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Description of heavy ion collisions including the cascading of secondaries
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A simple Monte Carlo cascade model giving the exclusive description of the heavy ion collisions
is described. Comparison with the data on 0+Au collisions at 60 and 200 GeV suggests that in this

energy region all secondary particles are produced basically by the multiple cascade collisions of the
projectile and target nucleons, while the cascading of the produced particles is rather negligible.

I. INTRODUCTION

In the last few years considerable attention has been
paid to the study of heavy ion collisions at high energies,
see, e.g., Refs. 1 and 2 and references therein. The main
aim of this effort is to find a signal of quark-gluon plasma,
a new state of matter. Until now, the answer resulting
from thorough analysis of the experimental data seems be
rather negative, or at least it is getting obvious that the
eventual signal, if any, is strongly mixed with the back-
ground resulting from processes of conventional hadron
physics. For further analyses it is important to have a
faithful description of the nucleus-nucleus collision
without production of quark-gluon plasma, but properly
accounting for all other peculiarities of hadron-nucleus
and nucleus-nucleus collisions. In fact such a task
represents an independent physical problem. The present
paper concerns just this point.

The described approach is based exclusively on the
classical notions of nuclear and high-energy hadron-
nucleon phenomenology and consistent cascading pro-
cedure in three space dimensions. Actually, our Monte
Carlo algorithm is a more general version of the cascade
model of hadron-nucleus interactions proposed earlier. '

The difference between our model and known string mod-
els, e.g., FRITIOF (Ref. 5) is first of all on the level of
description of single hadron-nucleon interaction. While
in string models secondary particles resulting from indivi-
dual collisions are created by the fragmentation of the
color strings; our single collision generator does not con-
tain any refined physics on the level of quarks, but is
rather a simple parametrization of basic features of
hadron-nucleon interactions. In our approach the secon-
dary particles resulting from the hadron-nucleon collision
are assumed to have a common pointlike origin. The
probability of their next interaction is controlled by the
formation time, which is the only free parameter of our
approach. Due to very simplified dynamics of hadron-
nucleon interactions, our approach enables relatively
easily to take into account consistently the cascading of
the secondaries. In the FRITIOF model and in some
other models in which more fundamental hadron-
nucleon generators are used, the incorporation of cascad-
ing initiated by the secondary particles is less consistent
or absent entirely. Moreover, our resulting Monte Carlo

algorithm is sufficiently simple and transparent but simul-
taneously general enough to enable easily to check the
sensitivity of various generated spectra with respect to
the assumptions relevant for the description of nucleus-
nucleus collisions.

The outline of the paper follows. The generator of
hadron-nucleon interaction is described in Sec. II. The
simulation of nucleus-nucleus collision including the cas-
cading of the secondaries is described in Sec. III. In Sec.
IV the calculated distributions are compared with the
data of the NA35 experiment, and the last section is de-
voted to the discussion and summary of the results.

II. GKNKRATOR OF HADRON-NUCLEON
COLLISION

projectile: 0 &xF & 1

-const, recoiled nucleon: —1 &xF &0

where XF =pL /p, „ in c.m.s.
Elastic:

d0 el —exp(yt) .
dt

Integral cross sections depend on the energy:

o(s)=a, +ass +a3ln (s), +s ) 3 QeV .

(3)

(4)

For simplicity our generator of hadron-nucleon in-
teractions used in the Monte Carlo for nucleus-nucleus
collisions gives only two kinds of secondaries: the leading
particles having the same masses and charges as the ini-
tial ones (projectile+nucleon) and produced particles
treated as pions and considered with equal probability as

, m+, and vr . The simulated events are unweighted,
having the distributions obeying the following phenome-
nological relations.

(1) Diff'erential cross sections are as follows.
Inelastic:

d01n -exp( —Ppr ),
dPT2

d0 1~ -(1—~xF~), for produced particles
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TABLE I. The parameters used in the hadron-nucleon gen-
erator. The values relevant for the "average" nucleon (N) are
obtained as an average of those corresponding to proton and
neutron.

p(r) = Po
c =0.54

1+exp[(r —rz )/c]
'

r& =1.19A ' —1.61A (7)

Collision
Mean charged multiplicity

po= 3 r„ /(1+c rr /r„) .3 -3

n.N
NN

0.865
0.830

0.777
0.467

0.069
0.115

Collision
Integral cross section

a& Qp Q)

Total ~N
Total NN
Elastic mN

Elastic NN

17.7
30.8

1.38
4.50

29.6
26. 1

14.4
42.0

0.136
0.170
0.034
0.045

0.502
0.418
0.520
0.682

1.5-13.0

Differential cross sections
P (c'/GeV')

7.0

y (c'yGeV')

1.0—11.0

A modification of the cross sections in the low energy re-

gion is made in accordance with Ref. 10.
(2) Charged multiplicity distribution is as follows:"

P ( z ) = ( 3.79z + 33.7z —6.64z '+0.332z )

X exp( —3.04z), z = n /( n ) .

Mean charged multiplicity depends on the energy:

(n ) = A, + A zln(s)+ 231n (s) . (6)

III. SIMULATION OF NUCLEUS-NUCLEUS
COLLISIONS

Similarly as in other models, the collision of the two
nuclei is in our approach postulated as a noncoherent su-

perposition of the hadron-nucleus collisions. The had-
rons are either nucleons forming initial nuclei or eventu-

ally secondaries developing intranuclear cascades. The
Monte Carlo procedure can be formulated as follows.

(1) First of all, impact parameter of the whole projec-
tile and the positions of single nucleons in the region in-

tersecting the target nucleus are generated according to a
standard nuclear density distribution:

Numerical values of the relevant constants are listed in
Table I. The value a depends on the multiplicity and
also, due to the used procedure of generation, slightly on

~xF ~. The approximation of energy-dependent y is based
on the tables in Ref. 10.

The generator of this kind gives a simplified descrip-
tion of hadron-nucleon collisions, which, however, is for
our purpose fully sufficient since the generated spectra
agree well with the experimental data.

At this stage the corresponding Fermi momenta are gen-
erated as well. The positions of target nucleons are gen-
erated analogously.

(2) Making projections of the projectile onto the target
in the beam direction, the ordered sequences of target nu-
cleons with which each of the projectile nuc1eons is ex-
pected to interact is obtained. The order is apparent
from Fig. 1(a): first of all the most forward nucleon X of
the projectile is traced through the target, afterwards the
next most forward one Y follows, etc. Interactions are
assumed to take place for the pairs of nucleons separated
by less than d =Quz~/m in the transversal plane, where
0 pp is the total cross section for nucleon-nucleon interac-
tion. At this stage O.pp is assumed to be constant having
the value corresponding to the initial nucleon energy, ig-
noring the fact that the energy of the projectile nucleon
and the cross section correspondingly can vary during
the passage through the target.

(3) The collisions of the projectile nucleons with the
target ones are simulated by the generator described in
the preceding section. Although in general both projec-
tile and target nucleons interact several times, changing
their rnomenta at each collision, their positions in respec-
tive nuclei rest frames are for the sake of simplicity kept
frozen. Resulting momenta and the starting positions of
created pions and recoiled nucleons are kept in the
memory until the collisions of the last projectile nucleon
are generated.

(4) After the whole projectile nucleus passed through
the target, the secondary particles resulting from indivi-
dual collisions generated according to rule (3) are traced
through it too. The development of cascades is apparent
from Fig. 1(b), where the following rule holds: first of all
the particles coming from first interaction point are in de-
creasing order of their p~,b traced in the target until the
next collision or until reaching the nuclear boundary.
The new interaction points are numbered consecutively.
Then the particles coming from the second, third, etc. ,
interaction points are processed in the same way until ex-
hausting all the interaction points.

The tracing consists of sulciently small steps Al in the
direction of the momentum and the probability p of in-
teraction at each step depends on corresponding cross
section 0. and local nuclear density p:

p =o.pal .

Values of o [see relation (4)] are assumed to be the same
as for hadron-nucleon interaction outside the nuclear en-
vironment. The formation length plays the same role as
in the hadron-nucleus case, i.e., the secondary hadron is
allowed to interact only after passing the distance I gen-
erated according to the formula:
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P (1)dl —exp( —I Ilf )dl, 1 =r

where ~ is proper formation time, p„b and I are the
momentum and mass of the created particle. It is obvi-
ous that cascading in the region of intersection of the tar-
get with the projectile requires a special treatment. In
the present approach it is assumed that recoiled nucleons
and created pions can interact only with those target nu-
cleons which have not been touched by the projectile, and
any mutual interaction of the secondaries is excluded.
For this reason the nuclear density entering the probabili-
ty (8) of cascade collision is reduced inside the intersec-
tion by the factor

C

h
I

C
V

&0.

5.
I
II

0
I I~

I ~

(a)

c„d=(1 n„—, /n;„), (10)

where n„, is the number of active target nucleons and n;„
is the total number of target nucleons in the region of in-
tersection, see Figs. 1(a) and (b). This approach to trail-
ing effect is very approximate, but more generally, the
factor c„d could be within certain limits considered as a
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FIG. l. (a) Schematic display of the two nuclei interaction as
the multiple collision of projectile and target nucleons. The
open circles represent the active projectile and target nucleons.
The numbers inside the target nucleons define the order for the
generation of single collisions. The circle with the two numbers
corresponds to the nucleon that is struck twice. The full circles
represent passive target nucleons in the region of intersection.
(b) Schematic display of the intranuclear cascades starting at the
primary interaction vertexes. For the numbering of single links
see text. The dotted line represents a boundary of the intersec-
tion.

a5
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FIG. 2. The multiplicity distribution of negative (a) and
charged (b) particles produced in the region 8(60' for
minimum bias trigger. The circles correspond to the experi-
mental data, the solid line is the result of simulation.
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free parameter. Inside the nucleus no distinction between
the protons and neutrons is made, but when leaving the
target nucleus the outgoing nucleons are randomly
defined as protons or neutrons, taking into account only
the mass and atomic numbers of the target nucleus. The
analogous rule is applied for the active projectile nu-
cleons as well.

(5) In the present approach the cascading is simulated
in target nucleus only, i.e., the projectile is assumed to be
a rather lighter nucleus and the target a rather heavier
one.

Remaining details relevant for consistent accounting of
nuclear environment as Fermi motion and Pauli blocking
are included into the procedure exactly in the same way
as in Refs. 3 and 4.

A
C
V

0.5-

0 ~ Ac/ CEN TRAL

&00 ~e Vlnucleon

IV. RESULTS

The results of the calculation are compared with the
data of the experiment NA35 on 0+Au collisions at 60
and 200 GeV/nucleon, ' ' trying different assumptions
concerning the cascading and the formation length of
produced particles.

First of all, the cascading approach, fitting well the
hadron-nucleus collisions, is checked for nucleus-nucleus
interaction as well. In the latter case it can be formulated
as follows.

(a) Only nucleons forming projectile and target are al-

lowed to develop cascades inside the target, while pions
resulting from the cascades are prevented to interact
within the nucleus. The formation length of leading nu-

cleons is supposed to be lf =0. The following results are
obtained using consistently the same kinematical cuts in

the Monte Carlo as in the experiment.
In Fig. 2(a) the comparison of negative particle multi-

plicity distributions in terms of the scaling variable
n /(n ) is shown. The experimental values are slight-

ly different for both data sets, while calculated curves for
both energies coincide within the statistical errors
(-20000 generated events for each energy), therefore
their average is shown in the figure. It is seen that the
calculated shape of the distribution fits the data very well

at 60 GeV, awhile for 200 GeV the agreement is slightly
worse. For mean multiplicities the agreement is very

0.1—

0.05-

0.0S
0

nl~n ~
FIG. 3. The multiplicity distribution of charged particles

produced in the region 6 (60' for forward energy veto trigger.

good for both energies, see Table II.
Figure 2(b) shows the comparison of the multiplicity

distribution of the all charged particles at 200
GeV/nucleon. The shape of the calculated curve agrees
with the data qualitatively well, but some quantitative
disagreement is apparent especially for high multiplicity
tail. However, the average values agree very well again
(Table II).

Figures 3 and 4 concern central collisions 0+Au at
200 GeV. The term "central" here means the application
of "forward energy veto trigger". ' ' Multiplicity distri-
bution of charged particles is shown in Fig. 3. The shape

TABLE II. The comparison of experimental and calculated mean values of the multiplicity and rapi-

dity distributions in Figs. 2 —4.

Minimum bias data Central collision
data

200 GeV

Expt.
Calc.

27.0+1 ~ 2
27.07

45.6+ 1.6
46.46

124+2
132.3

(n) Expt.
Calc.

69.9+2.8
69.54

111+4
109.7

286+4
311.5

&y& Expt.
Calc.

2.43+0.01
2.46
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FIG. 4. The rapidity distribution of negative particles with
the momenta pi, b & 0. 1 GeV/c and pT (2. GeV/c is for forward
energy veto trigger.

of calculated curve fits the data fairly well, but the corre-
sponding tnean value is slightly higher (by 9%) than the
experimental one (Table II).

Figure 4 shows the comparison of rapidity distribution

p(y) = 1 N

N,„dy
of negative particles resulting from central 0+Au col-
lisions. The calculated curve is normalized to the experi-
mental data. The calculation gives apparently a broader
distribution (dispersion D =((y ) —(y) )' is by 8%
greater). However the average rapidity is reproduced
very well (Table II).

To check how the calculated distributions are sensitive
with respect to the input values of If, the following two
versions of the calculation have been performed.

(b) In distinction to the version (a), it was assumed that

created pions can develop intranuclear cascades inside
the target. For this calculation the mean value of pion
proper formation time was taken to be ~=1 fermi. For-
mation length of the nucleons (or leading pions from in-
teractions initiated by produced pions) remains the same
as in the version (a), If =0. In this point the considered
version differs from the version (b) in Ref. 4 for the
hadron-nucleus case, where the distribution (9) has been
applied for all secondary particles, including the leading
nucleons.

(c) The cascading of recoiled nucleons and created
pions is suppressed completely, all secondary particles be-
ing produced only by rescattering of projectile nucleons
inside the target.

The average multiplicities corresponding to all three
versions (a), (b), and (c) are listed in Table III. First of
all, comparison with the experimental data on (n ),
(n ) summarized in Table II, proves that version (a) (in
which only nucleons are allowed to develop the cascad-
ing) gives best agreement with the experimental data.
This conclusion is fully consistent with the results of the
previous study of proton-nucleus interactions. On the
other hand the version (b) gives slightly higher average
multiplicities in the region of the acceptance. It is how-
ever apparent that, in particular, negative multiplicities
are, in this region (8(60'), not very sensitive to the pion
cascading. This is due to the fact that the cascading is
controlled by the relation (9) according to which the
secondary interactions of particles with higher momenta
being produced predominantly in a narrow forward cone
are suppressed. The influence of pion cascading is more
pronounced, if also fragmentation region of the target is
taken into account, see lower part of Table III. Finally,
results of calculation (c) compared with (a) show that the
cascading of recoiled nucleons contributes -20—30%,
depending on the angular acceptance, of resulting
charged multiplicity. This contribution is important and
obviously the agreement of version (c) with the experi-
mental data is the least satisfactory.

V. DISCUSSION AND SUMMARY

In this paper we presented simple Monte Carlo cascade
model and the comparison of its predictions with the ex-
perimental data on 0+Au collisions at 60 and 200
GeV/nucleon.

We studied three distinct approaches accounting for
secondary particle cascading and came to the conclusion
that cascading of recoiled nucleons, ignored in some

TABLE III. The mean values of the multiplicity distributions calculated with various assumptions

[{a)—{c),see text] concerning the cascading of secondaries for minimum bias trigger. Values ( n ), ( n )
correspond to the region 8 & 60'; ( n,„),( n, ll ) are evaluated without angular cuts.

(a)

27.07
69.54
30.77
85.01

60 GeV
(b)

27.60
77.23
34.36

106.2

(c)

22.98
55.34
25.29
60.98

(a)

46.46
109.7
50.39

126.1

200 GeV
(b)

49.22
123.8
57.24

156.9

(c)

38.16
85 ~ 84
40.16
90.88



42 DESCRIPTION OF HEAVY ION COLLISIONS INCLUDING. . . 1109

models, e.g., the FRITIOF, can give a significant contri-
bution to the resulting multiplicities. Concerning the ap-
proach with cascading of the produced pions, our compu-
tation with input value ~= 1 fermi has shown that in the
considered region of primary energy and geometrical ac-
ceptance (8(60') its contribution to the resulting
charged multiplicity is rather small. A more sensitive
test of effect of produced particle cascading should be
done with the data covering a significant part of the tar-
get fragmentation region.

In accordance with our previous study on proton-
nucleus collisions, the best agreement with the experi-
mental data has been achieved in the approach (a) in
which only nucleons forming the initial nuclei develop in-
tranuclear cascades, while the formation length of the
produced pions exceeds the nuclear dimension. For the
minimum bias event sample we obtained in this approach
a good agreement for multiplicity distributions of nega-
tive and charged particles at 60 and 200 GeV/nucleon.
As far as the corresponding average values are con-
cerned, the agreement is excellent. In the case of central
collisions the calculated mean value of the charged multi-
plicity distribution is by 9% higher than the experimental
one. The average rapidity of negative particles in this
event sample is reproduced very well, but the calculated
distribution is slightly broader.

Our statement concerning the absence of pion cascad-
ing in both hadron-nucleus and nucleus-nucleus interac-

tions is not in accordance with the claim of some authors,
e.g., Refs. 6 and 15, that pion cascading plays an impor-
tant role. On the other hand, there are other models
(FRITIOF) that also assume produced particles to be
formed behind the nucleus. The authors of the recent pa-
per, ' analyzing the data on multipsrticle production by
sr+, E+ on gold, silver and magnesium targets at 200
GeV, come to the same conclusion.

It is obvious that the effect of the produced particle
cascading and correspondingly the formation length is
still not well understood. Consequently, the predictions
of various models aspiring to unique description of
hadron-nucleus and nucleus-nucleus interactions should
be consistently confronted with existing experimental
data. The question of space-time scale for hadron
creation is interesting by itself, but in addition it is obvi-
ous, that the correct estimation of background spectra re-
sulting from high energy hadron physics is essential for
correct evaluation of the new interesting effects in relativ-
istic nuclear physics like the production of quark-gluon
plasma.
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