Chinese Physics C Vol. 45, No. 8 (2021) 084107

Light fragment and neutron emission in high-energy proton
induced spallation reactions®
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Abstract: The dynamics of high-energy proton-induced spallation reactions on target nuclides of 56Fe, 58Ni, 107Ag,

20, Wy, iy 197
ated by the China initiative Accelerator Driven System (CiADS) in Huizhou and the China Spallation Neutron
Source (CSNS) in Dongguan. The production mechanism of light nuclides and fission fragments is thoroughly ana-

Au, and **Ppb are investigated with the quantum molecular dynamics transport model motiv-

lyzed, and the results obtained thereby are compared with available experimental data. The statistical code GEMINI
is employed in conjunction with a transport model for describing the decay of primary fragments. For the treatment
of cluster emission during the preequilibrium stage, a surface coalescence model is implemented into the model. It is
found that the available data in terms of total fragment yields are well reproduced in the combined approach for spal-
lation reactions both on the heavy and light targets. The energetic light nuclides (deuteron, triton, helium isotopes
etc) mainly created during the preequilibrium stage are treated within the framework of surface coalescence, where-
as their evaporation is described in the conventional manner by the GEMINI code. With this combined approach, a
good overall description of light clusters and neutron emission is obtained, and some discrepancies with the experi-
mental data are discussed. Possible production of radioactive isotopes in the spallation reactions is also analyzed, i.e.,
the “*He energy spectra.
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I. INTRODUCTION

Recently, both experimental and theoretical fields
have witnessed a huge growth in research on spallation
reactions, ever since the spallation neutron source proved
to be a powerful tool in research and applications [1, 2].
In terms of social and ecological impact, spallation reac-
tions are at the heart of the transmutation of long-lived ra-
diotoxic nuclear waste, whose half-life can be drastically
shortened to an acceptable scale of hundreds of years via
fast fission induced by neutrons. At the same time, this
process generates enough energy to supply the electric
grid and sustain the facility itself [3-9]. In space missions,
preflight assessments on the damaging effects on astro-
nauts and electronic parts must be undertaken with spalla-
tion models [10] in order to ensure the success of a space
flight. In astrophysics, spallation cross-section is a key in-
put in the evaluation of the propagation of cosmic rays
both in the atmosphere and in inter-stellar media [11-13].
In material science, neutrons produced by spallation neut-
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ron sources are used to probe the properties of condensed
matter [14, 15]. Other applications include the produc-
tion of rare isotopes [16-19], cancer therapy [20-22], uses
in biology [11], and cosmography [23]. Because of the di-
versity of the applications, as mentioned above, the broad
range of reaction conditions, including variations in beam
energy and target size, and the complicated reaction
mechanisms that spallation reactions entail, great chal-
lenges have been imposed on the experimental measure-
ments of the yields and kinematics of spallation products,
on the calculation of related observables, and on the the-
oretical understanding of the underlying mechanisms
through which the spallation products emerge. For a com-
prehensive review on these subjects, we refer the readers
to Refs. [24, 25].

Conventionally, spallation reactions are described by
a two-step model, as was first envisaged by Seber [26]. In
view of this picture, in the first stage, an incident light
nucleus with energies from hundreds of MeV to several
GeV induces a cascade of collisions through a series of
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hadron-hadron collisions within a target much heavier
than the incident projectile. This process has a moment-
ary duration of only tens of fm/c, in which the incident
energy is partly emitted in the form of high energy
ejectiles, pions, nucleons and light-charged-particles with
Z <4 (LCPs), for instance, while the remaining part is de-
posited during the process thermalizing the target nucle-
us. The latter are often excited to hundreds of MeV along
with a rather low angular momentum, typically 20 7 on
average. The first stage is a fast dynamical process,
whereas the second stage is a statistical one and several
orders of magnitude longer in duration than the first
stage. During the second stage, random fluctuations in the
distribution of energy and nuclear density multiply loc-
ally or globally, respectively, leading the compound nuc-
leus to undergo light particle evaporation or fission se-
quentially, until all products are fully deexcited. In light
of these considerations, very practical numerical codes
based on the ideas of intranuclear cascades plus statistic-
al decay have already been developed [27] and improved
[28]. They are capable of reproducing both the yields and
kinematics of some reaction products to an appreciable
accuracy, in particular for spallation reactions at incident
energies no lower than 200 MeV. However, in theoretic-
al terms, as pointed out and discussed in Refs. [29-31],
more sophisticated reaction mechanisms beyond a
simplistic two-step model are required in order to ac-
count for the production of intermediate-mass-fragments
(IMFs) characterized by experimentally revealed triple-
humped kinematics in the velocity distributions [32].
Therefore, these features were studied by introducing the
deexcitation mode of multifragmentation through intra-
nuclear-cascades plus statistical-multifragmentation mod-
el (INC+SMM) [31] or more sophisticated models, such
as the Boltzmann-Langevin-one-body (BLOB) [33] or the
quantum-molecular-dynamics model (QMD) [34]. Con-
stant efforts with the goal of improving the description of
spallation reactions have served as a major boost towards
the improvement of theoretical models for nuclear reac-
tions.

On the application side, particularly in the design of
the shielding of spallation facilities and astronautical
equipment, the energy spectra of LCPs at all angles in
spallation reactions are vital information [10], and when
experimental data are not available, theoretical simula-
tions become indispensable. In microscopic transport
models of nuclear reactions, one approach for treating the
pre-equilibrium emission of LCPs and give a reliable ac-
count of the double-differential-cross-sections (DDXs) at
all angles is a modification of the transport model through
incorporating a coalescence mechanism near the target
surface for the entire time evolution. This kinematical
treatment was first discussed by Goldberger [35] and

Metropolis [36] and later modified by Nagle [37] and
Mattiello et al. [38]. Nowadays, this mechanism has been
implemented in INCL [39-42], QMD [43, 44], and the
coalescence exciton model [45], for the refinement of the
description of LCPs production in these models. Apart
from the abovementioned, particle production and emis-
sion in spallation reactions can also be accounted for via
alternative approaches, see Ref. [46].

This paper is organized as follows. Sec. II is a brief
description of the models employed in this work. Sec. III
presents the results of our calculations. Sec. IIL.A is de-
voted to a discussion on the reproduction of total yields
of spallation fragments under various conditions, and the
results are compared with those of previous studies. In
Sec. III.B and Sec. III.C, the DDXs of LCPs and neut-
rons are presented and discussed, which is followed by a
brief summary in Sec. V.

II. MODEL DESCRIPTION

A. Transport model

The Lanzhou-quantum-molecular-dynamics (LQMD)
model [47-49] is employed in this work, wherein the mo-
tion of individual nucleons is parameterized into Gaussi-
an wave packets in both coordinate space and mo-
mentum space

(r—ri(0)*
D Bty [ 407 ]

con(207), 0

where r;(¢) and p;(r) are the centers of the wave packets
in coordinate space and momentum space, respectively.
The width of a packet depends on the parameter o,.
These are the parameters to be solved by subjecting the
following total wave function of the reaction system to
the variational method [50]

O(r,1) = r[¢i(r’ T, pist). 2

Neglecting changes in the packet width parameter o,
over time and setting them as constants, the equations of
motion of the wave packet parameters r; s and p; s are
obtained formally as

oH oH
L 0H L __OH 3
B o P 3)

together with the density-functional Hamiltonian, which
is evaluated by the skyrme interaction in its operator form
between the parameterized wave function,
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H=<®HD>
=T+ Ucou + fvloc[p(r)]dr + Uwmpi, @
where Ucoy is the Coulomb energy of the whole system
and V). is the nuclear potential energy density which is

evaluated through the Wigner transformation [51], and
takes the form
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Viee(p) = Ep_z m—ﬂE‘ym(p)pé2
+ S (V) +g§‘3[wpn . ©
where
pr,0) = f f(r,p,ndp
=2 (2mr1%>3/2 o [_(r _zzg))z}’ ©

frpn =) fir.p.

-3 . [_<r—r,-(t>)2_(p—pi(r)>2-2a%]
ey P T 202 72 ’
()

and Uwmp; appearing in Eq. (4) is the momentum depend-
ent interaction term (MDI) [52] and assumes the form

UMDI Z ZCTT 6‘1'1' 51’ T fffdpdpldr

l]]¢l‘l"l'

x firp.n)[1n(ep-p P+ D] fitrp . ®

The coefficients of each term are the mean-field para-
meters constrained by reproducing the basic saturation
properties and the incompressibility within a sensible
range for symmetric nuclear matter. Two sets of mean-
field parameters, labelled PAR1 and PAR2, are used in
the calculations, as given in Table 1, along with their in-
compressibilities. In the MDI term, C;» = Ciom(1 +x) for
t=7 and Crr = Cpom(l —x) for 7#7, where the sub-
scripts z and 7 stand for isospins whose values are —1 and

1, respectively, and the parameter x=-0.65 is the
strength of the isospin splitting. In the isospin asymmet-
ric terms, p,, pp, and p =p, +p, are the neutron, proton,
and total densities, respectively, and &= (p,—p,)/
(on+ p,,) is the isospin asymmetry. The coefficients in the
isospin-dependent and density- gradlent dependent terms
8surs &on, and po are set to 23 MeV fm -2.7 MeV fm
and 0.16 fm” , respectively.

In addition to motions under the nucleons' mean field,
collisions between nucleons are another key ingredient in
the time evolution of the reaction system. In the simula-
tion, when the spacial separation of any two nucleons in
their center-of-mass frame is smaller than a value

NN = A\ ONN( Vs)/m, ©

a collision between the two nucleons is considered, where
onn(Vs) is the total nucleon-nucleon (NN) scattering
cross-section for the invariant mass +/s. The NN elastic
scattering cross-section is parameterized to fit the experi-
mentally available data over a wide energy domain [53].
Finally, taking into account the effects of Pauli-blocking
due to the fermionic properties of nucleons, it is deceided
to either execute a collision or block it by comparing the
blocking probability 1—(1-F;)(1-F;) of the two parti-
cipant nucleons i and j in the final state with a random
number; here, the occupation probability F; is evaluated
as

F=s S ooy, (10)

k#i,1,=T,

where OE;{‘) and OEIf) refer to the overlaps of two hard
spheres centered at the wavepacket centroids of the nuc-
leons i and k in coordinate space and momentum space,
respectively. In our model, a common pair of radii of
R, =3.367 fm in coordinate space and R, = 112.5 MeV/c
in momentum space is assigned to the hard spheres of all
nucleons.

B. Fragment recognition and statistical decay

At the end of the dynamical evolution when all viol-
ent changes have settled and the nucleons are re-aggreg-
ated and condensed in the form of individual clusters, a
procedure called minimum spanning tree (MST) is used
to identify these hot remnants before the transition to stat-

Table 1. Skyrme parameters PAR1 and PAR2 used in the LQMD model.
a /MeV B /MeV y Crmom /MeV € /(c*/MeV?) mé,m Ko /MeV
PAR1 -226.5 173.7 1.309 0. 0. 1. 230
PAR2 -215.7 142.4 1.322 1.76 5% 107 0.75 230
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istical decay. In the LQMD model, a constituent nucleon
can incorporate a neighboring nucleon of relative mo-
mentum and location Ap <200 MeV/c and Ar<3.5 fm
into a pre-cluster, provided that this new nucleon is also
located close to the surface of the cluster within the con-
straint of a root-mean-square radii. Also, two neighbor-
ing pre-clusters can join to form a bigger cluster, if the
size of the newly formed cluster is within a limit, which
is incorporated as the liquid-drop-model radius.

After the hot remnants are reconstructed, the simula-
tion proceeds to the next stage, cooling down by statistic-
al decay. Statistical decay is realized by the GEMINI
code [54]. Generally, in the GEMINI code, a compound
nucleus experiences a sequence of binary divisions in the
form of light particle evaporation or fission until the com-
pound nucleus is thoroughly deexcited. For asymmetric
divisions, as for the emission of light particles with Z up
to 4, the Hauser-Feshbach formulism is adopted [55], and
the decay width of an emitted light particle (Z;,A;) of
spin J; from a mother nucleus (Zy,Ap) of excitation en-
ergy E* and Jy, leaving behind a residue (Z;,A,) of spin
J2, 1s given by

20, +1 &

I'y,(Z1,A1,22,A2) = 3
oo

E*~B-E.(J,)
f Ti(e)pade,
0

(11)

[Jo=Ja|

where py and p; are the level densities of the mother and
the residual nucleus, respectively, and Ty(e) is the trans-
mission coefficient. B is the binding energy between the
light particle and the residue, and E;(J>) is the rotation
plus deformation energy of the latter. For asymmetric fis-
sion, Moretto's generalized transition-state formalism
[56], which determines the fission probability via the
phase space density on a ridge line made up of saddle
points, is used. For symmetric fission, which is an avail-
able option in the code's input, the Bohr-Wheeler formal-
ism [57] is used. Fission barrier heights are mainly calcu-
lated through the rotating-finite-range model [S8] and
both shell and pairing corrections are also considered. Re-
garding the QMD-GEMINI study of the deexcitation of
highly excited nuclei formed in heavy-ion collisions, see
Ref. [59] for recent progress.

C. Surface coalescence

For a better description of pre-equilibrium cluster
emission, we incorporated the surface coalescence model
into the LQMD model following the specifications given
in Ref. [39]. When an outgoing nucleon trespasses a cer-
tain radial distance R+ Dy with respect to the center of
the mother nucleus, a recursive construction of LCPs
from this leading nucleon is initiated by picking up a first
nucleon, a second and a third and so on. Here,

Ry = 1.4At1a/r3g fm, and for the proton incident energies in-
volved, Dy is set to the proper value of 2 fm. In our work,
the emissions of all light charged particles with Z up to 4
and 4 up to 8 are considered. During the process, a pre-
cluster picks up a nucleon for the formation of higher
clusters according to the following phase space condition:

RyjPnj<ho, Ryj>1fm, (12)
where Ry; is the spatial distance between the pre-cluster
N and nucleon j to be picked up, and Py; is the relative
momentum between these two objects. Let Ry and r; be
the position of the pre-cluster and the nucleon in coordin-
ate space, respectively, py and p; the momenta, and My
and m; the masses of the two objects. Then, they have the
following form:

RNj :lRN —l‘jl,
™ My
= PN —

My +m; MN+mj

PNj pj. (13)

The latter is in fact the momentum of either object in their
common center-of-mass frame. Though various refine-
ments are available regarding the choice of phase space
parameter hg, for simplicity, for A, <4 we adopted
those used in Ref. [39] and Ref. [40], which we labeled as
Set 1 and Set 2, as listed in Table 2, while for A > 4, the
following ansatz, which was proposed in Ref. [28], is
used:

ho = hi(Aiep/5)"7, (14)

where h; =359 fm MeV/c. When all possible combina-
tions of background nucleons and the leading nucleon are
listed, an emission test is performed according to a hier-
archy based on the particle numbers of the clusters. More
specifically, a particle is randomly selected from among
all others with A, =8, and a test is performed to see if
its total energy under the target mean field lead to its pen-
etration through the Coulomb plus Woods-Saxon barriers.
If the candidate passes the test, it is emitted along its tan-
gential direction and the time evolution of the reaction

Table 2. Suface coalescence parameters of Set 1 and Set 2.

Construction ho/ (fm MeVie)

Set 1 Set 2

p+n—d 387 336

d+n—t 387 315

d+p—3 He 387 315

t+p—*He 387 300

*He +n —* He 387 300
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system is resumed. Otherwise, a cluster of lower Ay, is
selected in the same way and tested and so on. If all tests
fail, the penetration test is performed on the leading nuc-
leon to decide whether it is emitted or reflected. The total
energy of all emission candidates is calculated according
to the following equation:

A,

Elcp = Z(Ei+vi)+Blcpv (15)
i=1

where E; and V; are the kinetic energy and the potential
energy of the constituent nucleon 7 under the target mean
field, Bi, is the binding energy of the cluster, and Ay, is
the mass number of the cluster. Last but not least, in the
procedure stated above, all clusters constructed must be
appropriately far away from the center of the target nucle-
us such that they are clusters formed near the target's sur-
face. R; measures this distance, which is taken to be

R/ =CA. (16)

If C is too small, a too rich production of clusters results
and vice versa. More details are given in a brief discus-
sion in the corresponding section.

D. Simulation settings

For any one reaction system in this calculation, the
maximum impact parameter by, is chosen as b, +0.3
fm, where b, is the smallest impact parameter at which
the target no longer suffers from nucleon-nucleon colli-
sions with incident protons passing by. An additional 0.3
fm is reserved for Coulomb excitation. In addition to the
maximum impact parameter, the switching time from the
dynamical stage to the statistical stage is a determining
factor for the reliable reproduction of realistic physical
circumstances. In INC simulation, this quantity is given
by an established formula [27]. However, in our case this
is not proper for the QMD simulation as our model is
capable of describing the evolution after the system has
been fully excited. The criterion we adopted for selecting
the switching time is such that after that moment of time,
all observables in question have to be relatively stable in
time after the end of the violent fluctuations of the pre-
ceding dynamical evolution. Furthermore, during the pre-
equilibrium cascade process, nucleon and clusters emit-
ted in the forward direction were generated in an earlier
stage, whereas those in the backward direction emerged
in a later stage. Because of this, the pre-equilibrium time
span must be long enough to cover emissions at all polar
angles. Considering all these complications and to reduce
CPU time, we set the switching times of p+ Fe and *"Ni
as 65 fm/c, those of "Cd and 07Ag as 85 fm/c, and those

181

of "Ta, 184W, and **Pb as 115 fm/c.

III. RESULTS AND DISCUSSION

A. Total yields of spallation fragments

Before discussing LCPs emission, we first restrict our
attention to the total yields of spallation fragments in two
reaction systems, namely p +°Fe and p +2% Pb, both at 1
GeV, as a preparatory step and compare the results with
experiments. This is not trivial, as one must guarantee
that the overall picture of the process can be correctly re-
produced before actually being able to describe the de-
tails of the process. For this purpose, instead of an extens-
ive study on fragment yields, in this subsection, only two
representative results are presented.

We start with a light and well-studied reaction sys-
tem, p+°Fe at 1 GeV, and the results of our model are
shown in Fig. 1. It can be seen that the experimental res-
ults [60] are well reproduced under either momentum de-
pendent or independent mean fields both in terms of trend
and values to some extent. Contrary to the conventional
conception, however, IMFs yields turn out to be overes-
timated on an overall scale without MDI, at the cost of an
underestimation of the target-like tail. Nevertheless, the
local trends are the same for both settings. The differ-
ences between the results of the two mean fields may be
understood by considering that in the calculation with
MDI, the IMFs formed during the reaction are more un-
stable due to more violent fluctuations, which is caused
by the repulsive nature [61] of the MDI at high temperat-
ure or high nucleon-nucleon relative momentum, and
thus, more nucleons and fewer IMFs are emitted com-
pared with the case without MDI. For a detailed analysis
on the experimental data and the results of the INC calcu-

p+ P Fe@1GeV

—
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2| —=—PAR2 |Il® .
10 ® Exp. J s
o
E.10'F .
©
10°F 1
0 10 20 30 40 50 60
A
Fig. 1.  (color online) Calculated total fragment yield as a

function of mass number for p+°° Fe at an incident energy of 1
GeV. The step line in blue denotes the result obtained with
PARI, the set of parameters without MDI is displayed in Ta-
ble 1, while the red line denotes the one with PAR2, the set of
parameters with MDI. The experimental data are taken from
Ref. [60].
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lations on IMFs production using the same reaction sys-
tem, see Ref. [31].

In the preceding discussion, a light target, °Fe, was
considered. In the next discussion, we focus on another
extreme, high-energy proton induced spallation reaction
at the same energy but on a very heavy target, *®pb, for
which more pronounced divergences between simula-
tions with and without momentum dependent interac-
tions are expected, as the fission process starts to play a
key role. In Fig. 2, the total cross-section plotted as a
function of both the atomic number Z and the mass num-
ber A is presented. The black dots represent the experi-
mental data which are taken from Ref. [62], the red line
represents the calculations with MDI, and the blue line
represents the calculations without MDI. It can be seen
that above all, calculations with and without MDI both
reproduce the main trend and the main features of the ex-
perimentally measured spectra. However, it is apparent
that the results without MDI give a much better overall fit
to the data, whereas the results with MDI peak too early
at the target-like end in the plot versus the mass number.
This is accompanied by an overestimation in the region
between the target-like end and the valley in the middle
of the graph. This is due to the spurious emission of nuc-
leons in the presence of MDI, which always tends to in-
duce more fluctuations. As a result, the fission peak is un-
derestimated, as the very target-like residues, which pos-
sess lower fission barriers and are thus more likely to ex-
perience fission, were less common compared with the
results without MDI. To conclude this discussion, let us
make one more final comment on the results of the case
without MDI. In the statistical decay stage of our simula-

tion, the fission delay used are the parameters as previ-
ously prescribed in Ref. [63], instead of the default ones
in GEMINL. In Fig. 2, it can be seen that our results are
roughly the same as those given in Ref. [63]. The heights
of both the fission peak and the target-like tail of the
spectra agree very well with the experimental data.
Therefore, our results can serve as a further confirmation
of the fission delay prescription given in Ref. [63].

Now we have succeeded in reproducing the total frag-
ment yields both with light and heavy targets fairly satis-
factorily. It seems we are in a position to give the corres-
ponding result for intermediate-mass targets. Great suc-
cess has been achieved using the relevant models on the
market for reproducing the yields and kinematics of spal-
lation reactions on light and heavy targets; however, at-
tempts with medium-mass targets have produced diver-
ging results depending on the models. A satisfactory de-
scription of spallation reactions in this sector remains an
issue, especially when it comes to yields and kinematics
[32, 33] of IMF fragments [34, 64]. This problem has its
origin in the so far unquantified competition between
asymmetric (fast) fission and multifragmentation, which
are comparable in their contribution to IMF production.
These two mechanisms are often ill-defined in this excita-
tion energy range (around the threshold of multifragment-
ation [65]) in their own right. In contrast, experimental
data, which are decisive for evaluating different models,
are still scarce and suffer from great disagreement among
experiments [64]. For these reasons, a successful and
consistent description of spallation reactions on medium-
mass targets is still a moot point at present and better not
explored.

p+2Pb @ 1 GeV

10°
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Fig. 2.
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color online) Calculated total fragment yield plotted versus the charge number (left) and the mass number (right) for p +2%8 Pb
( gment yield p g g P

for an incident kinetic energy of 1 GeV. The step lines in blue denote the results obtained with PARI, the set of parameters without
MDI as displayed in Table 1, while the red lines denote the ones with PAR2, the set of parameters with MDI. The experimental data are
taken from Ref. [62]. Herein, the fission delay parameters prescribed in Ref. [63] are adopted instead of the default ones.
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B. Kinetic energy spectra of light clusters

We first consider three reaction systems for the pro-
duction of high energy LCPs in hrgh -energy proton in-
duced spallation reactions, i.e., p + *Ni at 1.2 GeV, p+
"'Taat 1.2 GeV,and p + 197Au at 1.2 GeV, for which ex-
perimental data are available and the mean field paramet-
ers PAR1 are applied. Of course, incorporation of MDI or
modification of the mean field parameter in any fashion
may suggest related changes in the parameters associated
with surface coalescence. However, one can see from
Ref. [66] that, though the neutron spectra reproduced at
different meanfield parameters differ strikingly in the
evaporation-dominated energy domain below 100 MeV,
the effect of variations on the mean field parameters upon
the emission of preequilibrium neutrons towards the high
energy tail is quite minute. Being aware of this, we may
expect a similar situation for the results with MDI and for
the time being, we keep this in mind for planned studies
in the future. As the present work intends to provide an
overall description of the spallation reaction and a test of
the predictive power of the LQMD model in such a reac-
tion scenario, we did not dig deeper into the vast and ar-

duous task of parameter fitting to the experimental res-
ults as was already done in a recent work [67]. Therefore,
we just make a few comments on the results we have so
far obtained. In Fig. 3 and Fig. 4, the DDXs of light
cluster production at three different angles are presented
for targets **Ni and ”’Au bombarded on by protons at 1.2
GeV, the values being scaled by a factor of 10 for every
angle with respect to the previous one. Besides, similar
results are presented in Fig. 5 forp + "'Ta at 1.2 GeV.
We see that in most cases, the high energy tails of the
DDXs are reproduced very well except for the very for-
ward angles of d and for large angles of # and *He. It turns
out that with a rather rough set of parameters, a descrip-
tion of a fairly acceptable quality can still be obtained for
both light and heavy targets bombarded by high-energy
protons. However, the region around the potential barrier
is sometimes overestimated and other discrepancies with
the experimental data are visible. These can arise from
the following sources. Firstly, the production of light
clusters in the surface coalescence model is regulated by
two types of parameters, the distance coefficient C, which
controls the separation of the constructed clusters from

P+ ®Ni @ 1.2GeV
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Fig. 3. (color online) Double differential cross-section of d, ¢, H

¢ and *He as a function of kinetic energy and polar angle for p + *Ni

at 1.2 GeV calculated with different sets of parameters. The data are taken indirectly from Ref. [68] through Ref. [67].
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the center of the target nucleus, and the phase space para-
meter g, which controls the size of the clusters in phase
space. If the construction of a cluster is not truncated
within a proper distance of coefficient C, which we set to
C =0.86 fm according to empirical knowledge after nu-
merous tests and to a larger value, C = 1.05 fm, for com-
parison, an overwhelmingly large number of irrelevant
inner crust cluster candidates would lead to an overestim-
ation in the predicted yields of large clusters. In Fig. 3
and Fig. 4, the calculations with three different choices of
parameters are plotted using lines in different colours and
styles, as indicated by the legends. It can be observed that
increasing the threshold separation of the constructed
clusters from the target's center by increasing the para-
meter C results in, to some extent, a similar effect as that
of substituting the phase space parameters Set 2 for Set 1,
which sets a larger upper bound for the phase space sizes
of the constructed clusters. Both settings bring down the
high energy tails, except for d. However, for an agree-
able reproduction of the high energy tails of the large
clusters with respect to the experiments, e.g., the *He
cluster, C must not be too large. Otherwise, the high en-
ergy tails of these clusters fall off too early. Secondly, a

and “He as a function of kinetic energy and polar angle for p +

Au at 1.2 GeV calculated with different parameters. The data are taken from Ref. [42].

high quality description of the emergence of the leading
nucleons that initiate the construction of the clusters is a
prerequisit for a high quality description of cluster pro-
duction. Moreover, a correct time evolution of the phase
space nuclear density distribution of the target nucleus is
also important. As seen in the next section, our reproduc-
tion of the neutron DDXs is not that desirable quantitat-
ively for backward angles, which may account for the
corresponding discrepancies that occur in our cluster
DDXs. Thirdly, in our consideration of barrier tunneling,
the contribution of the centrifugal potential to the total
barrier height is neglected. Some outgoing clusters with
energy around the barrier sometimes carry away with
them ten to twenty units of angular momentum measured
in 7 , which amounts to the contribution of a *He cluster
with I=10 in a "Au target, and thus, this modifies both
the height and the shape of the spectra around the barrier.
Apart from the interplay of all these factor, other poten-
tial sources may also be responsible for these problems.
Nevertheless, considerable effort is required to give a
higher quality reproduction of cluster DDXs, but a simple
surface coalescence model with these roughly selected
parameters implemented in our LQMD model works
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rather well in describing the key characteristics of light
cluster emission in spallation reactions. In Fig. 6, similar
results with parameters Set 1 and C =0.86 fm are also
presented for p +! Ag at 1.9 GeV.

Having demonstrated that our model together with the
choice of parameter Set 1 and C = 0.86 fm are con51stent
with the experimentally measured LCPs up to “He, we
now proceed one step further and generalize the descrip-
tion up to A =8 using these settings. Before doing so,
however, we want to clarify two technical points. Firstly,
though the old fortran version of GEMINI which we em-
ployed in this work actually incorporates the evaporation
of LCPs up to "B, the quality of the descrlptlon of LCPs
emission deteriorates dramatically after *He. In this situ-
ation, we thus have to be content with studying LCP
emission in an energy range far below the Coulomb barri-
er and only where the contribution of statistical evapora-
tion is supposed to be negligible. Interested readers are
encouraged to refer to Ref. [69] for the latest simulations
of LCPs evaporation beyond A =6 with GEMINI++ in
parallel with all other currently existing models.

(color online) Double differential cross-section of d, ¢, *He a nd *He as a function of kinetic energy and polar angle for p +
Ta at 1.2 GeV calculated with C = 0.86 fm and phase space parameters Set 1. The data are taken from Ref. [41].

Secondly, to achieve a description more consistent with
experimental data in terms of LCPs emission of 4 bey-
ond 4, we find that it is more practical to treat LCPs emis-
sion according to the following semi-phenomenological
scaling prescriptions. Using the emlssron of °Li as an ex-
ample, first, we treat the emission of *He in the manner
described in Section II, and the energy spectra of °Li are
obtained by scaling those of ‘He by an appropriate ratio.
Second, the numbers of all "He and °Li that have entered
the selection procedure are counted. Note that if the pro-
cedure was terminated at A =7, no "He or *Li would be
able to enter the procedure; only those of A >7 would
have entered. Third, the numbers are summed up for all
generated events and the ratio of °Li over He is obtained.
Thus, the calculated ratios for p, +! Ag at 1 9 GeV
are 1 .0 for He 1.3 for L1 0.51 for L1 0.22 for L1 0.52
for 'Be, and 0.17 for “He. The corresponding spectra
which follow from this prescription are presented in Fig. 7
and Fig. 8. From these figures one observes that the the
yields decrease sequentially from °Li to "Li with an in-
crease in the neutron richness, whereas the magnitudes of
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the spectra are revealed by the expenment [69] to be al-
most exactly the same for °Li and 'Li, and exhibit no
neutron richness dependence for these two isotopes. All
presented results are in agreement with the experiment
with the exception of those for "Li. The results from IN-
CLA4.6 are also listed for comparison, and one readily ob-
serves that, in the results from INCL4. 6 there iS NO Sys-
tematic decrease in the spectra from °Li to *Li, and the
slope of the high-energy tails are all underestimated from
°He to ‘Be. We conclude that the prescriptions made in
the treatment of LCPs emission beyond A =6 are rather
reasonable. As indicated by the experimental data, it is a
very salient feature of LCPs emission in spallation reac-
tions that the slopes of the high-energy tails in the spec-
tra of 2 partlcular angle are almost the same from iso-
topes °Li to 'Be and this may justify our scaling prescrip-
tion mentioned above. In addition to the above-discussed
isotopes, we present herein the result of the rare radioact-
ive isotope *He, as shown in Fig. 8. We find that the mag-
nitude of the spectra indeed respects the systematics of
the neutron rlchness dependence and thus, is six times
lower than that of *He. However, this is st111 far higher
than the experimental results, in which the *He produc-

(color online) Double differential cross-section of d, ¢, *He and ‘He as a function of kinetic energy and polar angle for p +
Ag at 1.9 GeV calculated with parameters Set 1 and C = 0.86 fm. The data are taken from Ref. [69].

tion is found to be two orders of magnitude lower than
that of “He. This suggests that transport models coupled
with surface coalescence is a rather simplistic picture
when it comes to the description of rare radioactive iso-
tope emission, and thus, is not without limitations of its
own as it is founded only on a simple classical geometric-
al argument that does not take into account any structure
effects in the dynamical evolution.

C. Neutron double differential cross-sections

In this section, the model is applied to the reproduc-
tion of the DDXs of spallation neutrons, which has been
intensely investigated experimentally and theoretically on
a large number of spallation targets over a vast range of
incident energies in the past decades. Accurate neutron
DDXs is a vital information for the design and the vari-
ous utilizations of a spallation neutron source [70].
However, whenever experimental data are not available,
theoretical calculation tools, such as the moving source
model [71], intranuclear-cascade plus evaporation model
(INCHE) [72], or HETC-3STEP [73] play indispensable
roles. QMD calculations of the DDXs, which represent
the most sophisticated method of these models, were
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studied by G. Peilert et al. [74] and soon after by K. Niita
et al. [75-77]. A comparison of the results with different
mean-field parameters has already been studied by Li Ou

et al. in Ref. [66].

In this section, the mean field parameters PAR1 are

Fig. 8. (color online) Same as Fig. 7 but for "Be and *He production.
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Fig. 9.

main around E =20 MeV, the data are somewhat overes-
timated with an increase in the polar angle, which does
not originate from the evaporation stage but simply from
the cascade stage in form of extra free neutrons. The high
energy tails close to the incident energy at 30° drop too
soon, while at larger angles, they are rather nicely repro-
duced. The ambiguity of the results at energies close to
the incident energy is simply due to the quality of the
statistics, which is limited by the computational re-
sources available.

IV. SUMMARY

The nuclear dynamics in spallation reactions of differ-
ent targets are systematically investigated within the
LQMD transport model. An overall description of total
fragment yields in the reactions of protons on °Fe and
*®Pb at the incident energy of 1 GeV is given, which
provides a sound basis for further inquiry into the de-
tailed aspects of LCPs and neutron emission. The good
agreement with the experimental data in terms of total
fragment yields using the set of fission delay parameters

Neutron Energy (MeV)
(color online) Calculated neutron DDXs of p+'12Cd, =~ W,

Neutron Energy (MeV)

**pb at 800 MeV. The experimental data are taken from Ref. [78].

in the GEMINI code again fortifies the validity of this de-
scription. For the description of cluster emissions from
statistical decay and the pre-equilibrium stages, the
GEMINI code and a simple surface coalescence model
are employed. Though the parameters adopted in the sur-
face coalescence model are rough estimates, a rather good
overall reproduction of the DDXs of light clusters is
achieved with our model. It can be seen that there is a
high potential for the model to be refined by polishing the
choice of the different parameters and adjusting the po-
tential barrier. For the description of emissions of LCPs
beyond A = 6, a rather good agreement with experiments
is obtained via a semi-phenomenological scaling pre-
scription, except for 7Li, which is an exception to the sys-
tematics of neutron richness dependence, and for 8He,
which is characterized by its structure effect. For ﬂllle2 re-
%EOdUCtiOIlZng neutron DDXs, three heavy targets ~Cd,

W and " Pb at the incident energy of 800 MeV are
chosen. The energy spectra are consistent with the avail-
able experimental data. The production of rare isotopes in
the spallation reactions is feasible via preequilibrium
emission.
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