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Abstract
The improved quantum molecular dynamics (ImQMD) model incorporated
with the statistical decay model is successful in describing emission of the
nucleons in the intermediate energy spallation reactions, but not good enough
in describing productions of the light complex particles, i.e. d, t, 3He and
4He. To improve the description on emission of light complex particles,
a phenomenological mechanism called surface coalescence and emission is
introduced into the ImQMD model: nucleon ready to escape from the compound
nuclei can coalesce with the other nucleon(s) to form light complex particle and
be emitted. With updated ImQMD model, the description on the experimental
data of light complex particles produced in nucleon-induced reactions are great
improved.

Keywords: spallation reactions, light complex particles’ production, transport
model and statistical decay model analysis

(Some figures may appear in colour only in the online journal)

1. Introduction

Recently, because of the wide applications of the spallation reaction in various fields such
as spallation neutron sources [1], material science [2], cosmography [3] and accelerator-
driven subcritical reactors for nuclear waste transmutation [4, 5], etc, it becomes important
to draw attention to the study on spallation reactions. A number of current and planned
projects require a large amount of spallation reactions data [6]. However, it is both physically
and economically impossible to measure all the necessary data [7]. So a theoretical model
with a powerful prediction ability is imperative. The International Atomic Energy Agency
(IAEA) and the Abdus Salam International Center for Theoretical Physics have recently
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Figure 1. Comparison of all IAEA benchmark models (including our original version of
ImQMD model) to the experimental LCPs DDXs at 20◦ in 1200 MeV p+197Au. Results
of model calculations are taken from IAEA Benchmark of Spallation Models web
site [28].

organized international workshop twice to make comparisons of the spallation models and
codes, including PHITS [8], BUU [9], QMD [10], JAM [11], JQMD [12], INCL4 [13],
ISABEL [14], Bertini [15, 16], Geant [17], IQMD [18], RQMD [19], TQMD [20] etc, by
merging with various statistical decay models such as GEM [21, 22], GEMINI [23], ABLA
[24] etc. The productions of the neutron, proton, pions and isotopes can be overall described
well by most of the given models [6]. But the data for the light complex particles (LCPs), i.e.
d, t, 3He and 4He, cannot be reproduced well by most of the models [25], as shown in figure 1,
the comparison of all IAEA benchmark models (including our original version of improved
quantum molecular dynamics (ImQMD) model) to the experimental LCPs double differential
cross sections (DDXs) at 20◦ in 1200 MeV p+197Au. Only models which have a specific
mechanism to emit energetic clusters, such as coalescence during the intranuclear cascade
stage or pre-equilibrium emission of composite nuclei, can reproduce the high-energy tail of
LCPs DDXs [26]. The information of yield of hydrogen and helium element is quite important
for the design of the nuclear project including target and shield. Therefore, the description
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of the model on LCPs emission should be improved to satisfy the request of the applications
[26, 27].

It is well-known that the spallation reaction is usually described by three-step processes,
i.e. the dynamical non-equilibrium reaction process leading to the emission of the fast particles
and the formation of excited residue, followed by pre-equilibrium emission, and by the decay of
the residue. The first process can be described by the microscopic transport theory models, the
pre-equilibrium is usually optional in different approaches, and the last one can be described
by a statistical decay model. By applying the ImQMD model merged statistical decay model, a
series of studies on the proton-induced spallation reactions at intermediate energies have been
made [29–31]. Nuclear data including neutron DDXs, proton DDXs, mass, charge and isotope
distributions can be overall reproduced quite well. However, the yields of LCPs with high
kinetic energy are underestimated in the previous ImQMD model, as shown in figure 1, because
the description of the LCPs emission in pre-equilibrium process is absent. The motivation of
this work is to improve the description of LCPs in the ImQMD model. The pre-equilibrium
LCP emission has been described reasonably well by implementation of a surface coalescence
mechanism in the INC and INCL models in nucleon-induced reactions [32–34]. The same
method was introduced into JQMD code by Watanabe and a great improvement has been
achieved [35]. In this work, we also introduce such a surface coalescence mechanism into the
ImQMD05 model to make systemic studies on LCPs emission in various nucleon-induced
reactions.

The paper is organized as follows. In the next section, we give a brief introduction of
the ImQMD05 model and how to introduce the surface coalescence model into ImQMD05
simulation. In section 3, we give the calculation results and present some discussion. Finally,
a summary is given in section 4.

2. Model

2.1. ImQMD05 model

ImQMD model is an extended version of QMD [10] and IQMD [18]. A detailed description of
the ImQMD model and its version ImQMD05 and their applications can be found in [29–31,
36–38]. Within the ImQMD05 model, the nucleon is represented by a Gaussian wave packet

φi(r) = 1(
2πσ 2

r

)3/4 exp

[
− (r − ri)

2

4σ 2
r

+ i

�
r · pi

]
, (1)

where ri and pi are the centers of the wave packet of the ith nucleon in the coordinate and
momentum space, respectively. The wave-packet width σr in the QMD model can be regarded
as a quantity having relations with the interaction range of a particle. For finite systems,
particles should be localized in a finite region corresponding to the size of the system, and
thus the wave-packet width should have some relations with the range of the mean field which
binds particles together and should change with the time evolvement. In practice, one already
notes that the value of the wave-packet width affects the calculation results obviously, so that
one usually makes an adjustment to a certain extent [18, 39, 40]. According to the results from
other group [12] and our previous studies, a tradition value of σ 2

r = 2.0 fm2 is appropriate for
the spallation reactions. And σp is fixed by uncertainty relation σr · σp = �

2 . The one-body
phase space distribution function is obtained by the Wigner transform of the wave function
which reads

f (r, p) =
A∑
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1
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]
exp

[
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]
. (2)
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Nucleons in a system move under the mean-field, and the time evolution of ri and pi is governed
by the Hamiltonian equations of motion

ṙi = ∂H

∂ pi
, ṗi = −∂H

∂ri
, (3)

where

H = T + Uloc + UCoul, (4)

here T and UCoul is the kinetic energy and the Coulomb potential energy, respectively. And the
local potential energy Uloc = ∫

Vloc[ρ(r)] dr, where Vloc[ρ(r)] is the nuclear potential energy
density functional including the full Skyrme potential energy density with just the spin-orbit
term omitted, which reads

Vloc = α

2

ρ2

ρ0
+ β

η + 1

ρη+1

ρ
η

0

+ gsur

2ρ0
(∇ρ)2 + gsur,iso

ρ0
[∇(ρn − ρp)]

2

+(Aρ2 + Bρη+1 + Cρ8/3)δ2 + gρτ

ρ8/3

ρ
5/3
0

. (5)

The parameters in equation (5) are fully determined by the Skyrme interactions, where ρ,
ρn, ρp are the nucleon, neutron, and proton density, δ = (ρn − ρp)/(ρn + ρp) is the isospin
asymmetry. The first two terms in equation (5) are the iso-scalar bulk potential energy part,
the third term is the isospin independent surface energy term, the fourth term is the surface
symmetry energy term and the fifth term is the bulk symmetry potential energy term. The
last term, called the ρτ term, is obtained from the ρτ term of the Skyrme potential energy
density functional by applying the Thomas–Fermi approximation to the kinetic energy density
τ . However, the strength of this term gρτ is rather small compared with other iso-scalar terms.
The coefficients in equation (5) are therefore directly related to the standard Skyrme interaction
parameters as

α

2
= 3

8
t0ρ0,

β

η + 1
= 1

16
t3ρ

η

0 ,

gsur
2

= 1

64
(9t1 − 5t2 − 4x2t2)ρ0,

gsur,iso
2

= − 1

64
[3t1(2x1 + 1) + t2(2x2 + 1)]ρ0. (6)

And A, B and C in the volume symmetry potential energy term are also given by the Skyrme
interaction parameters,

A = − t0
4

(x0 + 1/2),

B = − t3
24

(x3 + 1/2),

C = − 1

24

(
3π2

2

)2/3

�sym, (7)

where �sym = 3t1x1 − t2(4 + 5x2). The gρτ is determined by

gρτ = 3

80
[3t1 + (5 + 4x2)t2]

(
3π

2

)2/3

ρ
5/3
0 . (8)

The t0, t1, t2, t3 and x0, x1, x2, x3 in expressions (6)–(8) are the standard parameters of the
Skyrme force. With SkP parameter set, the ImQMD model has been used to describe the
heavy-ion collision [36, 37] and the spallation reaction [29–31] successfully in our previous
studies, so in this work we still choose SkP parameter set [41] in the calculations.
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In the collision term, the free isospin dependent nucleon–nucleon scattering cross sections
[42] are adopted in the calculations. The Pauli principle is considered carefully in the collision
term. Neutrons and protons are treated as different particles. According to the uncertainty
principle, the final states of two particles are required to satisfy the relation

4π

3
r3

i j · 4π

3
p3

i j � h3

8
. (9)

The ri j and pi j are the distances between the centers of the wave packets of two nucleons in
coordinate and momentum space. The possibility of being blocked at the final state i and j for
each of the two scattering nucleons is calculated by

Pblock = 1 − (1 − Pi)(1 − Pj). (10)

The Pi and Pi are the probabilities for state i and j being occupied, which can be calculated by

Pi =
A∑

k,k �=i

1

(π�)3
exp

[
− (ri − rk)

2

2σ 2
r

]
exp

[
− (pi − pk)

2

2σ 2
p

]
. (11)

At the end of the ImQMD05 calculations, clusters are recognized by a minimum spanning
tree (MST) algorithm [10] widely used in the QMD calculations. In this method, the nucleons
with relative momenta smaller than Pc and relative distances smaller than Rc are coalesced into
the same cluster. This approach has been quite successful in explaining certain fragmentation
observables such as charge distributions of the emitted particles, intermediate mass fragment
multiplicities [10, 36, 37]. But the MST method fails to describe other details in the production
of nucleons and light charged particles [10, 36, 43–45]. For example, the yields of Z = 1
particles are overestimated, while the yields of Z = 2 particles are underestimated partly
due to the strong binding of α particles. In this work, Rc = 4.5 fm and Pc = 250 MeV/c are
adopted. Then the total energy of each excited cluster is calculated in its rest frame and its
excitation energy are obtained by subtracting the corresponding ground state energy from the
total energy of the excited cluster. The information of excited cluster is input into the statistical
decay model GEM2 [21, 22] to perform statistical decay stage calculations.

2.2. Mechanism of surface coalescence

The study of the pre-equilibrium nuclear reactions has been an active topic since the pioneering
work by Goldberger [46] and Metropolis [47] based on the cascade model. But there is still not
a well understood mechanism of the composite particles emission before equilibrium because
of the complexity of the pre-equilibrium process. One of the concepts dealing with the LCPs
whose momenta are close to that of the incident projectile is ‘pick-up’ or ‘knock-out’ reaction
[48, 49]. In this concept the complex particles are generated through the successive elementary
reactions as p + n −→ d + π0, d + p −→3He+π0, etc. Another method to deal with the
LCPs contributing at any angle is coalescence of the nucleons with the involved particles close
enough in the phase space. This non-direct mechanism for the composite particles production
was first discussed by Butler and Pearson [50]. And some modifications have been made by
Nagle [51] and Mattiello et al [52] to investigate the possible formation of composite particles
during the INC stage. Then the surface coalescence mechanism has been incorporated in
various models, including INCL [32–34], QMD [35], and coalescence exciton model [53], to
investigate the LCPs emission in the pre-equilibrium process.

With the similar idea, the surface coalescence mechanism is introduced into ImQMD05
model as follows. After the incident nucleon has touched the target nuclei to form the compound
nuclei, we define a sphere core with radius R0 surrounding by a surface with width D0. At
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each time step, any fast nucleon passing the surface region to leave the compound system is
taken as leading nucleon. An inspection is made over all other regular nucleons in order to
check whether there are one or several nucleons close enough in the phase space to allow the
formation of a stable composite particle. If the phase space condition is satisfied, the candidate
LCP will be constructed starting from the leading nucleon, by finding a second, then a third,
etc, nucleon satisfying the following condition

Rim × Pim � h0 with Rim � 1 fm, (12)

where the Rim and Pim are the Jacobian coordinates of the ith nucleon, i.e., the relative spatial
and momentum coordinates of the considered ith nucleon with respect to the subgroup cluster
m. The value of h0 is adjustable by fitting the experimental data. And the condition Rim � 1 fm
gets rid of the unreal LCPs constituted by the nucleons being too close to each other, due to
the repulsion of nucleon–nucleon interaction in short distance [32]. In this work, the following
LCPs are considered: d, t, 3He, 4He. By the method of the LCPs to be constructed, candidate
nucleon belonging to a heavier LCP also belongs to a lighter LCP. So LCPs are checked to be
emitted according to the priority list: 4He >3He > t > d, say the heavier LCP is first tested
for emission, in the same order as that in [32, 35, 54]. Finally the emission of candidate LCP
depends on whether its kinetic energy is high enough to tunnel through the Coulomb barrier.
The kinetic energy of the LCPs can be calculated as

Elcp =
Alcp∑
i=1

(Ei + Vi) + Blcp, (13)

where the Ei and Vi are the kinetic energy and the potential energy of the ith constituent
nucleon, respectively, Alcp and Blcp are the mass number and the binding energy of the LCP,
respectively. If all conditions are met, the LCP is emitted in the direction of its c.m. momentum.
Otherwise, all nucleons in the ‘LCP’ are set free and become available again in the nucleus and
in the ImQMD process, the leading nucleon is emitted as a free nucleon. In this coalescence
model, composite particles are thus not allowed to form in the interior of the nucleus but only
in the surface layer. It is reasonable according to the knowledge from nuclear structure and
reactions. For each leading nucleon, the LCP formation and emission are tested in the priority
list. At each time step, the same test is repeated until the end of ImQMD simulation.

3. Results and discussion

The nucleon-induced reactions on various targets with incident energy from 62 MeV to
1.2 GeV are simulated by ImQMD05 with the surface coalescence mechanism introduced.
Firstly, systemic analysis on spectra and DDXs of p, d, t, 3He, 4He are performed to fix the
parameters in the surface coalescence model. The spectrum and DDX of the emitting particle
are calculated respectively by

dσ

dE
=

imax∑
i=1

2πbib f (E, bi), (14)

d2σ

d�dE
=

imax∑
i=1

2πbib f (E,�, bi), (15)

where f (E, bi) is the possibility of a particle emitted with the kinetic energy E, and f (E,�, bi)

is the possibility of a particle with the kinetic energy E emitted into solid angle �, under impact
parameter bi. And the maximum impact parameters bmax = 5.0, 5.5, 7.0, 7.0, 8.0, 9.0, 9.5,
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(a) (b) (c)

Figure 2. Energy spectra of the light complex particles calculated with various
parameters in the reaction n+16O at 96 MeV (in subfigures (a)–(c), experimental data
are taken from [55]), and p+56Fe at 62 MeV (in subfigures (b), experimental data are
taken from [56]). The spectra for various LCPs are multiplied by various factors noted
in the figures.

9.5 fm for the reactions of nucleon-induced targets 16O, 27Al, 56Fe, 58Ni, 63Cu, 120Sn, 197Au,
208Pb, 209Bi, respectively. In the calculations, for each impact parameter, 50 000 events are
performed. The freeze-out time is different for various targets, depending on the target mass.
In order to save the CPU time and get the best results, the switching time from the ImQMD05
to GEM2 is taken as short as possible for various targets. It is taken as 100 fm c−1 for light
nucleus (A � 27), 125 fm c−1 for intermediate nucleus (27 � A � 63), and 150 fm c−1 for
heavy nucleus (A > 63). Although the dynamical interaction is not totally complete, after the
switching time, only a few free nucleons with low energy emit from the residua, which can be
described by the evaporation of the nucleons in the decay stage.

There are some adjustable parameters in the surface coalescence model to be fixed. Firstly,
R0 is examined with D0 = 2.3 fm and h0 = 200 fm MeV/c referenced to [35]. In figure 2, the
spectra of all the LCPs emitted in the reaction n+16O at 96 MeV (in subfigure (a)), p+56Fe at
62 MeV (in subfigure (b)) calculated with various R0 are compared to the experimental data.
The results calculated by original ImQMD05 model without the surface coalescence model
are also shown as dashed lines in figure 2(a) and (b). As a rule in this paper and for the sake of
clarity, cross sections are displayed after multiplication by 100, 10−2, 10−4, etc, as noted in the
figures. One can see that there is a great enhancement of yield of LCPs in the high-energy tail
with the surface coalescence mechanism introduced. The value of R0 affects the LCPs yields
obviously, because it determines the possibility of the nucleon to be a leading nucleon. Smaller
R0 lets more nucleons to have opportunity to be the leading nucleon, and the yields of LCPs
increase. By systematic studies, it is found that calculations with R0 � 1.4A1/3 fm (A is the
mass number of target) can describe overall experimental data quite well. Then the effect of D0

on LCPs emission is investigated with D0 = 1.6, 2.3 fm and h0 = 200 fm MeV/c, R0 = 3.5 fm,
in n+16O at 96 MeV reaction, as shown in figure 2(c). One can see that there is no obvious
difference between the two results. It is easy to understand this phenomenon. Although larger
D0 involves more nucleon far away from sphere core to be the leading nucleon, it is difficult
for those leading nucleons to ‘pick-up’ nucleon(s) from sphere core to formed LCPs, because
their relative spatial coordinate is too large. So the yields of LCPs are not sensitive to D0. To
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(a1) (b1) (c1)

(a2) (b2) (c2)

(a3) (b3) (c3)

(a4) (b4) (c4)

(a5) (b5) (c5)

Figure 3. Comparisons between calculations and experimental data of DDXs for the
light charged particles in the reaction p+27Al (left pane), p+56Fe (middle pane) and
p+120Sn (right pane) at 62 MeV. Experimental data are taken from [56].

be sure each nucleon in surface has more probability to be a leading nucleon, thicker surface
with D0 = 2.3 fm is still adopted in the following calculations.

Next, the parameter h0 is investigated. With h0 = 200 fm MeV/c, R0 = 1.4A1/3 fm, and
D0 = 2.3 fm, 62 MeV proton bombarding 27Al, 56Fe, and 120Sn, and 200, and 392 MeV proton
bombarding 27Al at are simulated. Figures 3 and 4 shows comparisons between calculated
DDXs and experimental data [56–58] for light charged particles. One can see that, with these
parameters, the calculations are in good agreement with the experimental data, except DDXs at
low energy range in forward angle for heavy targets, i.e. 56Fe and 120Sn. Then the reactions with
higher energies are studied. And it is found that, h0 = 200 MeV fm c−1 is not good enough to
describe the data. Figure 5 shows the calculated 2H, 3H produced in the reaction n+63Cu at 317,
383, 477 and 542 MeV, respectively, with h0 = 200, 260, and 330 MeV fm c−1 being adopted.
From the figure, one can see that h0 affects DDX obviously, with h0 = 200 MeV fm c−1, and
calculated DDXs of LCPs for the case of 317 MeV are in good agreement with the experimental
data. But for the case of 383, 447 and 542 MeV, calculations with h0 = 200 MeV fm c−1

underestimate the experimental data. And these deviations should be corrected by adjusting
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(a) (b) (c) (d)

Figure 4. Calculated DDXs of the light charged particles produced in the reaction
p+27Al at 200, and 392 MeV. Experimental data are taken from [57] for
200 MeV p+27Al, [58] for 392 MeV p+27Al, respectively.

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

Figure 5. Calculated DDXs of the light charged particles produced in the reaction
n+63Cu at 317, 383, 477 and 542 MeV, respectively, with h0 = 200, 260, and
330 MeV fm c−1 is adopted. Experimental data are taken from [59].

h0, but not by adjusting R0 and D0. With h0 = 260, 330 MeV fm c−1, the cross sections
are enhanced obviously, because with larger h0, the limit for nucleons involved into an LCP
becomes looser, the opportunity of the leading nucleon coalescing with other nucleons to
form LCP is enhanced. When h0 is increase to 260 MeV fm c−1, the experimental data can
be reproduced quite well. So h0 depends on the incident energy, according to the calculation
results, in this study, h0 is set to be

9



J. Phys. G: Nucl. Part. Phys. 41 (2014) 035104 D Wei et al

(a)

(d1)

(d2)

(d3)

(d4)

(d5)

(b)

(e1)

(e2)

(e3)

(e4)

(e5)

(c)

(f1)

(f2)

(f3)

Figure 6. Calculated DDXs of the LCPs produced in the reactions of nucleon
bombarding various targets at energies from 175 to 1200 MeV. Experimental data
are taken from [57] for 200 MeV p+197Au, [61] for 392 MeV p+197Au, [60] for
558 MeV p+natPb, [62] for 175 MeV p+58Ni, [34] for 1200 MeV p+197Au, and [59]
for 542 MeV n+209Bi, respectively.
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h0 =
⎧⎨
⎩

200 MeV fm c−1, Elab � 300 MeV,

260 MeV fm c−1, 300 MeV < Elab � 500 MeV,

330 MeV fm c−1, Elab > 500 MeV.

To test the prediction power of the model, with the fixed parameters in surface coalescence
model, more reactions with various incident energies and targets are simulated systematically.
The comparisons between calculated DDXs of LCPs and experimental data for 175 MeV
proton hitting 58Ni, 200, 392, 1200 MeV proton hitting 197Au, 542 MeV neutron hitting 209Bi,
and 558 MeV proton hitting 208Pb, are illustrated in figure 6. From the figure, one can see
that the calculations are overall in fair agreement with the experimental data. It means that the
present ImQMD model has the ability to describe the nuclear data of free nucleons and LCPs,
including d, t, 3He, and 4He, with a uniform code.

4. Summary

In order to overcome the limitation of the ImQMD05 model in description of LCPs emission,
a phenomenological surface coalescence mechanism is introduced into the ImQMD05 model.
The base idea of this mechanism is: the leading nucleon ready to leave from compound nuclei
can coalesce with other nucleon(s) to form an LCP, and those LCPs with enough kinetic
energies to overcome Coulomb barrier can be emitted. By systematic comparison between
calculation results and experimental data of nucleon-induced reactions, the parameters in the
surface coalescence model are fixed. Then with the fixed parameters, chosen once for all, the
prediction power of the model is tested by the nucleon-induced reactions on various targets
with energies from 62 to 1200 MeV. And it is found that, with surface coalescence mechanism
introduced into ImQMD model, the description on the DDXs of LCPs is greatly improved.

Acknowledgments

This work was supported by the National Natural Science Foundation of China under grant nos
11005022, 11365004, 11365005, 11075215, 11005003, 11275052, and by the Doctor Startup
Foundation of Guangxi Normal University.

References

[1] Bauer G S et al 2001 Nucl. Instrum. Methods A 463 505
[2] Gudowski W et al 1999 Nucl. Phys. A 654 c436
[3] Smith M S et al 2001 Annu. Rev. Nucl. Part. Sci. 51 91
[4] Bowman C D et al 1992 Nucl. Instrum. Methods Phys. Res. A 320 336
[5] Abderrahim H et al 2010 Nucl. Phys. News 20 24
[6] Titarenko Yu E et al 2004 ISTC#2002 Project Final Technical Report
[7] Koning A J, Fukahori T and Hasegawa A 1998 Technical Report ECN-RX-98-014 Nuclear Energy

Agency NEA-REPORT NEA/WPEC-13
[8] Iwase H, Niita K and Nakamura T 2002 J. Nucl. Sci. Technol. 39 1142
[9] Bertsch G F 1988 Phys. Rep. 160 189 and references therein

[10] Aichelin J 1991 Phys. Rep. 202 233 and references therein
[11] Nara Y 2000 Phys. Rev. C 61 024901
[12] Niita K 1995 Phys. Rev. C 52 2620
[13] Boudard A et al 2002 Phys. Rev. C 66 044615
[14] Yariv Y et al 1979 Phys. Rev. C 20 2227

Yariv Y et al 1981 Phys. Rev. C 24 488
[15] Bertini H W et al 1969 Phys. Rev. 188 1711
[16] Bertini H W 1963 Phys. Rev. 131 1801

11

http://dx.doi.org/10.1016/S0168-9002(01)00167-X
http://dx.doi.org/10.1016/S0375-9474(99)00269-9
http://dx.doi.org/10.1146/annurev.nucl.51.101701.132430
http://dx.doi.org/10.1016/0168-9002(92)90795-6
http://dx.doi.org/10.1080/10506890903178913
http://dx.doi.org/10.1080/18811248.2002.9715305
http://dx.doi.org/10.1016/0370-1573(88)90170-6
http://dx.doi.org/10.1016/0370-1573(91)90094-3
http://dx.doi.org/10.1103/PhysRevC.61.024901
http://dx.doi.org/10.1103/PhysRevC.52.2620
http://dx.doi.org/10.1103/PhysRevC.66.044615
http://dx.doi.org/10.1103/PhysRevC.20.2227
http://dx.doi.org/10.1103/PhysRevC.24.488
http://dx.doi.org/10.1103/PhysRev.188.1711
http://dx.doi.org/10.1103/PhysRev.131.1801


J. Phys. G: Nucl. Part. Phys. 41 (2014) 035104 D Wei et al

[17] Agostinelli S et al 2003 Nucl. Instrum. Methods Phys. Res. A 506 250
[18] Hartnack Ch et al 1998 Eur. Phys. J. A 1 151
[19] Lehmann E et al 1995 Phys. Rev. C 51 2113
[20] Puri Rajeev K et al 1994 Nucl. Phys. A 575 733
[21] Furihata S 2000 Nucl. Instrum. Methods Phys. Res. B 171 251
[22] Furihata S and Nakamura T 2002 J. Nucl. Sci. Technol. 2 758
[23] Charity R et al 1988 Nucl. Phys. A 483 371
[24] Junghans A R et al 1998 Nucl. Phys. A 629 635
[25] Blideanu V et al 2004 Phys. Rev. C 70 014607
[26] Leray S et al 2011 J. Korean Phys. Soc. 59 791–6
[27] David J C 2011 Prog. Nucl. Sci. Tech. 2 942–7
[28] www-nds.iaea.org/spallations/
[29] Ou L et al 2009 J. Phys. G: Nucl. Part. Phys. 36 125104
[30] Ou L et al 2007 J. Phys. G: Nucl. Part. Phys. 34 827
[31] Ou L, Zhang Y and Li Z 2007 Chin. Phys. Lett. 24 72
[32] Letourneau A et al 2002 Nucl. Phys. A 712 133
[33] Herbach C M et al 2006 Nucl. Phys. A 765 426
[34] Budzanowski A et al 2008 Phys. Rev. C 78 024603
[35] Watanabe Y and Kadrev D N 2008 Int. Conf. Nuclear Data for Science and Technology 2007 295
[36] Zhang Y and Li Z 2005 Phys. Rev. C 71 024604
[37] Zhang Y and Li Z 2006 Phys. Rev. C 74 014602
[38] Ou L, Li Z and Wu X 2008 Phys. Rev. C 78 044609
[39] Wang N, Li Z and Wu X 2002 Phys. Rev. C 65 064608
[40] Gautam S et al 2010 J. Phys. G: Nucl. Part. Phys. 37 085102
[41] Dobaczewski J, Flocard H and Treiner J 1984 Nucl. Phys. A 422 103
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