in light-heavy nucleus collisions are scattered at much
larger angles than those in identical nucleus collisions.
This feature is consistent with the experimental tenden-

cy. ' It is here noted that the fluctuation of scattering an-
gles becomes very large in the case of central collisions.

(3) The previous cascade calculations ' gave steeper
forward peakings than the present one in low-energy pro-
ton spectra of EI ——393 MeV/nucleon Ne+ U central col-
lisions (see Fig. 5). Such a feature of strong foward peak-
ings is inconsistent with the observed result, and is associ-
ated with both a small cascade density at the intermediate
stage of the collision process and a small recoil motion of
the target fragments. In fact, the calculated recoiled velo-
city was underestimated by a factor 2 compared with the
observed one in El ——400 MeV Ne+ Pb central col-
lisions.

(4) As easily supposed, the pion production depends on
the way that nucleons collide with each other. The usual
cascade models included a variety of problems in treat-
ments of the Pauli blocking, the isospin, the nuclear bind-
ing, and the center-of-mass recoil of the projectile and the
target fragment. In such a stage of study, therefore, it is
still premature to connect the overestimated result of pion
multiplicity to the compression phenomena pointed out by
Stock et al. ' As argued by them, the agreement between
the calculated results and the data in proton-nucleus col-
lisions is quite important for a check of a cascade model.
However, this check does not necessarily guarantee the va-
lidity of this code in nucleus-nucleus collisions, since there
is a great difference of reaction mechanism between
proton-nucleus and nucleus-nucleus collisions. Cugnon's
cascade model is interesting in a full inclusion of mutual
collisions between cascading particles. He also took into
account the Pauli blocking effect by using the relative ki-
netic energy between two colliding particles. This
method, however, does not prohibit any first peripheral
collisions between two nucleons of the projectile and tar-
get.
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FIG. 9. The impact-parameter dependence of nucleon multi-
plicity in EL, ——800 MeV/nucleon Ar + Ar collisions. The
present calculated result (the solid circles} gives smaller values
than the fireball model in central collisions and larger values in
peripheral collisions, while Cugnon's result (Ref. 11) (the
squares) underestimates the fireball model systematically.
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FIG. 10. The impact-parameter dependence of scattering an-
gles of the projectile fragments in EL ——400 MeV/nucleon
Ne+ U and Ca+ Ca collisions. The scattering angles in light-
heavy nucleus collisions are much larger than those in identical-
nucleus collisions.
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A main problem of our cascade model exists in no ab-
sorption of pions, which leads to an overestimation of the
pion multiplicity. In proton-nucleus collisions, the
amount of this overestimation becomes more serious with
an increase of the target mass number. However, we can
get good agreement with the experimental data of light
nuclei such as Be and C. It is argued here that our model
does not underestimate the pion multiplicity in proton-
nucleus collisions. In spite of that, our calculated result in
Ar+ KC1 central collisions is in closer agreement with
the data than Cugnon's result (see Fig. 8).

As seen in proton-nucleus collisions (Fig. 1), the inelas-
tic scatterings are appreciable at forward angles only.
This tendency does not change in Ne+ Ne collisions (Fig.
3). The inelastic scatterings take place within the first few
collisions between projectile nucleons and target ones.
The possibility of these scatterings decreases rapidly with
an increase in multiple collisions. After the multiple col-
lisions, we could expect a thermal equilibrium state
and/or the nuclear compression. However, Fig. 11 shows
that the angular distribution of ejected protons is anisotro-
pic even in the low-energy part (e, ( 100 MeV) of
EI ——400 MeV/nucleons Ar+ Ar central collisions. This
tendency of anisotropy does not change even if we remove
the "corona" effect, which is mainly caused by the single
and double collisions. In these respects, it seems very dif-
ficult to expect collective motion in identical-nucleus col-
lisions of mass number 40, and to regard the pion multi-
plicity as a crucial clue to the compression phenomena,
since the pions are created mainly at an early stage of the
collision process.

Let us discuss here the problem of why the energy spec-
tra of protons, pions, and kaons have different shapes.
Recently, Nagamiya tried to explain these different
shapes from the viewpoint of a mean-free path: Pions
may be rescattered more frequently than protons and espe-
cially kaons. Thus, pions are apt to remain inside of nu-
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clei and may participate in the collision process until the
final stage, while a part of the nucleons and almost all of
the kaons may be ejected at early stages of the collision
process.

From the viewpoint of the cascade model, however, it is
also easy to understand qualitatively why the energy spec-
tra of the pions are steeper than those of the protons, if
the pions are produced only through the 6 particles.
These pions must show primarily the backward and for-
ward peakings in the c.m. frame of two nucleons. This
leads to less sideward ejections of pions. On the other
hand, the angular distribution of kaons may be rather iso-
tropic in the c.m. frame of two nucleons. In fact, the ex-
perimental data show that the sideward kaon spectrum
in P + KC1 collisions is quite similar, in the equivelocity
system, to that in Ar + KCl collisions. It should be noted
that the elementary process of kaon production in
nucleon-nucleon collisions is very different from that of
pion production. This may cause a direct difference in
slope between pions and kaons, though the rescattering ef-
fect of pions may be much larger than that of kaons.

In this way, we have to find some reaction process
which can never be explained by any means of the usual
cascade model in terms of the two-body successive col-
lisions. It is here very interesting to investigate the back-
ward emission of energetic protons in proton-nucleus col-
lisions. ' Figure 12 shows our calculated result (the
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FIG. 11. The proton angular distributions in EI.——400
MeV/nucleon Ar+ Ar collisions. The angular distribution is
anisotropic even in the low-energy part (E, & 100 MeV} of the
central collisions.

FIG. 12. The proton energy spectra in El.——800 MeV
P+ KCl collisions at OL ——120'. The usual cascade model (the
open circles) in terms of the two-body successive collisions
shows good agreement with the experimenta1 data (Ref. 32) (the
triangles) at low energies, but a limitation (steep) at high ener-
gies. The inclusion (the solid circles) of the cluster model (Ref.
29) yields a linear extension in the logarithmic scale by one or-
der.



834 KITAZOE, SANO, YAMAMURA, FURUTANI, AND YAMAMOTO 29

circles), which is compared with the data (the triangles)
in El ——800 MeV P+ KC1 collisions. Our usual cascade
model (the open circles) yields good agreement with the
data at low energies, but steepens at high energies around
0.7 GeV/c. We examined the possibility of the incident
proton (which still keeps a kinetic energy of higher than
500 MeV) interacting simultaneously with a cluster of
more than two nucleons of the target nucleus. It was
found numerically that the probability of two nucleons be-

ing in the interaction range of the incident proton is ten
percent of that of a single nucleon, and that the probabili-
ty of three nucleons is one percent of that of the single nu-
cleon. An effect of these short-range interactions was tak-
en into account by assuming isotropic scatterings between
the incident proton and the clusters. This assumption is
essentially equivalent to the cluster model employed by
Fujita. As a result, we confirmed that the calculated
proton spectrum (the solid circles of Fig. 12) spreads
linearly in logarithmic scale toward a higher energy part
by one order. Although the data of Ref. 32 were not mea-
sured up to very high energies, we can easily suppose
that the experiment will yield such a straight line as indi-
cated by our result.

The above-mentioned example is only one step to probe
into a more sophisticated reaction mechanism. It is, how-
ever, very important that we go ahead step by step from
simple and easily understandable events gradually toward
more complicated ones. The great efforts which have
been made in high-energy heavy-ion studies to date sug-
gest to us this importance.

To conclude this paper, a forthcoming important task is
to establish a cascade model which can consistently ex-
plain a variety of experimental data without introducing
any readjustable parameters. After this establishment, we
could find an inevitable discrepancy between the cascade
model and the data, if it exists. It may be instructive to
see that one of the discrepancies can be found in the
"sputtering" phenomena induced by atomic collisions be-
tween heavy ions and solid surfaces.
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FIG. 13. The flow of the present cascade simulation code.
The notations are the following: EL,—incident energy per nu-
cleon in the laboratory system; ZI—charge of the projectile
(I =I') or target (I =T); A&—mass number of the projectile or
target; po—normal nuclear density; Uo—depth of the potential
well; E&—nuclear binding energy; b—impact parameter; r;—
position of the ith particle; v;—velocity of the ith particle;

Vl—center-of-mass velocity of the projectile or target fragment;

GI—center-of-mass position of the projectile or target fragment;
Rl—radius of the projectile or target fragment; Q;—species of
the ith particle (Q; =1, proton, Q;=2, neutron, . . . ); S;—
region in which the ith particle belongs (S;=2, overlapping re-
gion between the projectile and target; S;=1, inside of the pro-
jectile except for the overlapping region; S;=3, inside of the tar-
get except for the overlapping region; S;=4, outside of the pro-
jectile and target).
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APPENDIX

In this appendix, we describe the procedure of the nu-
merical calculations. A flow summary of the procedure is
shown in Fig. 13.

A. Loop of collision events

1. Initial set

A value of the impact parameter is given. The posi-
tions and the velocities of nucleons are randomly distri-
buted in the reference frames of the projectile and target
center-of-masses (when we use the average value eF as the
Fermi motion, the angles of nucleons are distributed over
4n.). The obtained r; and v; are transformed into the lab-
oratory frame. The species of nucleons, their associations,
and their identification numbers are specified (see the no-
tations Q; and S; ).

B. Loop of time sequence

The time development of r;(t) and v;(t) are taken in
the laboratory frame. In the next time step,
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and

r, (t. +b, t) = r, (t)+ v, (t)b, t

G;(t+b, t) =G;(t)+V;(t)b,t,
we have the following procedure:

Reflection and refraction T. he values of r;(t), v;(t),
Q;, and S; are checked in the reference frames of the pro-
jectile and target center-of-masses. If a nucleon is posi-
tioned outside of the projectile or target fragment, it takes
a reflection or refraction according to the kinetic energy in
the reference frame in which it belongs. Here, the
Coulomb barrier is accounted for protons by using
Gamov's penetration factor. The momentum and energy
conservations are considered between reflected or refract-
ed nucleons and the residual nucleus. The reflection or re-
fraction is usually once or at most twice during each time
step whose interval is very small. When two nucleons are
reflected or refracted simultaneously, the conservation
laws are applied between the center-of-mass of them and
the residual nucleus.

2. Calculations of the cross section. Once a particle is
refracted (pions can go out freely), it goes into the counter
of the cross section, where the species of this particle is
identified.

3. Reset of bound state nucle-ons. By the reflection or
refraction of the ith nucleon, the center-of-mass velocity

of the residual nucleus is recoiled by b,V;. Therefore, all

of the nucleons of this nucleus are shifted by b,V;/A;, so
that the quantity g.~+,. ~

vj may be equal to Vt+bV;.
Here, At denotes the mass number of the residual nucleus.
Such shifting velocities lead to the stopping effect of the
projectile fragment and also the recoiled effect of the tar-
get fragment. The values of S; are reset when nucleons
enter or go out of the overlapping region between two nu-

clei.

4. Scattering. The two-body collisions are determined
by using the polynomial fits' of nucleon-nucleon collision
data in the energy range (1-4000 MeV), where the isospin
effect is taken into account. Pions are produced by the
spontaneous decays of the b, particles, and the absorption
and scattering effects of pins are neglected (this problem
will be improved in the near future). The species Q; of
particles are reset after each collision event.

5. Final set. After procedures 1-4, the values of Vt,
Gt, and Rt are recalculated for the use in the next time

step. They are determined by using Vt = g,. v;,
Gt ——g,. r;, and Rt rQt', ——respectively.

C. Relativistic effect

For the Lorentz transformation, we define the following
statement function in the Fortran statement

and

v; =FLV( v;, v ~, n) (A 1)

r;=FLR(r;, v„n) . (A2)

The time evolution is made in the laboratory system. In
the above equations, the condition (n =1) means the
Lorentz transformation of the quantity v; or r; from the
reference frame of v& to the laboratory frame. On the
other hand, the condition (n = —1) means the Lorentz
transformation of v; or r; from the laboratory frame to
the reference frame of v&. Here, the velocity v~ is set
equal to vi in the case of collision between ith and jth nu-

cleons, and equal to VI for the check of the reflection and
the refraction. In this way, the Lorentz transformation is
considered very simply and automatically.
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