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Abstract: The angular distributions and energy spectra of 11B, 10B, and 9Be fragments of 12C in the angular range

from 1.0◦ to 7.5◦ at 100 MeV/u were obtained via 12C + 12C scattering. Detailed comparisons are presented between

the experimental data and the modified antisymmetrized molecular dynamics (AMD-FM), binary intranuclear cascade

model (BIC) and Liège intranuclear cascade model (INCL++). The experimental angular distributions and energy

spectra are well reproduced by the AMD-FM calculations but fail to be reproduced by the physical models installed

in the Geant4 program, including the BIC and INCL++ models.
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1 Introduction

Studies of the mechanisms of ion fragmentation in
collisions with incident energies of 10–1000 A MeV have
drawn much attention due to the possible applications in
space [1, 2] and particle therapy [3]. Simulation codes are
often used in such applications, and their accuracy relies
on the physical processes implemented. The models used
in these applications are often insufficient to reproduce
the fragmentation processes with the required accuracy
and need to be validated using experimental data. How-
ever, fragmentation cross sections of light ions on thin
targets are scarce. The incident energy should be covered
up to 400 MeV/u according to the possible beam energies
in particle therapy and space detection. Moreover, the
energy density of intermediate mass fragments (IMFs)
passing through a substance is much higher than that of
light charged particles, and therefore the proper amount
of IMF production is crucial for the simulation. In or-
der to achieve the proper production rate, it is essential
to understand the production mechanism of these IMFs.
Their total cross section is dominated by the projectile-

like fragment component (θlab 610◦). Therefore, in this
paper we focus on the production of IMFs at very for-
ward angles.

To improve the models in Monte Carlo simulations,
several experiments on thin targets have been performed.
An experiment was performed using 62 MeV/u 12C on a
carbon target in Catania, Italy [4]. The results showed
that discrepancies are up to one order of magnitude
for both angular and energy distributions in compari-
son with the GEANT4 simulation. Another experiment
was performed using 400 MeV/u 12C on a carbon target
at the Gesellschaft fur SchwerIonenforschung (GSI, Ger-
many) by the FIRST collaboration [5]. This experiment
presented the single differential cross sections of carbon-
ion fragmentation on a thin gold target, measured as a
function of the fragment angle and kinetic energy in the
forward angular region of θ66◦, aiming to provide use-
ful data for the benchmarking of the simulation software
used in light ions fragmentation applications. This ex-
perimental input is highly valuable, as it sets a reference
point. A third experiment was performed at GANIL in
2011 to study 12C reactions on C, H, O, Al, and Ti tar-
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gets at 95 MeV/u [6]. The angular range covered from
4◦ to 43◦. To complete these data, another experiment
was performed in 2013 [7] at GANIL to measure the frag-
mentation cross section at 0◦ for 95 MeV/u 12C beam on
thin targets. Angular distributions and energy spectra
of projectiles were compared with the reaction models
embedded in the GEANT4 Monte Carlo toolkit [6, 8].
In that comparison, none of the models provide good
enough reproduction of the experimental data, especially
for those from intermediate velocity sources [9]. Previous
comparisons also showed that the angular distributions
were better reproduced by the binary intranuclear cas-
cade (BIC) model than the quantum molecular dynamics
(QMD) model. Detailed comparisons between the exper-
imental data of 12C + 12C at 95 MeV/u and transport
model simulations were presented for all charged parti-
cles and fragments. The experimental energy spectra and
angular distributions are well reproduced by the AMD-
FM calculations for light charged particles with Z 6 2
[9]. The angular distributions of isotopes with Z > 2
were qualitatively reproduced reasonably well, but the
yields are 2-10 times smaller in the simulations for most
isotopes.

The elastic and inelastic scatterings of 12C + 12C with
an incident energy of 100 MeV/u [10–12] and 200 MeV/u
[13] have been published to study the repulsive three-
body force in high density nuclear matter. Fragments
such as 11B, 10B, and 9Be were produced together with
the elastic and inelastic scatterings of 12C. Therefore, the
differential cross sections for these fragments has been
extracted. This work aims to provide reference data for
12C fragmentations at 100 MeV/u and further explore
the reaction mechanism of the fragmentation process.

This paper is organized as follows. Section 2 describes
the experimental procedure. The experimental differ-
ential cross section is presented in Section 3. Section
4 presents the theoretical methods. Comparisons be-
tween the theoretical results and the experimental data
are shown in Section 5. A summary is given in Section
6.

2 Experimental procedure

Scattering for 12C + 12C was measured at an incident
energy of 100 MeV/u (1.2 GeV) at the Ring Cyclotron
Facility of the Research Center of Nuclear Physics
(RCNP) in Osaka University. The high-resolution spec-
trometer Grand Raiden was used for the measurements.
Details of the experimental setup can be found in Ref.
[11].

A Monte Carlo simulation was performed to obtain
a small beam size and better angular resolution on tar-
get [14]. A solution without collimation could be used
based on the simulation. Angular spread of 0.05◦ (1σ)

or smaller was obtained in an achromatic focusing condi-
tion. The beam size was less than 2 mm (radius) on the
target. The angular resolution of 0.105◦ (FWHM) in the
present experiment was confirmed by faint 12C primary
beam with an empty target run. In this measurement,
the scattering angle in the laboratory frame covered from
1.0◦ to 7.5◦. The acceptances of the spectrometer in the
horizontal and vertical directions were set to ± 20 mrad
and ± 6 mrad by the collimators placed at the entrance
of the spectrometer, respectively. The momentum ac-
ceptance is about 5%. To guarantee a slight overlap of
the scattering angles between the different angular set-
tings, the central scattering angles of the Grand Raiden
spectrometer were set to 2.0◦, 2.5◦, 3.5◦, 5.0◦ and 6.5◦.
The two obtained cross sections at different angular set-
tings of the magnetic spectrometer were not completely
consistent with each other. These differences were less
than 25% and treated as systematic errors.

In this experiment the beam intensity varied from 0.1
to 1.0 pnA on the target. A natural carbon target with
a thickness of 1.18 mg/cm2 and a polyethylene film with
a thickness of 11.40 mg/cm2 were used for the measure-
ments. Details of the detector system can also be found
in Ref. [11].

Particles were identified by the energy loss (∆E) -
time of flight (TOF) information obtained from the plas-
tic scintillation detectors on the focal plane. The accel-
erator radio frequency signal was used as the start signal
in the TOF measurement. The particle identification
results are shown in Fig. 1. Six isotopes were clearly
separated. The central momenta for each isotope were
obtained by the magnet rigidity of each run setting. The
obtained velocities for each isotopes were consistent with
the calculated results, depending on the mean orbit ra-
dius, total deflection angle of the magnet spectrometer,
and the radio frequency of the accelerator.
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Fig. 1. (color online) Particle identification in 12C
+ 12C scattering experiment.
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Due to the limited vertical acceptance compared to
the horizontal acceptance, the spread of the vertical an-
gles was not taken into account. Therefore, the hori-
zontal scattering angles were obtained from the beam
optical matrix of the spectrometer and information from
the focal plane detectors.

3 Differential cross section

The differential cross section for specific fragments is
calculated by

dσ

dΩ
=
N/εdεtεa
N0NTΩ

, (1)

where N is the number of detected fragments, εd is the
detection efficiency for fragments, εt is the data acquisi-
tion system trigger efficiency, εa is the efficiency for data
analysis, N0 is the number of incident nuclei, NT is the
number of target nuclei per square centimeter, and Ω is
the solid angle for present detection.

A Faraday cup connected to a current integrator was
used to collect the total charge of the incident parti-
cles. In the calculation of the differential cross section,
the efficiencies, including εd, εt and εa, could be deter-
mined from the data itself [11, 15]. The differential cross
sections for the observed fragments in the present exper-
iment are extracted based on Eq. (1). Here, the un-
certainties of the beam intensity, target thickness, solid
angle and efficiencies were taken into account. System-
atic errors of ± 25% were added for the absolute values
of the cross sections according to the different angular
settings of the spectrometer.

4 Theoretical models

4.1 AMD model

In the AMD model, the wave function of a N-nucleon
system is described by a Slater determinate of N Gaus-
sian wave packets [16]

Φ(Z)=det

{

exp

[

−ν
(

rj−
Zi√
ν

)2

+
1

2
Z2

i

]

χαi
(j)

}

, (2)

where the complex variables Z ≡ {Zi;i = 1,...,N} =
{Ziσ;i = 1,...,N,σ = x,y,z} denote the centroids of the
wave packets. The label αi denotes the spin and isospin
of the i-th single particle state of p↑, p↓, n↑, or n↓. ν
is the width parameter, taken as ν=0.16 fm−2, which is
optimized to reproduce the experimental binding energy
of nuclei. The time evolution of Zi is determined by the
time-dependent variational principle and the two-body
nucleon collision process. The equation of motion for Z
is derived as

i~
∑

jτ

Ciσ,jτ

dZjτ

dt
=
∂H
∂Z∗

iσ

, (3)

where H represents the Hamiltonian and Ciσ,jτ repre-
sents a Hermitian matrix which is defined as

Ciσ,jτ=
∂2

∂Z∗

iσ∂Zjτ

log〈Φ(Z)|Φ(Z)〉. (4)

In the AMD model, the centroid of the wave packet in
the ground state nucleus momentum space in the initial
nuclei is set to nearly zero. It means the initial nuclei
are “frozen”, so that makes the initial nuclei stable in
time. The AMD model deals with the nucleon-nucleon
collision process in physical coordinate space. Here, the
physical coordinate W ≡ {Wi} for a given nucleon i is
defined as

Wi=
∑

j=1

A(
√

Q)ijZj , (5)

where the Qij is defined as

Qij=
∂

∂(Z∗

i Zj)
ln〈Φ(Z)|Φ(Z)〉. (6)

The Winger form of the i-th nucleon at time t = t0 is
described by

fi(r,p,t0)=8exp

{

−2ν(r−Ri(t0))
2− (p−Pi(t0))

2

2~2ν

}

,

(7)

with centroid Ri and Pi. The sum of fi is the total
one-body distribution function. It is valid approximately
only when the physical coordinate

Wi=
√
νRi+

i

2~
√
ν

Pi (8)

is used for the centroid of the Gaussian wave packets [16].
Similar to other transport models, two important pro-
cesses exist in AMD model. The first is the mean field
propagation of nucleons and the other is the nucleon-
nucleon (NN) collision process. The Pauli principle is
fully respected in an exact manner in both processes in
the AMD model. The Gogny interaction [17] is used for
the mean field in the present work. The nucleon-nucleon
cross section is described by [18]

σ(E,ρ)=min

(

σLM(E,ρ),
100 mb

1+E/200 MeV

)

, (9)

where σLM(E,ρ) represents the cross section given by Li
and Machleidt [19, 20].

4.2 AMD-FM model

The AMD-FM model was originally developed for the
description of the high energy proton spectra in interme-
diate heavy-ion collisions [21]. In AMD-FM, the Fermi
motion is considered in the two body collision process.
If two nucleons reach the collision distance

√

σNN/π, the
uncertainty of momentum will increase. This momentum
uncertainty is obtained along the Gaussian distribution
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around the centroid of the Gaussian wave packets. Com-
pared to other transport models, in which the Fermi mo-
tion is only given once in initial nuclei, this treatment is
more proper.

In practical calculations for given coordinate vectors
r1 and r2 of two collision nucleons, the corresponding
momenta P1 and P2 are given by

Pi=P 0
i +∆P

′

i (i=1,2), (10)

where P 0
i represents the centroid of the Gaussian mo-

mentum distribution for the i-th particle and ∆P
′

i rep-
resents the Fermi momentum given randomly along the
Gaussian distribution. Due to the momentum distribu-
tion being partially considered in the wave packet prop-
agation, T0, which represents an average value of the
Gaussian momentum distribution, is subtracted from
∆P

′

i to avoid double counting. T0 = 9.20 MeV is used
for the Gogny interaction. After the subtraction of T0,
∆P

′

i is obtained by

∆P
′

i =

√

( |∆Pi|2
2M0

−T0

)

2M0

∆Pi

|∆Pi|
, (11)

∆Piτ=~
√
ν(ρi/ρ0)

1/3G(1), (12)

where G(1) represents a random number generated
throughout the Gaussian distribution with σ = 1. The
parameter (ρi/ρ0)

1/3 in Eq. (16) is used for considering
the density dependence of the Fermi energy, and ρi and
ρ0 are the density at ri and the normal nuclear density,
respectively. τ denotes the x,y,z coordinates. ∆P

′

i is set
to zero when |∆Pi|2/2M0<T0.

If the collision is Pauli-blocked, the treatment in the
W space is revocatory and the time evolution of wave
packets continues in the Z space. Inversely, if the colli-
sion is Pauli-allowed, the energy and momentum conser-
vation are restored. The energy restoration is obtained
within the cluster by

∆E =

(

∑

i,σ

∂H
∂Zi,σ

· dZi,σ

dt

)

∆t, (13)

where H represents the Hamiltonian of the cluster and
∆t is used as an artificial fine step for turning.

4.3 Geant4 simulations

Based on the Monte Carlo method, the Geant4 pro-
gram can provide various particle generators which can
be used to simulate the propagation of particles through
various nuclear matter by interpolating different physical
models [22]. Nuclear reactions at intermediate energies
(varies from few MeV to several GeV) are typically de-
scribed in two stages. The first, which is the fast reaction
stage, can be described by a dynamical model (such as
quantum molecular dynamics, pre-compound, intranu-
clear cascade and so on), and results in the production

of particles with one or several excited nuclei [23]. The
second reaction stage describes the de-excitation of the
produced excited nuclei in the first stage and it is usually
described by statistical de-excitation models.

For the first stage of the collision, there are several
nuclear reaction models which are recommended in the
Geant4 toolkit for hadron therapies. The first is a bi-
nary intranuclear cascade (BIC) model [23]. The BIC in
Geant4 deals with an intranuclear cascade propagating
primary and secondary particles in a nucleus. Interac-
tions between a primary or secondary particle and an
individual nucleon of the target nucleus are taken into
account. Particle propagation in the nuclear field is per-
formed by numerically solving the equation of motion.
The cascade stops when the average and maximum en-
ergies of secondaries are smaller than a given threshold.
For the remaining fragment, it is treated by the precom-
pound and de-excitation models.

The second model is the Liège intranuclear cascade
model (INCL++) [8, 23–25]. INCL++ is a model which
incorporates cascade physics principles [23]. It is used to
simulate the collision process between incident particles
and nuclei. The positions and momenta of the nucleons
inside the nuclei are determined from the beginning of
the simulation by treating the nucleus as a free Fermi gas
in a static potential with realistic density. The cascade is
modeled by tracking those nucleons and their collisions.

For the second stage of the nuclear reaction in the
present work, the ABLA V3 model was used. The ABLA
V3 evaporation model uses excited nucleus parameters
including excitation energy, mass number, charge num-
ber and nucleus spin as input quantities [23]. The proba-
bilities for emitted protons, neutrons, alpha particles and
clusters can be calculated. The couplings of the ABLA
V3 to the BIC and INCL++ models were used according
to the manual [26].

5 Results and discussion

The experimental energy spectra were normalized by
the method of Ref. [6]

dσ

dΩ
(AZX)=

NA

Z
X×Atarget

N12C×Ω×ρ×th×NA

, (14)

where NA

Z
X is the number of A

ZX fragments detected, A
and Z are the mass and charge of fragment X, respec-
tively, Atarget is the target mass, N12C is the number of
incident carbon nuclei, Ω is the solid angle of the detec-
tor, ρ×th is the target area density and NA is Avogadro’s
number.

The energy spectra and angular distributions of the
obtained differential cross sections of 12C fragmentation
on a natural carbon target are indicated in Fig. 2 and
Fig. 3 by solid circles, respectively. In Fig. 2, the peak
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positions of all fragments correspond to the projectile-
like fragmentation. Sharp fall-offs of energy distributions
for all fragments on both sides of the energy peak are
observed, since the magnetic rigidity and acceptance of
magnetic spectrometer are set according to the scattered
12C kinematics. This phenomenon is similar to those of
Refs. [5–7]. In Fig. 3, the differential cross sections de-
crease with the increase of scattering angles. With the
decrease of scattering angles, the cross sections of 11B
fragments increase faster than those of 9Be and 10B, es-
pecially at very small angles. This is similar to the results
of Refs. [5–7]. The trends of our present data are con-
sistent with those of the published data [5–7] within the
angular and differential cross section error bars. How-
ever, the published data focused on a large angular range,
and the angular resolution was large (∼10◦). In our work
the angular resolution is better (∼0.1◦) at small angles
(θlab≤ 10◦), which is very important for understanding
the production mechanism of these IMFs.

The energy spectra for 11B, 10B, and 9Be fragments
were obtained by the AMD-FM model and Geant4 with
two physical models and the results are shown in Fig. 2.
The solid lines represent the results of the AMD-FM
model. The dashed lines and dot-dashed lines represent
the results obtained by the INCL++ and BIC models,
respectively. The obtained energy spectrum was nor-
malized for each model. The filled dots denote the ex-
perimental data. The sharp fall-offs of the experimental
energy spectra are partially due to the magnetic rigidity
and acceptance of the magnetic spectrometer which was
introduced in Section 2. As shown in Fig. 2, the energy
spectra for all fragments can be reproduced reasonably
well by the AMD-FM model. However, the same trend
by the BIC model was not obtained. The BIC model
shows a sharp peak structure and obvious shifts from
those of the experiments. The INCL++ model repro-
duced the experimental values well for the 11B fragments,
but not so well for the 9Be and 10B fragments. Depending
on the reaction mechanism, there are three components
during the nuclear collision, including projectile-like frag-
ments (PLF), target-like fragments (TLF), and nucleon-
nucleon fragments (NN). In the theoretical models, all
three components (PLF, TLF and NN) are taken into
account in both AMD and INCL++ models. However,
only the PLF component is taken into account in the
BIC model, which treats this intermediate mass reaction
as a two-body collision process without NN and TLF
components. The BIC model also shows poor reproduc-
tion of experimental data in Ref. [8] due to the binary
nature of the reaction mechanism assumed in the model.
This is the reason why there is a sharp cut in Fig. 2 for
the BIC model. The INCL++ model gives better energy
spectra reproduction than those of BIC model. It indi-
cates that the INCL++ model can describe the reaction

process reasonably, more or less as the AMD model.
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Fig. 2. (color online) The energy spectra for 11B,
10B, and 9Be fragments via 12C + 12C scattering,
with angular range from 3.0◦ to 4.0◦, in the lab-
oratory frame. The solid lines present the results
obtained using the AMD-FM model. The filled
circles denote the experimental data. Here, the
magnet rigidity value was 2.95 Tm.

The angular distributions of differential cross sections
for 11B, 10B, and 9Be fragments are shown in Fig. 3. Due
to the magnetic rigidity and acceptance of the magnetic
spectrometer, the particle momentum out of the accep-
tance cannot reach the focal plane detectors. Therefore,
the energy thresholds have been taken into account in
the INCL++ and AMD-FM calculations. As an obvious
shift peak position between the experimental data and
BIC simulation was obtained, a momentum acceptance
of 5% was used to renormalize the simulation results.
The solid lines present the calculated angular distribu-
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tion of differential cross section by the AMD-FM model,
and the dashed and dot-dashed lines represent the sim-
ulated results of the INCL++ and BIC models, respec-
tively.
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Fig. 3. (color online) The angular distributions of
differential cross sections for 11B, 10B, and 9Be
fragments via 12C + 12C scattering. The solid
lines present the differential cross section angular
distribution obtained using the AMD-FM model.
The filled circles denote the experimental data.

As shown in Fig. 3, the calculated differential cross
sections for 9Be by the AMD-FM model reproduce the
experimental data reasonable well from 1.5◦ to 4.0◦. For
large angles, the experimental results are higher than the
calculation. The calculated angular distribution by the
BIC model in the Geant4 toolkit reproduced the data
reasonably well from 5.5◦ to 7.0◦. However, the BIC

model underestimates the absolute differential cross sec-
tions by an order of magnitude at small angles. The
INCL++ model overestimates the differential cross sec-
tions by a factor of 2 or 3 at small angles and 5 at large
angles.

For the 10B case, the experimental data are smoother.
Both the AMD-FM and INCL++ models can reproduce
the experimental data reasonably well at small angles.
At angles larger than 5◦, the calculated differential cross
section underpredicts the experimental value slightly, by
a factor of up to 2. However, the BIC model overesti-
mates the differential cross sections by a factor of nearly
10 at small angles and more than 100 at large angles,
compared with the experimental data.

For the 11B fragments, the AMD-FM model underes-
timates the experimental data when the angle is larger
than 4.0◦, which is very similar to the 10B case. The
BIC still overpredicts the experimental data, as for the
10B case but with less difference. The INCL++ model
overestimates the differential cross sections through the
whole angular range by an order of magnitude.

The experimentally measured isotopes’ energy spec-
tra and differential cross section angular distributions in
12C + 12C collisions can be reproduced by the AMD-FM
model reasonably well, but not by Geant4 simulations
with the INCL++ and BIC models.

6 Summary

The angular distributions and energy spectra of
9Be, 10B, and 11B isotopes from 12C fragmentation via
12C + 12C scattering at 100 MeV/nucleon in the angular
range of 1.0◦-7.5◦ have been measured and compared
with theoretical calculations. The present experimental
data are consistent with respect to the previous data.
Detailed comparisons were made between the experi-
mental data and the modified antisymmetrized molec-
ular dynamics (AMD-FM) and Geant4 with BIC and
INCL++ models. For the three isotopes measured ex-
perimentally, 9Be, 10B and 11B, the angular distributions
can be reproduced reasonably well with the AMD-FM
model. However, the physical models used in the Geant4
program cannot reproduce the experimental data well
for all those isotopes simultaneously. The present data
provide valuable reference data for the physical models
used in Monte Carlo simulations. To further improve
the simulation accuracy and apply the models in ther-
apy, space applications etc, further experimental data
are needed.

We are sincerely grateful to the RCNP Ring Cy-

clotron staff for providing stable carbon beams for the

experiment.
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