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Light fragment emission in 3¢Kr-124Sn collisions at 25 MeV/nucleon
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Light fragments emitted in %Kr-'>*Sn collisions at intermediate energy (Epeun = 25 MeV/nucleon) and larger
impact parameters (b = 7-10 fm) are studied by a multisource ideal gas model. The momentum component,
transverse momentum, and azimuthal angle distributions of light fragments with mass numbers A = 1-4 are
given. Meanwhile, the correlation between the elliptic flow and transverse momentum, as well as the correlation
between the fourth momentum anisotropy and transverse momentum for the mentioned light fragments are
given, too. The calculated results are compared with the theoretical results of the Isospin-Dependent Quantum

Molecular Dynamics model.
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I. INTRODUCTION

Heavy ion collisions at intermediate and high energies are
interesting subjects in theoretical and experimental nuclear
physics because these collisions provide a unique oppor-
tunity to investigate the particle productions, interacting
mechanisms, and rare phenomena at high density and high
temperature [1-7]. In particular, a few decades MeV/nucleon
is considered to be the low stage of intermediate energy. In
the low-energy region (a few MeV/nucleon and below) and
high-energy region (a few GeV/nucleon and above), the par-
ticle productions and interacting mechanisms are respectively
expected to be different.

Many experimental results of heavy ion collisions at
intermediate and high energies were reported in the past
decades [8—12]. Meanwhile, more theoretical models have
been suggested to explain the experimental results [13—17].
To describe the fragments emission process, we have sug-
gested a multisource ideal gas (MSIG) model and explained
the azimuthal and polar angle distributions of fragments
produced in the projectile and target nuclei over an en-
ergy range from the AGS (2-15 GeV/nucleon) to SPS
(20-200 GeV/nucleon) by the Monte Carlo method [18-21].
It is interesting for us to test the MSIG model at intermediate
energy.

Recently, Yan et al. [22] studied light fragments emission
in 3°Kr-'*Sn collisions at intermediate energy (Epeam =
25 MeV/nucleon) and larger impact parameters (b =
7—-10 fm) by the Isospin-Dependent Quantum Molecular Dy-
namics (IDQMD) model. The results related to the momentum
component, transverse momentum, azimuthal angle, elliptic
flow, and fourth momentum anisotropy of the light fragments
with mass numbers A = 14 are given [22]. To test the
MSIG model at the intermediate energy region, in this paper,
we use it to describe the calculated results of the IDQMD
model.
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II. MSIG MODEL AND FORMULATION

The IDQMD model can be found in Ref. [22] and references
therein. The MSIG model can be found in our previous
work [18-21]. To give a whole presentation of the present
work, we describe the MSIG model shortly in the following.
Let the impact parameter axis be the ox axis and the beam
direction be the oz axis. The xoz plane is naturally the reaction
plane. Many emission sources of fragments (or particles)
are assumed to be formed in spectator (or participant) in
high energy heavy ion collisions. At intermediate energy, we
assume that many emission sources of fragments are formed
in the interacting system. Each emission source is treated as
an ideal gas source. The electromagnetic interactions among
different emission sources and the asymmetry of mechanics
between the projectile and target nuclei affect the emission of
fragments (or particles).

In the rest frame of the emission source, the three com-
ponents p., p;, and p_ of the momentum p of the final-
state fragments are assumed to obey Gaussian distributions
with the same standard deviation o. Considering the inter-
actions among different emission sources and the mechanics
asymmetry, the concerned source will have expansions and
movements in the momentum space. The simplest relation
between the momentum p’ in the source rest frame and the
momentum p in the final state is linear at nonrelativistic energy.
We have

/ /
Px.yz = ax,y,sz,y,z + Bx,y,z = ax,y,sz,y,z + bx,y,zU7 (])

where B, , . represents the movements of the emission source,
and a, , . and b, , . are coefficients describing the expansions
and movements of the source, respectively.

In the case of considering physics quantities in the trans-
verse plane, the z component does not need to be included.
According to probability theory and Eq. (1), the distribution
of p, , can be given by

! (px y = bx yd)z
fpx.y(px.y) = — €eXp [ _Eny TeyEs oo (2)
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The united density function of p, and p, is

fﬂ.x,l?,\-(px’ py) = fpx(px)fp‘v(py) =
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Considering the transverse momentum

pr=\/p+p} )

and the azimuthal angle

¢ = arctan %, 5)
X

we have for the united density function of p7 and ¢
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Thus, the pr distribution is

27
for(pT) = for.o(pr, @)do, (7
0
and the ¢ distribution is
max
folo) = for.o(pr, @)dpr. ®)
0

The n-th momentum anisotropy can be given by

2
v, = (cos(ng)) = / cos(ng) f,()dg
0

2 max
= / cos(ng) Sforo(pr, @)dprde. )
0 0

In the Monte Carlo calculation, let Ry, R, R3, R4, Rs, and
R denote random variables distributed in [0,1]. We have

Pry =+/—2In Ry 50827 Ry.4)0 (10)

because p;,y obeys the Gaussian distribution. Considering
Egs. (1), (4), and (5), the momentum component, transverse
momentum, and azimuthal angle can be written as

Pry =0lay yv/—2In Ry 3c08Q2w Ry 4) + by ], (11)

2 2
pr = a\/[ax,/—zln R, cos(27 Ry) +bx] + [ay\/—Zln R; cos(2 Ry) + b_\,] , (12)

and

ay~/—21n Ry cos(2m Ry) + b,
ay/—2In Ry cos(2n Ry) + by

respectively. The elliptic flow (the second momentum
anisotropy) is

¢ = arctan

(13)

2 2
Py — Py
vy = (cos(2¢)) = <—2‘> (14)
Pr
and the fourth momentum anisotropy is
4 2.2 4
Py —6pipy +py
vs = (cos(de)) = <#> (15)
T

From the above discussions, we see that two methods
can be used to calculate the distributions of momentum
components, transverse momentum, and azimuthal angle. On
the correlations between v, and pr, as well as v4 and pr, the
Monte Carlo method is more convenient. For the purpose of
convenience, in this paper we use the Monte Carlo method
to calculate the concerned physics quantities. The related
distributions and correlations can be obtained by a statistical
method. An isotropic emission in the transverse plane gives
ac,y = 1 and b, , = 0. The physics condition gives ay , > 1.
The number and excitation degrees of emission sources do not
affect the azimuthal angle. Because the parameters b, , are

normalized to the width of the momentum distribution, the
expression for ¢ does not contain the parameter o . This allows
us to describe the particle angular distribution in a way that is
independent of the source temperature. The parameters By ,
describe how much the source is displaced from the beam axis
or what the average transverse momentum of the source is, and
the parameters b, , describe only the displacement coefficient
of the source.

III. COMPARISON WITH CALCULATED RESULTS OF
IDQMD MODEL

The p,/A distributions, AN /dp,, for the light frag-
ments with A = 14 produced in *Kr->*Sn collisions at
25 MeV/nucleon and larger impact parameters (7—10 fm)
are given in Fig. 1. The circles are the calculated results of
the IDQMD model quoted in Ref. [22]. The solid curves
are our calculated results by the MSIG model. For the
protons (Fig. 1(a)), we take a, = 1.16, b, = —0.05, and 0 =
0.098 GeV/c; for A = 2 (Fig. 1(b)), we take a, = 1.30, b, =
—0.18, and o = 0.128 GeV/c; for A = 3 (Fig. 1(c)), we take
a, =1.48,b, = —0.10,and 0 = 0.159 GeV/c; and for A = 4
(Fig. 1(d)), we take a, =1.70,b, = —0.15, and o =
0.180 GeV/c. For A = 14, the values of a, and b, are taken
to be 1 and 0, respectively. In the selection of the parameter
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FIG. 1. (Color online) The p,/A distributions, AdN /dp,, for the
light fragments with A = 14 produced in 3Kr-'>*Sn collisions at
25 MeV/nucleon and larger impact parameters (7—10 fm). The circles
are the calculated results of the IDQMD model quoted in Ref. [22].
The solid curves are our calculated results by the MSIG model. The
other curves are also our calculated results by the MSIG model for
the purpose of comparison.

values, the method of x>-testing is used. From the figure,
we see that our calculated results by using the MSIG model
are in good agreement with those of the IDQMD model
[22]. From the parameter values, we see that the emission
source has an expansion along the positive and negative x
directions and a movement along the negative x direction. The
parameters a, = 1 and b, = 0 mean that the emission source
has no expansion and movement along the y direction. To
see the different contributions, the calculated results of the
MSIG model with (a, = 1, b, =0), [a, # 1 (i.e. a, = 1.16,
1.30, 1.48, and 1.70, respectively, for A = 1-4), b, = 0], and
[ax =1,b, # 0 (i.e. by = —0.05, —0.18, —0.10, and —0.15,
respectively)] are given in the figure by the dotted, dashed,
and dotted-dashed curves, respectively. We see that a, has
a main contribution and b, has a negligible contribution. In
the calculation of the MSIG model, the simulated fragment
number for each curve is 5 x 10°.

Figures 2 and 3 show the pr /A distributions A>’dN /prdpr
and the ¢ distributions kdN /dg, respectively, for the light
fragments with A = 1—4 produced in 8Kr-1?Sn collisions at
25 MeV/nucleon and larger impact parameters (7—10 fm). The
circles are the calculated results of the IDQMD model quoted
in Ref. [22]. The solid curves are our calculated results by the
MSIG model. The factor  is chosen in the label of longitudinal
axis in Fig. 3 so that the mean values of kdN /d¢ are fixed to
be 1 [22]. In the calculation, the parameter values are taken
as the same as those for Fig. 1. We see that the two kinds of
calculated results for the pr/A distributions are qualitatively
in agreement with each other. For the ¢ distributions the two
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FIG. 2. (Color online) As for Fig. 1, but showing the pr/A
distributions, A2dN/prdpr.

calculations are in good agreement with each other, and the
contributions of b, are obvious. For comparison, the dotted,
dashed, and dotted-dashed curves in Figs. 2 and 3 represent
our calculated results with (a, = 1, b, = 0),(a, # 1, b, = 0),
and (a, = 1, b, # 0), respectively. In the calculation of the
MSIG model, the simulated fragment number for each curve
is 5 x 10°.

The dependences of v,/A on pr/A and v4/A on pr/A
for the light fragments with A = 1—4 produced in ¥Kr-'>#Sn
collisions at 25 MeV/nucleon and larger impact parameters
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FIG. 3. (Color online) As for Fig. 1, but showing the ¢ distribu-
tions, kdN /de.
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FIG. 4. (Color online) The correlations between v,/A and
pr/A for the light fragments with A = 1-4 produced in 3°Kr-
1248n collisions at 25 MeV/nucleon and larger impact parameters
(7-10 fm). The circles are the calculated results of the IDQMD model
quoted in Ref. [22]. The solid curves are our calculated results by the
MSIG model. The other curves are also our calculated results by the
MSIG model for the purpose of comparison.

(7-10 fm) are shown in Figs. 4 and 5, respectively. The circles
are the calculated results of the IDQMD model quoted in
Ref. [22], and the solid curves are our calculated results by
the MSIG model. In the calculation, the parameter values
are taken as the same as those for Fig. 1. One can see that
the two kinds of calculations are approximately in agreement
with each other in the case of excluding the results in the
high pr region due to the low statistics. For comparison, the
dotted, dashed, and dotted-dashed curves in the figures are
our calculated results with (a, = 1, b, = 0),(a, # 1, b, = 0),
and (a, = 1, by # 0), respectively. In the calculation of the
MSIG model, the simulated fragment number for each curve
is 5 x 10°.

In the above discussion, the parameters a, , and b, , reflect
the transverse structure of the emission source in the momen-
tum space. The condition a,(a,) > 1 means that the emission
source has expansions along x(y) direction. The condition
by(by) > O[orb,(by) < 0] means that the emission source has
movements along the positive x(y) [or negative x(y)] direction.
An isotropic emission source gives a, , = 1 and b, , = 0. To
see the transverse structure of the emission source, Fig. 6
shows the p, vs. p, for the light fragments with A = 1-4
produced in 36Kr->*Sn collisions at 25 MeV/nucleon and
larger impact parameters (7—10 fm). The solid curve circles
represent the sources in the py-p, plane and the small full
circles are their centers. The dotted curve circles are the
original emission sources in the p,-p, plane and the small
open circles are their centers. Corresponding to the dotted
curve circles in Fig. 6, the p, /A, pr/A, and ¢ distributions,

FIG. 5. (Color online) As for Fig. 4, but showing the correlations
between v, /A and pr/A.

as well as the v,/A-pr/A and vq/A-pr/A correlations, are
represented by the dotted curves in Figs. 1-5, respectively.
One can see an expansion of the source along the positive and
negative x directions and a movement of the source along the
negative x direction.
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FIG. 6. (Color online) The transverse structure of emission source
in the p,-p, plane for the light fragments with A = 1-4 produced in
86Kr-'24Sn collisions at 25 MeV/nucleon and larger impact parameters
(7-10 fm). The solid curve circles represent the sources in the p,-p.
plane and the small full circles are their centers. The dotted curve
circles are the original emission sources in the p,-p, plane and the
small open circles are their centers.
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IV. DISCUSSION AND CONCLUSION

The emission of fragments is affected by the electromag-
netic interactions among different emission sources and the
asymmetry of mechanics between the projectile and target
nuclei. These effects cause the emission source to be deformed.
Because the xoz plane is taken to be the reaction plane, and
the ox axis is taken to be the impact parameter axis, we
should have a, =1 and/or b, = 0 due to the symmetry of
the interacting system and the symmetry of the mechanics
around the reaction plane. In the case of existing systematic
errors in the measurement of the reaction plane, one expects
to have a, > 1 and by # 0. In the transverse plane, the vectors
(ay — Di+(a, — 1)j and b,i+b,j should be at the direction of
the impact parameter.

The parameter a, increases systematically with the light
fragment mass. This is caused by the asymmetry of the
mechanics. The effect of the mechanics asymmetry is expected
to enlarge with increasing fragment mass. The parameter o
increases with the light fragment mass, too. This is caused
by the fragment mass itself. According to o = ~/mT, where
m and T denote the fragment mass and source temperature
respectively, and the values of o for the light fragments
with A = 1-4, we have T = 10.2, 8.7, 9.0, and 8.6 MeV,
respectively. One can see that the source temperatures for the
light fragments with A = 1-4 are approximately equal to each
other.

To conclude, the light fragments produced in heavy ion
collisions at intermediate energy and large impact parameter
have been studied by using the multisource ideal gas model.
Our previous work [18-21] showed that this model is suc-
cessful over an energy range from a few GeV/nucleon to
200 GeV/nucleon. The distributions of momentum com-
ponents, transverse momentum, and azimuthal angle, the
correlation between the elliptic flow (the second momentum
anisotropy) and transverse momentum, as well as the correla-
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tion between the fourth momentum anisotropy and transverse
momentum for light fragments with the mass numbers 14
in 3Kr-24Sn collisions at 25 MeV/nucleon and larger impact
parameters (7—10 fm) have been obtained by us. The calculated
results are compared with the theoretical results of the Isospin-
Dependent Quantum Molecular Dynamics model. It is found
that the two kinds of calculated results on the distributions of
momentum component and azimuthal angle are respectively in
good agreement with each other. On the transverse momentum
distribution, the two kinds of calculated results are qualitatively
in agreement with each other. For the correlation between
the elliptic flow and transverse momentum, as well as for
the correlation between the fourth momentum anisotropy
and transverse momentum, the two kinds of calculations
are approximately in agreement with each other in the case
of excluding the calculated results in the high transverse
momentum region due to the low statistics.

In the multisource ideal gas model, there are three kinds
of parameters: the expansion coefficient a,(a,, a.), the move-
ment coefficient b, (b, b.), and the excitation degree o of
the source. An expansion effect along x(y, z) direction gives
ac(ay,a;) > 1, and a movement effect along positive (or
negative) x(y, z) direction gives b, (b, b;) > 0 (or < 0). In the
case of isotropic emission, the source has no expansion and
movement, and we have a,(ay, a;) = 1 and b, (by, b;) = 0.
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