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Probing the deuteron breakup and linking the cross sections of residue production between the
neutron- and deuteron-induced spallation at 500 MeV/nucleon
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Background: Cross section data of neutron-induced spallation are requisite in order to study the transmutation
of the long-lived fission products from the spallation. However, those data are very scarce at present due to the
difficulty of providing a neutron source in the GeV region and the impossibility of the inverse dynamics.
Purpose: The present work is an attempt to probe the dynamic process of deuteron breakup in deuteron-induced
spallation and discuss the possibility of measuring indirectly the cross section in neutron-induced spallation.
Method: The isospin-dependent quantum molecular dynamics model is applied to simulate the spallation
process until the excitation energy of the hot fragment is less than 2 MeV/nucleon. The statistical model GEMINI

based on the Hauser-Feshbach formalism is used to describe the deexcitation of the hot fragments.
Results: By comparing the calculations to the data, the theoretical framework is proved to be reasonable
when predicting the neutron production in spallation. By investigating the deuteron breakup, deuteron-induced
spallation is divided into deuteron absorbing, neutron stripping, proton stripping, and elastic breakup. It is found
that the proton stripping plays the dominant role in the production of high-energy neutrons, while the neutron
stripping is responsible for the emission of high-energy protons. Due to the weak binding of the deuteron, it
is suggested that the combination of neutron stripping and elastic breakup in deuteron-induced spallation is
equivalent to neutron-induced spallation.
Conclusions: Using the proton recoiling from the deuteron as the trigger signal, deuteron-induced spallation
may be applied to measure indirectly the cross section in neutron-induced spallation.
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I. INTRODUCTION

In the early 1990s, when the climate change issue appeared
in public view, nuclear power plants began to play a role in the
electric power system, as they do not release large amounts
of pollutants into the atmosphere in the process of power
generation [1]. As demand for nuclear power grows, uranium
consumption will increase and a large amount of radioactive
waste will be produced at the same time [2–4]. High-level
radioactive waste, which is the most harmful component of
spent nuclear fuel, can be disposed of in two possible ways:
emplacement far away from human activity and transmutation
into short-lived or stable nuclei [5]. The first way will contin-
uously aggravate the geological burden in the long term [6].
On the other hand, people have paid much attention to the
research field of the nuclear transmutation since the concept
was put forward [7–10].

According to its charge number, high-level radioactive
waste is divided into two main components: the minor ac-
tinides and the long-lived fission products (LLFPs) [11].
Because the transmutation of the minor actinide lies prin-
cipally in the fast neutron capture mechanism, fast reactors
and accelerator driven subcritical systems (ADSs) are being
constructed for investigation of transmutation [12]. However,
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little attention has been paid to the LLFPs for two reasons.
First, there is no heat released in the transmutation process of
the LLFPs. If the LLFPs are put in an ADS, the output power
of the reactor will decrease. Second, the neutron capture cross
section of the LLFPs is small. They cannot be transmuted
by neutron capture like minor actinides. Nevertheless, the
continuous production of LLFPs is inevitable in the operation
of conventional nuclear power plants and ADSs, which will
be put into operation in the coming years. As a result, reliable
and effective methods need to be found in order to reduce their
amount.

Spallation, as the basis mechanism to produce high-energy
neutrons in ADSs, is proposed to be suitable for the transmu-
tation of LLFPs [13]. Recently, several experimental studies
on the spallation reactions of LLFPs showed that the proton-
and deuteron-induced spallation are promising mechanisms
for the transmutation of LLFPs [14]. Compared to charged
particle beams (proton and deuteron), the neutron has a larger
range in matter and hence can cause more spallations before
it is moderated. Therefore, data on neutron-induced spallation
are requisite in order to study the transmutation of the LLFPs
by spallation [15]. On the other hand, according to the existing
design scheme of ADSs, data on neutron-induced spallation
are also needed to calculate the energy release rate in the
coupler between the spallation neutron target system and
the subcritical reactor [16–18]. However, those data are very
scarce at present due to the difficulty of providing a neutron
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source in the GeV region and the impossibility of the inverse
dynamics [19–21].

Models have been applied to predict the neutron cross sec-
tions in spallation. In 2010, the International Atomic Energy
Agency (IAEA) made efforts to upgrade a benchmark of spal-
lation models which presented the results of the most widely
used spallation codes [22]. In the IAEA benchmark, the
codes describe in sequence the two mechanisms of spallation
reactions: the intranuclear cascade (INC) and the deexcitation,
which compose a two-step model of nuclear spallation. In our
previous work, the two-step model was developed to describe
the production of the intermediate-mass fragments (IMFs)
dynamically [23]. The framework the of isospin-dependent
quantum molecular dynamics (IQMD) model was applied,
followed by use of the GEMINI code. The version of the IQMD
model is IQMD-BNU, which was introduced and compared
with the other versions in a transport-code comparison project
[24,25]. In the present work, attention is paid to the deuteron-
induced spallation of the LLFP 137Cs.

The paper is organized as follows. In Sec. II, we describe
the method. In Sec. III, we present both the results and
discussions. Finally, summaries are given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Isospin-dependent quantum molecular dynamics model

In the IQMD model [26,27], the N-body system can be
expressed by an N-body wave function, which is supposed
to be the direct product of single-nucleon wave functions in
coherent states. Through the application of a Gaussian wave
packet, the N-nucleon wave function is given by

φ(r, t ) =
N∏

i=1

1

(2πL)3/4
e− [r−ri (t )]2

4L e
ir·pi (t )

h̄ , (1)

where ri and pi represent respectively the average position and
the mean momentum of the ith nucleon, and the parameter L is
related to the square of the width of the Gaussian wave packet
for each nucleon. In this paper, L is 1 fm2.

By applying the Wigner transform, the phase-space density
function of the system is described as follows:

f (r, p, t ) =
N∑

i=1

1

(π h̄)3
e− [r−ri (t )]2

2L e− [p−pi (t )]22L

h̄2 . (2)

Then the expression of local density is

ρ(r, t ) = 1

(2πL)3/2

N∑
i=1

e− [r−ri (t )]2

2L , (3)

which is obviously related to r, the position of nucleon. In this
system, the Hamiltonian is composed of the kinetic energy T ,
the Coulomb potential energy UCoul, and the nuclear potential
energy part:

H = T + UCoul +
∫

V [ρ(r)]dr. (4)

In the third term, the nuclear potential energy density of the
asymmetric nuclear matter with density ρ and asymmetry δ is

written as

V (ρ, δ) =α

2

ρ2

ρ0
+ β

γ + 1

ργ+1

ρ
γ

0

+ Csp

2

(
ρ

ρ0

)γi

ρδ2, (5)

where ρ0 is the normal density. The parameters used in this
paper are α = −356.00 MeV, β = 303.00 MeV, γ = 7/6,
Csp = 38.06 MeV, and γi = 0.75, and they give a compress-
ibility of 200 MeV at saturation density for isospin symmetric
nuclear matter.

In the framework of the generated mean-field theory, the
time evolution of the nuclei in the system is determined by
Hamiltonian equations of motion,

ṙi = ∇pi H, ṗi = −∇ri H. (6)

Besides, the nucleon-nucleon (NN) collisions are included in
the IQMD code to simulate the short-range repulsive residual
interaction and to describe the random change of the phase
space distribution. The differential cross sections of the NN
collisions are assumed to be the direct product of the cross
section of the NN collisions in free space, σ free, the factor of
the angular distribution, f angl, and the in-medium correction
factor, f med: (

dσ

d


)
i

= σ free
i f angl

i f med
i . (7)

The subscript i is related to different channels of the nucleon-
nucleon (NN) collisions, i.e., elastic proton-proton scatterings
(i = pp), elastic neutron-proton scatterings (i = np), elastic
neutron-neutron scatterings (i = nn), and inelastic nucleon-
nucleon collisions (i = in). The parametrization of σ free and
f angl is that of Ref. [28], and the in-medium factor f med

is taken from Ref. [29]. The in-medium factor for elastic
scatterings is written as

f med
el = (

σ0
/
σ free

i

)
tanh

(
σ free

i

/
σ0

)
, (8)

where σ0 = 0.85ρ− 2
3 . Because of the dependence of σ free on

the energy and isospin, f med is dependent on the energy and
isospin. For inelastic NN collisions, the NN-ND and ND-NN
channels are included, where N denotes the nucleon and D
denotes the delta particle. The cross sections and the decay
width of delta particle are the same as in Ref. [30].

The initial configurations of nuclei are constructed in such
a way that they yield the experimental binding energies and
the central density 0.16 fm−3. The coordinates are selected
randomly in a sphere with 1.12 × A1/3 as the radius and then
scaled to yield the central density 0.16 fm−3. The momenta
are selected randomly in a Fermi sphere, then scaled to
yield the experimental binding energy, in which the potential
energy is calculated within the initial coordinates. For the
deuteron, the initialization is different. The distance between
the proton and neutron in the deuteron can be calculated with
the experimental charge radius 2.14 fm. The potential energy
and then the relative momentum can be calculated with the
given distance and binding energy. The angles, both in the
space and momentum, are selected randomly.

Otherwise, in order to enhance the stability of the N-body
system, the Pauli blocking and the method of the phase space
density constraint are taken into consideration. Through the
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integration over a hypercube of volume h3 in the phase space
revolving around the point (ri, pi) at each time step, the space
occupation probability fi of the ith nucleon is given by

f i =
∑

n

δτn,τiδsn,si

∫
h3

1

π3h̄3 e− (r−rn )2

2L − (p−pn )2L
h̄2 d3r d3 p, (9)

where τi and si represent respectively the isospin degree of
freedom and the spin projection quantum number. At each
time step, the phase space occupation probability is judged
by an adjustable value k in the IQMD model. For each time
fi > k, the many-body elastic scattering will be applied to
change the momentum of the ith nucleon. The scattering result
is accepted only when all the phase space occupancies fi at
final states satisfy the condition fi < k. In this paper, k is
chosen to be 1.15.

B. GEMINI

The two-step model of nuclear spallation in the IAEA
benchmark consists of two parts: the dynamical code and the
statistical one. The dynamical part describes the excitation
stage of the target nucleus impacted by the beams of incident
particles, while the statistical part simulates the the emission
of heavy fragments and light particles. On the basis of the
model mentioned above, our present work includes addition-
ally the decay process of the excited nucleus. A parameter
Estop is set in the IQMD model to restrict the maximal excita-
tion energy of hot fragments formed in the excitation process.
In this work, Estop = 2 MeV/nucleon.

After hot fragments are formed by the execution of the
IQMD model, the GEMINI code [31] is executed to obtain the
cold ones. The Hauser-Feshbach formalism, which takes the
spin degrees of freedom into consideration, is used to simulate
the evaporation of light particles such as n, p, d , t , 3He,
α, 6He, 6–8Li, and 7–10Be [32]. The partial decay width of
excitation energy E∗ and spin JCN for the evaporation of the
ith nucleon is

�i(E
∗, JCN) = 1

2πρCN(E∗, JCN)

∫ ∞∑
Jd =0

JCN+Jd∑
J=|JCN−Jd |

J+Si∑
l=|J−Si|

Tl (ε)

× ρd (E∗ − Bi − ε, Jd )dε, (10)

where Jd is the spin of the daughter nucleus. l , Si, and
J represent respectively the orbital, total, and spin angular
momenta of the evaporated nucleus. ε and Bi are its kinetic
and separation energies. Tl is its transmission coefficient and
ρ refers to the level density. Transmission coefficients are
calculated from the inverse reaction, which applies optical-
model parameters obtained from global optical-model fits to
elastic-scattering data.

III. RESULTS AND DISCUSSIONS

A. Neutrons produced in deuteron-induced spallation

In order to test the model, the double differential cross sec-
tions of neutrons produced in the spallation are calculated and
compared to the available data. As examples, Fig. 1 presents
the cases for p + 56Fe and p + 115In spallation reactions at

FIG. 1. Double differential cross sections of neutrons produced
in p + 56Fe and p + 115In reactions at 800 and 1500 MeV/nucleon.
The cross sections are scaled with factors 100, 10, 1, 0.1, 0.01, and
0.001, from 15◦ to 150◦. The calculations, shown as curves, are
obtained by the IQMD + GEMINI model. The data, shown as points
of different shapes, are taken from Ref. [33].

800 and 1500 MeV/nucleon. In general, the calculations agree
with the data. The differences can be observed for the forward
neutron at energies from 10 to 100 MeV/nucleon, especially
for the p + 115In system. Since neutrons with energy larger
than 100 MeV/nucleon will be the focus when studying the
deuteron breakup in the following, we do not delve into the
reason for the differences in the present work.

The calculations by the IQMD + GEMINI model are also
compared to the predictions by the benchmark codes [34].
Examples are shown in Fig. 2 for the case of neutrons emitted
at 60◦ from p + 56Fe spallation at 800 MeV/nucleon. Among
these curves, the (red) thick one is the case calculated by
the IQMD + GEMINI model. The comparison also shows the

FIG. 2. Comparison of the neutron double differential cross sec-
tions at 60◦ predicted by the IQMD + GENINI model and some
other models for p + 56Fe spallation at 800 MeV/nucleon. The
calculations by the IQMD + GEMINI model are shown as a (red) thick
curve. The predictions by other models are taken from Ref. [34]. Data
taken from Ref. [33] are also shown.
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FIG. 3. Double differential cross sections of high-energy neutrons produced in d + 137Cs spallation at 500 MeV/nucleon. (a) The cross
sections are scaled with factors from 1 to 10−10 respectively, for cases from 0◦ to 160◦. (b) The cross sections are displayed on a radial map.

underestimate of the IQMD + GEMINI model in the energy
region around tens MeV. But the global uncertainty of the
IQMD + GEMINI model is similar to the cases of the bench-
mark codes.

The predictions of the double differential cross sec-
tions of neutrons produced in d + 137Cs spallation at 500
MeV/nucleon are shown in Fig. 3. In panel (a), the cross
sections are scaled with factors from 1 to 10−10, for cases
from 0◦ to 160◦. In panel (b), the cross sections are displayed
on a radial map, in which the distance from the origin to
curve refers to the value of cross section while the radial
curve indicates the angles. It is shown that most high-energy
neutrons are emitted forward. As an example, for 100 MeV,
the cross section at 0◦ is 1.4 mb/MeV sr, while that at 160◦ is
only 0.06 mb/MeV sr. The maximum of the neutron energy
reaches to about 800 MeV, although its cross section is very
low (about μb/MeV sr). In panel (a), there are obvious peaks
around 500 MeV for the cases of 0◦ and 10◦. They are caused
by the breakup of the incident deuterons. The neutron in the
deuteron has a relatively large possibility of escaping because
of the weak bounding of the deuteron. More interestingly,
panel (b) shows that the most probable cross section for the
escaped neutrons appears not at 0◦ but at 10◦.

In order to clarify the mechanism of the deuteron breakup
in spallation reactions, the correlation of longitudinal mo-
menta between neutron and proton from the deuteron after
colliding with 137Cs at 500 MeV/nucleon is shown in Fig. 4.
The colors (or grayscale) in the figure refer to the non-
normalized probabilities of the events for a given (ppz, pnz)
correlation, where ppz is the longitudinal momentum of the
proton and pnz is that of the neutron. One can distinguish four
reaction channels from the obvious differences of the colors
(or grayscale). They are explained in the following.

Elastic breakup. The yellow (or lightest gray level) pixels
in the region 0.85 < ppz < 1.0 GeV/c and 0.85 < ppn < 1.0
GeV/c correspond to the elastic breakup of the deuteron in
a peripheral collision, in which the deuteron breaks up into a
proton and neutron almost without energy transferring to the
target.

Neutron stripping. The green (or middle gray level)
part on the right side (0.85 < ppz < 1.0 GeV/c and ppn <

0.85GeV/c) represents the case of neutron stripping, in which
the neutron in the deuteron is absorbed by the target, leaving
the proton with momentum similar to the incident case.

Proton stripping. The green (or middle gray level) part
on the top (0.85 < ppn < 1.0 GeV/c and ppz < 0.85 GeV/c)
refers to proton stripping, in which the proton is absorbed by
the target but the neutron is not.

Deuteron absorbing. For the remainder, the incident
deuteron is absorbed. This means that the proton and neutron
from the deuteron undergo multiple collisions, so that the
distributions of the momenta are relatively uniform.

Figure 5 shows the contributions of deuteron absorbing,
neutron stripping, proton stripping, and elastic breakup to
the energy distribution of neutrons emitted at 10◦ in the
d + 137Cs reaction at 500 MeV/nucleon. It is shown that
the neutrons with energies from 100 to 420 MeV mainly

FIG. 4. Correlation of longitudinal momenta between neutron
and proton from the deuteron after colliding with 137Cs at 500
MeV/nucleon.
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FIG. 5. Contributions of deuteron absorbing, neutron stripping,
proton stripping, and elastic breakup to the energy distribution of
neutrons emitted at 10◦ in d + 137Cs spallation at 500 MeV/nucleon.

come from the deuteron absorbing channel, while those with
energy larger than 420 MeV are mainly derived from the
proton stripping channel. For the neutron stripping channel,
the neutron experiences multiple collisions and then is emitted
from the excited target nucleus. So the cross sections for the
high energy part are very low. The elastic breakup channel
also produces neutrons with energy around 500 MeV, but its
cross sections are very low, only about 6% of the case for
proton stripping.

The contributions of those four reaction channels to the
energy distribution of protons are similar but the conditions
between the proton and neutron are inverse. Those phenom-
ena may be helpful in the research field of ADSs. First, if
a subcritical reactor is driven by a deuteron beam (rather
than a proton beam), one may enhance the portion of high-
energy neutrons in the reactor [36]. Because the spallation
cross sections for the LLFPs are larger than thermal cross
sections, the LLFPs may be transmuted more effectively [37].
Second, deuteron-induced spallation may be applied as a high-
energy neutron source, which is significant to measure the
cross sections of neutron-induced spallation. Time-of-flight
spectrometry may be applied to choose the neutron in the
GeV region. The coincidence measurement of the high-energy
proton in the elastic breakup channel is also possible. Last but
not the least, the spallation in the neutron stripping channel
is actually caused by the neutron. This may be applied to
measure neutron-induced spallation. In the next subsection,
we will study the last case in detail.

B. Inverse dynamics ( 137Cs +d)

Inverse dynamics, i.e., the interaction between the heavy-
ion beam and the hydrogen or deuterium target, is usually
applied to measure the isotopic production cross sections of
residual nuclei in spallation. In this subsection, the inverse dy-
namics 137Cs +d is considered. Figure 6 displays the plane of
transverse momentum vs longitudinal momentum of neutrons

FIG. 6. Plane of transverse momentum vs longitudinal momen-
tum of (a) neutrons and (b) protons in 137Cs +d spallation at
500 MeV/nucleon.

and protons in 137Cs +d spallation at 500 MeV/nucleon.
In fact, this kind of observable has been widely used in
experiments, such as the plane of transverse momentum vs
rapidity in Ref. [38]. The figure shows that the protons (or
neutrons) can be emitted transversely with high probability
in the low energy region. The most probable momentum in
the longitudinal direction is zero, while that in the transverse
direction is about 0.14 GeV/c. It should be noted that the zero
longitudinal momentum of protons (or neutrons) in the inverse
reaction 137Cs +d corresponds to the incident momentum in
the d + 137Cs reaction (ppz = 0.94 GeV/c in Fig. 4). Or we
conclude that the protons emitted transversely in the inverse
reaction 137Cs +d are derived from the neutron stripping and
elastic breakup channels. That is to say the neutron stripping
and elastic breakup channels are not only theoretical concepts
but also can be sorted in experiments by detecting the low-
energy protons in the transverse direction to the incident
beam. On the other hand, the kinetic energy of the protons
emitting transversely is about 10.4 MeV (2.0% of 500 MeV),
while the bounding energy of the deuteron is 2.2 MeV (0.4%
of 500 MeV). Based on the tiny energy absorbed by the proton
compared to the incident energy per nucleon, it is suggested
that, in the neutron stripping and elastic breakup channels, the
137Cs nucleus interacts with the stripping neutron at nearly
500 MeV/nucleon. Or we say the neutron stripping and elastic
breakup channels in the 137Cs +d reaction may be equivalent
to the 137Cs +n spallation. An exact statement should be
that the neutron stripping channel (without elastic breakup)
in the 137Cs +d reaction may be equivalent to the 137Cs +n
spallation. However, the recoil protons in Fig. 6 come from
both neutron stripping and elastic breakup channels. One the
other hand, the elastic breakup channel contributes little to
the excitation of the 137Cs. Thus the elastic breakup channel
is taken into account in the equivalent method. In a similar
way, the proton stripping and elastic breakup channels in
the 137Cs +d reaction may be equivalent to the 137Cs +p
spallation.

The proton stripping and the elastic breakup channels
in 136Xe +d collisions at 500 MeV/nucleon are sorted by
finding a neutron with longitudinal momentum pz < 0.12
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FIG. 7. Isotopic production cross sections of residual nuclei (Z from 41 to 56) produced in 136Xe +p at 500 MeV/nucleon. The
experimental data, shown as open circles, are taken from Ref. [35]. The calculations by the IQMD + GEMINI model are shown as solid curves.
The equivalents extracted from 136Xe +d at 500 MeV/nucleon are shown as dashed curves.

GeV/c and transverse momentum pt < 0.24 GeV/c. This
sorting method, as shown in Fig. 6(a), can only be realized
theoretically. Experimentally, the the events can be sorted by
placing the silicon detector in the vertical direction (e.g., to
cover the angle from 70◦ to 110◦) and setting the maximum
energy (such as 50 MeV). The experimental sorting is shown
in Fig. 6(b).

In the model, the cross sections of the residual nuclei are
calculated by

σ (Z, N ) = N (Z, N )

Nevent
πb2

max, (11)

where N (Z, N ) is number of the residual nuclei with charge
number Z and neutron number N , Nevent is number of the
simulated events, bmax is the maximum impact parameter.
Replacing the event number Nevent by the sorting number of
the events Nsort , one can calculate the equivalent cross sections
of the residual nuclei,

σe(Z, N ) = N (Z, N )

Nsort
πb2

max. (12)

Using the recoil neutrons sorted by pz < 0.12 GeV/c and
pt < 0.24 GeV/c, as shown in Fig. 6(a), the equivalent cross
sections in the proton-induced spallation are calculated from
the 136Xe +d collision. In Fig. 7, the equivalent cross sections
are compared to the cross sections in the 136Xe +p colli-
sion at 500 MeV/nucleon, including the data from Ref. [35]
and the calculations by the IQMD + GEMINI model. Both
the calculations and equivalents represent the data globally.

The discrepancies between the the calculations and the data
mainly appear in the two sides of the peaks. Interestingly, the
equivalent cross section from the 136Xe +d collision agrees
with the calculations in the 136Xe +p collision, except for the
residual nuclei that have a mass number near 136.

Using the recoil protons selected by both the theoretical
sorting method [similar to that in Fig. 6(a)] and experimental
sorting method [as shown in Fig. 6(b)], the equivalent cross
sections in the neutron-induced spallation are calculated from
the 136Xe +d collision. The equivalent cross sections are
compared to the calculations of the 137Cs +n spallation at 500
MeV/nucleon, as shown in Fig. 8. One sees the considerable
cross sections for Z = 56, which are caused by the inelastic
NN collision. Once again, the equivalent cross sections agree
with the calculations in the 136Xe +n collision. More im-
portantly, the equivalent cross sections by both event sorting
methods agree with each other. Note that the experimental
sorting method does not select all recoil protons, as shown
in Fig. 6(b). This provides convenience for equivalent mea-
surement. Specifically, the trigger signal of the measurement
can be provided by the the silicon detector, which is placed
near the target and in the vertical direction of the beam. The
solid angle depends on the area of the silicon detector and the
distance between the target and the silicon detector. Since it
is unnecessary to measure all the recoil protons, the silicon
detector and its location are optional, as long as they detect
some of the recoil protons.

In order to evaluate the equivalent method quantitatively,
the ratios between the equivalent cross sections from the
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FIG. 8. Isotopic production cross sections of residual nuclei (Z from 33 to 56) produced in 137Cs +n spallation at 500 MeV/nucleon.
The calculations by the IQMD + GEMINI model are shown as solid curves. The equivalents extracted from 137Cs +d at 500 MeV/nucleon are
shown as solid squares.

136Xe +d collision and the calculations of the 136Xe +n
collision are calculated. They are shown in Fig. 9 as functions
of the differences between the neutron number and charge
number and of the cross-section values. For most of these
isotopes, the ratios are in the vicinity of 1. However, one also
see the large ratios, almost 2.5 for some isotopes of Cs, and the
small ratios reaching 0.4, such as that of 79Br. In Fig. 9(b), it is
found that the relations of the ratios and the cross sections are
approximatively linear, in spite the isotopes of Xe and Cs and
those with small cross sections. For the isotopes with cross

FIG. 9. Ratios between the equivalents and calculations in Fig. 8
as functions of (a) the differences between the neutron number and
charge number and of (b) and the cross-section values.

sections σ < 0.02 mb, the calculation error has a considerably
great effect on them.

Figure 10 shows the distributions of the impact parameter
and the excitation energy in the 137Cs +n collision and the
equivalent events selected from the 137Cs +d collision. The
distribution of the impact parameter the 137Cs +n collision is
geometrical, which can be expressed as dσ/db = 2πb. The
case of the equivalent events is in principle different from
the geometrical one. For central collisions, both the proton
and neutron from the deuteron will collide with the 137Cs

FIG. 10. Distributions of (a) the impact parameter and (b) the
excitation energy in the 137Cs +n collision and the equivalent events
selected from the 137Cs +d collision.
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nucleus with large probability. The stripping is more likely
to happen in a peripheral collision. Thus, compared to the
geometrical case, one sees a larger cross section in the region
of 5 < b < 7 fm but a smaller one for b < 4 fm. From the
distributions of the excitation energy shown in Fig. 10(b),
one sees similar cross sections for high excitation energy.
The differences appear for E∗ < 2 MeV/nucleon and increase
with decreasing excitation energy. Note that the events with
smaller excitation energy contribute mainly to produce the
residues with mass number near 137. This is why the errors
of the equivalent method are large for Xe and Cs isotopes.

IV. CONCLUSION

In summary, by comparing the experimental data and the
calculations of other models, the isospin-dependent quantum
molecular dynamics (IQMD) model together with the code
GEMINI are proved to be able to calculate the double dif-
ferential cross sections of neutrons in spallation near 500
MeV. Then the deuteron breakup in d + 137Cs collisions at
500 MeV/nucleon is investigated. The d + 137Cs collision is
divided into four channels, i.e., elastic breakup, neutron strip-

ping, proton stripping, and deuteron absorbing. It is suggested
that the neutron stripping and elastic breakup channels, which
may be sorted by detecting the recoil protons in the direction
transverse to the incident beam, is equivalent to neutron-
induced spallation. The sorting events from the 137Cs +d
collision are applied to calculate the equivalent cross sections
of residue production and compared to those of the 137Cs +n
collision. It is found that the ratios between two cases are in
the vicinity of 1 for most isotopes. But large differences ap-
pear for Xe and Cs isotopes. It is concluded that the deuteron-
induced spallation may be promisingly applied to measure
indirectly the cross sections in neutron-induced spallation. But
before doing that, the equivalent method should be improved
by studying further the dynamics of the neutron stripping in
deuteron-induced spallation. On the other hand, the equiv-
alent method needs further validation using experimental
data.
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