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Emissions of fragments and mesons produced in

heavy-ion collisions at CSR and related energies *
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Abstract Using a multisource ideal gas (MSIG) model, we reconstruct the transverse emission source in

the momentum space for light fragments produced in reactions 86Kr-124Sn at 25 MeV/nucleon and b=7—

10 fm based on the theoretical predictions of the Isospin-Dependent Quantum Molecular Dynamics (IDQMD)

model. We show that the MSIG model can reasonably describe the IDQMD-predicted results for the azimuthal

distribution and the transverse momentum dependence of elliptic flow v2 and fourth-order anisotropic flow v4

but can only qualitatively describe the transverse momentum spectra. The azimuthal distributions of nuclear

fragments produced in heavy-ion collisions at intermediate energies are studied by the MSIG model. The

calculated results are compared and found to be in agreement with the experimental data of Ca-Ca, Nb-Nb,

and Au-Au collisions at 150—800 MeV/nucleon beam energies. Meanwhile, the angular distributions of pions

and kaons produced in heavy-ion collisions at the low-energy end (1—2 GeV/nucleon) of high energies are

investigated by the MSIG model, too. The calculated results are compared and found to be in agreement with

the experimental data of the KaoS Collaboration.
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1 Introduction

In the past 20—30 years, the investigations of

heavy ion collisions at intermediate and high energies

have been progressed rapidly
[1]

. The accelerator Be-

valac at the Lawrence Berkeley National Laboratory

(LBNL) in USA and the alternating-gradient syn-

chrotron (AGS) at the Brookhaven National Labora-

tory (BNL) in USA have been built. The Joint Insti-

tute for Nuclear Research (JINR) in former the Soviet

Union has built the superconducting synchrotron for

nuclei and heavy ions (Nuclotron). The Gesellschaft

für Schwerionenforschung mbH (GSI) in Germany has

built the heavy ion synchrotron (SIS). The fixed tar-

get experiments induced by heavy ions have been

performing successfully over an energy range from

1 GeV/nucleon to more than 10 GeV/nucleon. The

European Organization for Nuclear Research (the Eu-

ropean Laboratory of Particle Physics, CERN) in

Switzerland has built the Super Proton Synchrotron

(SPS). The beam energies have been extended to

a few decades and 200 GeV/nucleon. Since June

2000, the Relativistic Heavy Ion Collider (RHIC) has

been performing successfully at BNL. The center-of-

mass energy of the interacting system reached a few

decades to 200 GeV/nucleon
[2, 3]

. It is expected that

the Large Hadron Collider (LHC) will be built at

CERN soon
[4]

.

The working energies of Bevalac and SIS are at

the low-energy end (1—2 GeV/nucleon) of high en-

ergies, and those of Nuclotron, AGS, SPS, and RHIC

are at the intermediate- and high-stage of high en-
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ergies. From the points of interacting mechanisms,

all the heavy ion accelerators at different energies are

needed for us because they can supply a deficiency

and support an argument each other. The energy of

1—2 GeV/nucleon is at the low-energy end of high en-

ergies. It is highly important for us to study the pro-

cesses of heavy ion collisions at 1—2 GeV/nucleon be-

cause some interacting mechanisms may be changed

from the intermediate energy range to high one. To

investigate heavy ion collisions at the low-energy end

of high energies, the AGS was performed at a lower

energy (2 GeV/nucleon
[5]

) due to the importance of

this energy range. According to our guesses, the ini-

tial energy of nuclear limiting fragmentation may be

lower than that of JINR/Nuclotron. It is one of our

research directions to search the critical energy at

which the interacting mechanisms and fragmentation

modes had changed. The working energies of GSI/SIS

and Lanzhou Cooling Storage Ring (CSR) are at 1—

2 GeV/nucleon and lower. They give us a chance to

study the heavy ion collisions at low and intermediate

energies and at low-energy end of high energies.

To study the emissions of nuclear fragments and

mesons produced in heavy ion collisions at low and

intermediate energies and at low-energy end of high

energies, we have suggested a MSIG model in our

previous work
[6—10]

and described some experimental

data. In this paper, we will use the MSIG model to

study the emissions of nuclear fragments and mesons

produced in heavy ion collisions at the CSR and re-

lated energies.

2 The MSIG model

The MSIG model
[6—10]

was suggested in the

framework of Maxwell’s ideal gas model, the latter

one can be found in general textbook of thermody-

namics. According to the MSIG model, many emis-

sion sources of fragments and particles are formed in

heavy ion collisions at intermediate and high energies.

In the rest frame of an emission source, the final-state

products are assumed to emit isotropically. The mo-

mentum components in a right angle coordinate are

assumed to obey Gaussian distribution. Interactions

among different sources affect the momentum distri-

butions of final-state products. Let the incident direc-

tion be oz axis and the reaction plane be xoz plane.

Then, a right angle coordinate is built. In the coordi-

nate system, ox axis is exactly the direction of impact

parameter. In the rest frame of an emission source,

the components p′

x
, p′

y
, and p′

z
of momentum p

′ are

described by Gaussian distribution with a width σ.

Considering the interactions among different sources,

the source concerned by us will have an expansion

and a movement in the momentum space. As a re-

sult, the momentum p measured in final state will

differ from p
′. The simplest relationship between p

and p
′ is linear. We have component expressions as

flows

px,y,z = ax,y,zp
′

x,y,z
+Bx,y,z = ax,y,zp

′

x,y,z
+bx,y,zσ, (1)

where Bx,y,z describe the movement of emission

source and ax,y,z and bx,y,z denote the expansion and

movement coefficients of the emission source respec-

tively.

Eq. (1) is only an approximate expression for

mean effect. It does not obey the Lorentz tran-

sition. The relativistic effect has not been consid-

ered in Eq. (1) because the energies concerned in the

present work are not in a high-energy range. Ac-

cording to the knowledge of probability, the distri-

butions of momentum components px,y,z, transverse

momentum pT, momentum p, azimuthal angle ϕ, and

space angle ϑ can be obtained. Using the Monte Carlo

method, the corresponding distributions and correla-

tions can be given in terms of random variables (see

Refs. [11, 12] for details).

In the above discussions, the parameters ax, ay,

bx, and by describe the transverse structure of emis-

sion source in the momentum space. ax > 1 and ay > 1

mean expansions of the emission source along the di-

rections of ±x and ±y respectively; bx(by) > 0 and

bx(by) < 0 mean movements of the emission source

along the directions of +x(+y) and −x(−y) respec-

tively. An isotropic emission results ax,y = 1 and

bx,y = 0.

3 Comparison with other modelling

results and experimental data

Firstly, we give a comparison with calculated re-

sults of IDQMD model at 25 MeV/nucleon. In the en-

ergy range of a few decades MeV, we have not found

available experimental data. However, we may com-

pare our calculated results with those of the IDQMD

model
[13]

. We notice that the published IDQMD
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modelling results are not compared with experimen-

tal data, too.

The interactions of 86Kr-124Sn with im-

pact parameter b=7—10 fm at incident energy

25 MeV/nucleon have been investigated by us. The

distributions AdN/dpx, A2dN/pTdpT, and kdN/dϕ

are obtained for light fragments (with mass number

A = 1−4), where N denotes the number of fragments

and k is used to keep the mean value of kdN/dϕ

to be 1. Meanwhile, the correlations between the

elliptic flow [v2 = 〈cos(2ϕ)〉] per nucleon v2/A and

pT/A, as well as the fourth-order anisotropic flow

[v4 = 〈cos(4ϕ)〉] per nucleon v4/A and pT/A are stud-

ied, where 〈· · · 〉 denotes an average over the fragments

concerned.

Comparing with the calculated results of the

IDQMD model
[13]

, we found that our calculated dis-

tribution of transverse momentums is approximately

in agreement with that of the IDQMD model. Our

calculated distributions of momentum components

and azimuthal angles are in good agreement with

those of the IDQMD model respectively. The cor-

relations between v2/A and pT/A, as well as v4/A

and pT/A, calculated by us are qualitatively in agree-

ment with those of the IDQMD model respectively.

The main results discussed in the first part has been

published elsewhere
[11]

.

Secondly, we show a comparison with ex-

perimental data in an energy range of hundreds

MeV/nucleon. The experimental results show that

multiplicity distributions in heavy ion collisions

at different incident energies display a uniform

shape. Generally, the distribution curve decreases

monotonously with increasing of the multiplicity, and

a plateau structure appears in the middle multiplic-

ity; then the distribution curve falls rapidly, and a

knee structure appears in the tail part of high multi-

plicity. For convenience in the description of this part,

we divide particle multiplicity into a few bins. Ac-

cording to Ref. [14], for the multiplicity distribution

of protons, the multiplicity corresponding to a half

highness of the plateau is denoted by Nmax
p . From 0

to Nmax
p the multiplicities are divided into four bins,

i.e. MUL1= (0−0.25)Nmax
p , MUL2= (0.25−0.5)Nmax

p ,

MUL3= (0.5−0.75)Nmax
p , and MUL4= (0.75−1)Nmax

p .

In addition, the fifth bin MUL5 is in the range from

Nmax
p to maximum multiplicity.

The azimuthal distributions, kdN/dϕ, of final-

state fragments produced in the third multiplicity bin

MUL3 in Au-Au collisions at 150, 200, 250, 400, 650,

and 800 MeV/nucleon are given in Fig. 1. The his-

tograms are the experimental data of Ref. [14], and

the solid curves are our calculated results. In the cal-

culation, the parameter values obtained by fitting the

experimental data are marked in the figure. One can

see that the calculated results of our MSIG model are

in agreement with the experimental data.

Fig. 1. Azimuthal distributions of fragments,
for the multiplicity bin MUL3, produced in
Au-Au collisions at the indicated beam en-
ergies in MeV/nucleon. The histograms are
the experimental data of Ref. [14]. The solid
curves are our calculated results with the pa-
rameter values indicated in the figure. The
dashed and dotted curves are the contribu-
tions of the sources expansion and movement
respectively.

Similarly, the azimuthal distributions of final-

state fragments produced in the multiplicity bins

MUL1-MUL5 in Ca-Ca, Nb-Nb, and Au-Au collisions

at 400 MeV/nucleon are shown in Fig. 2. In Fig. 3,

the azimuthal distributions of final-state protons, he-

lium, and all fragments produced in Au-Au collisions

at 400 MeV/nucleon are presented, where the right

panel is the same as that in Fig. 2. Once more our

calculated results describe the experimental data.

To see the dependence of the calculated results

on the parameter values, the calculated results in the

case of keeping ax(ay) not to be changed and let-

ting bx(by) = 0 are given in Figs. 1—3 by the dashed

curves; and the calculated results in the case of keep-

ing bx(by) not to be changed and letting ax(ay) = 1

are given in Figs. 1—3 by the dotted curves. The

results corresponding to bx(by) = 0 are the contri-

butions of source expansion effects; and the results

corresponding to ax(ay) = 1 are the contributions of

source movement effects.
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Fig. 2. As for Fig. 1, but showing the results
of fragments produced in Ca-Ca, Nb-Nb, and
Au-Au collisions at 400 MeV/nucleon.

Thirdly, we present a comparison with experi-

mental data at 1—2 GeV/nucleon. In the above two

parts, the ox axis is defined by the impact parameter.

In the case of defining the impact parameter as the oy

axis, the situation is similar. In fact, two definitions

are used in the references. Differing from the above

parts, the latter definition is used in this part. Both

the coordinating systems have the same oz axis.

In the above two parts, we have discussed colli-

sions at low and intermediate energies. The final-

state products in these collisions are mainly nuclear

fragments. In the third part, we focus our attention

on collisions at the low-energy end of high energies.

Some pions and kaons will be produced in these col-

lisions.

The azimuthal distributions of π
+ and K+ pro-

duced in Au-Au collisions at 1.5 GeV/nucleon,

π
+, K+, and K− produced in Ni-Ni collisions at

1.93 GeV/nucleon, and π
+ and K+ produced in Au-

Au collisions at 1 GeV/nucleon have been investi-

gated by us. Meanwhile, the emission angular dis-

tributions of K+ and K− produced in Au-Au colli-

sions at 1.5 GeV/nucleon and in Ni-Ni collisions at

1.93 GeV/nucleon with other cut condition are cal-

culated. Our calculated results show that the MSIG

model describes the experimental data reported in

Refs. [15—19]. The main results discussed in the

third part has been published elsewhere
[12]

.

Fig. 3. As for Fig. 1, but showing the results
of protons, fragments with Z = 2, and all
fragments produced in Au-Au collisions at 400
MeV/nucleon.

4 Conclusions

Three contents have been studied in the present

work. Firstly, we have compared the calculated re-

sults of the MSIG and IDQMD models at a few

decades MeV/nucleon. It is found that the two dis-

tributions of transverse momentums are qualitatively

in agreement with each other. The two distribu-

tions of momentum components and the two distri-

butions of azimuthal angles are respectively in good

agreement with each other. The dependence of el-

liptic flow on transverse momentum and the depen-
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dence of the fourth-order anisotropic flow on trans-

verse momentum calculated by the MSIG model de-

scribe approximately the corresponding results of the

IDQMD model
[13]

. Secondly, the calculated results

of the MSIG model are compared and found to be

in agreement with the experimental azimuthal distri-

butions of nuclear fragments produced in heavy ion

collisions[14] in hundreds MeV/nucleon energy range.

Finally, the calculated results of the MSIG model are

compared and found to be in agreement with the ex-

perimental azimuthal and angular distributions of pi-

ons and kaons produced in heavy ion collisions
[15—19]

at the low-energy end of high energies.

The parameters a, b, and σ describe respectively

the expansion coefficient, movement coefficient, and

excitation degree of emission source. The expansion

coefficient a > 1 and a = 1 denote that the emission

source has an expansion and no expansion respec-

tively. The physics condition requests that a > 1.

The movement coefficient b > 0, b < 0, and b = 0 de-

note that the emission source has a movement along

the positive direction of coordinate axis, a movement

along the negative direction of coordinate axis, and

no movement, respectively.
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