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A two-source model is used in this paper to describe the reaction process
of Em(8B, p7Be)Em at 1.2A GeV. The distribution of azimuthal angle be-
tween 7Be and p, the transverse momentum distribution of p, and the total
transverse momentum distribution of 7Be and p produced in the reactions
are analyzed. It is found that the modelling results describe approximately
the fluctuation and mean trend of the experimental data of Stanoeva et al.

PACS numbers: 25.70.Pq

1. Introduction

Nucleus–nucleus collisions at high energies are important research fields
in particle and nuclear physics. In recent 20–30 years, a lot of experimental
[1-5] and theoretical [6-10] work have been finished. Lower end of high
energy is a special energy for nucleus–nucleus collisions. At this energy
nuclear limiting fragmentation has been shown to also apply [11]. From
intermediate energy (MeV) region to high energy (GeV) region, mechanisms
of nuclear reactions are expected to change with incident energy. Especially,
at the lower end of high energy (1–2AGeV), incident projectile nuclei can
stop in target emulsion with a length of 10 cm. This is convenient for us to
investigate the projectile fragmentation at 1–2AGeV.

Recently, Stanoeva et al. [12] reported the peripheral fragmentation of
the 8B nuclei fragmentation at an energy of 1.2AGeV in nuclear track emul-
sion. The purely fragmentation mode of 8B to 7Be + p [Em(8B, p7Be)Em]
was studied experimentally by them [12]. It is shown that the distribution of
azimuthal angle between 7Be and p in events with a low total transverse mo-
mentum does not display an isotropic emission. The transverse momentum
distribution of the protons and the total transverse momentum distribution
of the 7Be and protons produced in Em(8B, p7Be)Em show a no-single source
distribution [12].
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To explain the azimuthal and transverse momentum distributions in the
fragmentation mode of Em(8B, p7Be)Em, we analyze the experimental data
of Stanoeva et al. [12] in this paper. A two-source model [13-16] suggested
by Liu et al. are used.

2. The model

The model used in this paper is a two-source model [13-16]. According
to the two-source model [13–16], the light nuclear fragments produced in
a spectator have two emission sources: a hot source and a cold source. The
hot source is the contact layer of the spectator related to the participant,
it has a high excitation degree. The cold source is the other part of the
spectator, it has a low excitation degree. We assume that the light nuclear
fragments are emitted isotropically.

Let the beam direction be the 0z axis and the reaction plane be the
x0z plane. In the rest frame of the hot (or cold) emission source, the three
components p′

x
, p′

y
, and p′

z
of momentum p′ of final-state fragment can be

given by the Gaussian distribution with the same standard deviation σH
(or σC). For the purpose of convenience, σH and σC are written as σ in the
following discussion.

Considering the interactions among different emission sources, the con-
cerned source will have expansions and movements in the momentum space
[17-22]. The simplest relations between the momentum p′

x,y
in source rest

frame and the momentum px,y in final state is linear. We have

px,y = ax,yp
′

x,y
+ Bx,y = ax,yp

′

x,y
+ bx,yσ , (1)

where Bx,y represent movements of the emission source. ax,y and bx,y are co-
efficients describing the expansion and movement of the source, respectively.
It seems that Eq. (1) is in contradiction with the Lorentz transformation.
We would like to point out that one could understand the current formalism
because Eq. (1) represented the relations of “mean” momenta between the
cases of laboratory (or center-of-mass) reference frame and source rest frame
[17-22]. On the other side, the values of px,y are less than 0.3 MeV/c in the
experimental data of Stanoeva et al. [12]. The relativistic effect may be
neglected.

We have two methods to calculate the azimuthal and transverse mo-
mentum distributions. In the Appendix, the two methods are given. For
the purpose of convenience, we use the Monte Carlo method in this paper.
The azimuthal and transverse momentum distributions can be obtained by
a statistical method. An isotropic emission gives ax,y = 1 and bx,y = 0. The
physics condition gives ax,y ≥ 1. The number and excitation degrees of emis-
sion sources do not affect the azimuthal angle. Because the parameters bx,y
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are normalized to the width of the momenutm distribution, the expression
for ϕ does not contain the parameter σ. This allows us to describe the par-
ticle angular distribution in a way that is independent of the temperature of
the source. The parameters Bx,y describe how much the source is displaced
from the beam axis or what the average transverse momentum of the source
is, and the parameters bx,y describe only the displacement coefficient of the
source [17-22].

The two-source model used in the present work is a generalization of the
Goldhaber model of 1970’s [23]. In the latter model, the momentum width
of the source is related to the Fermi momentum of the fragmenting nucleus.
Because the projectile fragments measured in general emulsion experiments
at high energies are in a forward cone which is defined by the Fermi momen-
tum (0.2 GeV/c per nucleon) over beam momentum (in GeV/c per nucleon),
the value for the momentum width used in the following section, particularly
the one for the hot source, also follows this relation.

3. Comparison with experimental data

The normalized distribution, (1/N)(dN/dϕ), of azimuthal angle between
7Be and p in “white” stars Em(8B, p7Be)Em at 1.2AGeV for PT < 60MeV/c
per nucleon is given in Fig. 1, where N represents the number of protons
(or events), “white” stars mean that the events have no target fragmenta-
tion, and PT denotes the total transverse momentum of 7Be and p. Al-
though the number and excitation degrees of emission sources do not affect
the azimuthal distribution, the cut condition of PT < 60 MeV/c per nucleon
implies that there is only one emission source and the emission source has
a low excitation degree. In Fig. 1, the histogram and curve are the exper-
imental data of Stanoeva et al. [12] and our calculated result, respectively.

Fig. 1. Normalized distribution of azimuthal angle between 7Be and p in “white”

stars Em(8B, p7Be)Em reactions at 1.2AGeV. The histogram is the experimental

data of Stanoeva et al. [12]. The curve is our calculated result.
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In the calculation, we take ax = 1.0, bx = −0.8, ay = 1.0, and by = 0.0.
In the selection of parameter values, the method of χ2-testing is used. One
can see that the model describes the azimuthal distribution in fragmentation
process Em(8B, p7Be)Em at 1.2AGeV.

Fig. 2 shows the normalized transverse momentum distribution, (1/N)
(dN/dpT), of protons produced in 1.2AGeV Em(8B, p7Be)Em reactions.
The histogram is the experimental data of Stanoeva et al. [12]. The cir-
cles, squares, and curve are our calculated results for 5 × 102, 5 × 103, and
5 × 105 events, respectively. To see a clear display, the horizontal positions
of circles and squares have been moved by ±1MeV/c, respectively. In the
calculation, we take σH = 100.0MeV/c and σC = 30.0MeV/c. The contribu-
tions of the hot and cold sources are taken to be 0.25 and 0.75, respectively.
The values of ax,y and bx,y are the same as those for Fig. 1. One can see
that the circles and curve describe approximately the fluctuation and mean
trend of the experimental data, respectively.

Fig. 2. Normalized transverse momentum distribution of protons produced in

Em(8B, p7Be)Em reactions at 1.2AGeV. The histogram is the experimental data

of Stanoeva et al. [12]. The circles, squares, and curve are our calculated results.

Fig. 3 is similar to Fig. 2, but it shows the results in the center-of-mass
reference frame. The parameter values used for Fig. 3 are the same as those
for Fig. 2. The fluctuation and mean trend of the experimental data can be
described approximately by the calculated circles and curve, respectively.

In Fig. 4, the normalized total transverse momentum distribution, (1/N)
(dN/dPT), of 7Be and p in Em(8B, p7Be)Em reactions at 1.2AGeV is given.
According to the conservation of momentum, the transverse momentum of
7Be should be equal to that of p, i.e., pT7Be = pT. The total transverse
momentum of 7Be and p in MeV/c per nucleon will be PT = 1

7pT7Be + pT =
8
7pT. The histogram is the experimental data of Stanoeva et al. [12]. The

circles, squares, and curve are our calculated results for 5×102, 5×103, and
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Fig. 3. As for Fig. 2, but showing the results in the center-of-mass reference frame.

5 × 105 events, respectively. To see a clear display, the horizontal positions
of circles and squares have been moved by ±1 MeV/c, respectively. In the
calculation, the parameter values used for Fig. 4 are the same as those for
Fig. 2. One can see that the circles and curve describe approximately the
fluctuation and mean trend of the experimental data, respectively.

Fig. 4. Normalized total transverse momentum distribution of 7Be and p in

Em(8B, p7Be)Em reactions at 1.2AGeV. The histogram is the experimental data

of Stanoeva et al. [12]. The circles, squares, and curve are our calculated results.

4. Discussions and conclusions

In Fig. 1, only the events having no target fragment are studied. These
events correspond to peripheral collisions which are not violent. The cut
condition of PT < 60 MeV/c per nucleon implies that there is only one
emission source which has a low excitation degree. The excitation degree of
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the emission source does not affect the azimuthal distribution. The values
of parameters ax,y and bx,y for Fig. 1 show that the emission source has
a movement along negative x direction as it evaporating proton.

In figures 2, 3, 4, we have used the same parameter values, i.e. σH =
100.0MeV/c corresponding to contribution fraction of 0.25 and σC =
30.0MeV/c corresponding to contribution fraction of 0.75. The temperatures
of hot and cold sources obtained by σ2/mp are 10.7 and 1.0MeV, respec-
tively, where mp is the mass of proton. One can see that in Em(8B, p7Be)Em
reaction the excitation degree of emission source is very low. The cold source
has a main contribution. If we assume that the hot and cold sources reach
an equilibrium sate, the state will have a temperature of 3.4 MeV.

Our investigation is based on the assumption of equilibrium. The cal-
culated results for description of experimental data on Em(8B, p7Be)Em
reaction published in paper of Stanoeva et al. [12] leads to reproduction
of momentum spectra of observed particles as well as distribution of az-
imuthal angle between 7Be and proton. This description renders that the
interacting system reaches an equilibrium state. The emission of proton in
Em(8B, p7Be)Em reaction is an evaporation process.

The fragmentation process of Em(8B, p7Be)Em at an energy of 1.2AGeV
is investigated by a two-source model [13-16]. The analyzed results show
that the protons produced in the reactions have two emission sources: a hot
source and a cold source. In the two-source model [13-16], the hot source
is regarded as the contact layer of the spectator related to the participant,
and the cold source is regarded as the other part of the spectator. In the
calculation, the fragments or particles are assumed to emit isotropically in
the source rest frame, and interactions among different emission sources
affect the momentum of the final-state fragments or particles [17-22].

The simplest relation between the fragment momenta in the source rest
frame and in the concerned reference frame is assumed to be linear. We
have given the azimuthal angle and transverse momentum by two methods:
general calculation and Monte Carlo simulation. The mean trend and fluc-
tuation of the experimental data are described approximately by the two
methods.

The parameters ax,y and bx,y describe the transverse structure of the
emission source. ax,y > 1 means that there is an expansion of the source
along the x or y direction. bx,y > 0 and bx,y < 0 mean that there is a move-
ment of the source along the positive and negative x or y directions, respec-
tively. Generally speaking, the expansion and movement of the source are
caused by the asymmetry of mechanics. The present work shows that the
emission source in Em(8B, p7Be)Em reactions at 1.2AGeV has a movement
along negative x direction (bx = −0.8).



Two-Source Emission of Protons in Em(8B,p7Be)Em 647

In summary, we have used a two-source model to fit the momentum
spectra of proton and 7Be from the fragmentation of 8B in emulsion. It
is shown that the experimental data could be described with appropriate
parameters related to the width of momentum distribution in the source,
the expansion and motion of the source, and the relative contribution of the
two source.

This work was supported by the National Natural Science Foundation
of China Grant No. 10675077, the Shanxi Provincial Natural Science Foun-
dation Grant No. 2007011005, and the Shanxi Provincial Foundation for
Returned Overseas Scholars.

Appendix A

Calculation of azimuthal and transverse momentum distributions

According to the knowledge of probability theory and Eq. (1), the dis-
tribution of px,y can be given by

fpx,y(px,y) =
1√

2πσax,y

exp

[
−

(px,y − bx,yσ)2

2σ2a2
x,y

]
. (A.1)

The combined density function of px and py is

fpx,py(px, py) = fpx(px)fpy(py) =
1

2πσ2axay

× exp

[
−

(px − bxσ)2

2σ2a2
x

−
(py − byσ)2

2σ2a2
y

]
. (A.2)

Considering the azimuthal angle

ϕ = arctan
py

px

, (A.3)

and the transverse momentum

pT =
√

p2
x

+ p2
y
, (A.4)

we have the combined density function of ϕ and pT to be

fϕ,pT(ϕ, pT) = pTfpx,py(pT cos ϕ, pT sin ϕ) =
pT

2πσ2axay

× exp

[
−

(pT cos ϕ − bxσ)2

2σ2a2
x

−
(pT sin ϕ − byσ)2

2σ2a2
y

]
. (A.5)
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Thus, the ϕ distribution is

fϕ(ϕ) =

max∫

0

fϕ,pT(ϕ, pT)dpT , (A.6)

and the pT distribution is

fpT(pT) =

2π∫

0

fϕ,pT(ϕ, pT)dϕ . (A.7)

In the Monte Carlo calculation, let R1, R2, R3, R4, R5, and R6 denote
random variables distributed in [0,1], we have

p′
x,y

=
√

−2 ln R1,3 cos(2πR2,4)σ , (A.8)

because p′
x,y

obey Gaussian distribution. Considering Eqs. (1), (A.3), and
(A.5) the azimuthal angle and transverse momentum can be written as

ϕ = arctan
ay

√
−2 ln R3 cos(2πR4) + by

ax

√
−2 ln R1 cos(2πR2) + bx

, (A.9)

and

pT =σ

√[
ax

√
−2 ln R1 cos(2πR2)+bx

]2
+

[
ay

√
−2 ln R3 cos(2πR4)+by

]2
,

(A.10)
respectively [21,22].
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