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Abstract: A nucleon-nucleus dynamics model was developed to investigate the proton-, neutron-, and deuteron-in-
duced reactions at hundreds of MeV/nucleon. In this model, the trajectory of incident nucleon is described by clas-
sical mechanics, and the probability of reaction between the nucleon and nucleus is calculated by exponential damp-

ing. It is shown that the total reaction cross sections calculated by the model agree in general with the predictions by

the CDCC and the experimental data. The model was applied to investigate the nucleon stripping in deuteron-in-

duced reactions and its symmetry energy dependence.
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I. INTRODUCTION

Breakup of weakly bound nuclei has drawn much at-
tention in nuclear physics [1]. As a weakly bound nucle-
us, the deuteron can easily break up into a proton and
neutron in deuteron-induced reactions [2, 3]. This pro-
cess was speculated by Oppenheimer and Phillips in as
early as 1935 [4]. Then, a lot of experiments were per-
formed to measure the (d,p) and (d,n) reactions from
Coulomb barrier to GeV energy region [5-9]. Generally,
the reaction induced by a weakly bound nucleus is de-
scribed by the quantum-mechanical approach of distor-
ted-wave Born-approximation, in which the valence nuc-
leon, core, and target are described by the approximated
three-body wave functions [10]. Another successful mod-
el for describing breakup processes is the continuum-dis-
cretized coupled-channels (CDCC) method, in which the
total wave function of the reaction system is expanded by
the complete set of eigenfunctions of the two-body sub-
system [3, 11]. The CDCC model and its extensions suc-
ceeded in reproducing experimental data on the scatter-
ing of both stable and unstable nuclei up to 200
MeV/nucleon [12-15]. Several semiclassical models or
empirical parametrizations were also developed to study
the deuteron breakup [16-18]. Recently, some investiga-
tions about the deuteron breakup were motivated by ap-
plications in the nuclear industry.

Nowadays, a large number of nuclear power plants
are in operation owing to the greenhouse effect and en-
ergy shortages [19]. This brings the corresponding prob-

lem of radioactive waste disposal [20-22]. To solve this
problem, researchers both in nuclear engineering and
nuclear physics are focused on investigating the transmu-
tation of the radioactive waste. In this regard, an experi-
mental study showed that spallation reactions are a prom-
ising mechanism for the transmutation of long-lived fis-
sion products (LLFPs) [23]. In 2017, both proton- and
deuteron-induced spallation reactions at 100-200 MeV/
nucleon were measured. It was confirmed that both reac-
tions are effective for the transmutation of *3Zr [24] and
107pd [25]. In addition, it was pointed out in Ref. [24]
that the effect of deuteron-induced spallation reactions
may be better than that of proton-induced spallation reac-
tions, given that the breakup of deuteron may give extra
neutrons in the reaction, which will also contribute to the
further transmutation of LLFPs.

Accurate cross section data of deuteron-induced spal-
lation reactions are essential to design a viable and stable
transmutation system using the deuteron. Owing to the
difficulty of experimental measurements at this stage,
data available in this scenario are still lacking [18], espe-
cially high-energy data. Nowadays, several deuteron ex-
perimental investigations have achieved great success,
but the maximum experimental energy is still lower than
200 MeV/nucleon [26-28]. Therefore, a study on deuter-
on-induced reactions in the GeV/nucleon energy region is
still necessary in this case.

On the other hand, data of the neutron-induced spalla-
tion are still required in the study of fast reactors and ac-
celerator driven sub-critical systems (ADS) [29, 30]. In
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addition, these data are still very limited at present be-
cause of the difficulty to obtain neutrons in the GeV re-
gion and the impossibility of inverse dynamics [31-33].
In a previous study of ours, deuteron-induced spallation
was proposed to measure indirectly the cross sections in
neutron-induced reactions at hundreds of MeV [34].
However, a further study on the dynamics of neutron
stripping in deuteron-induced spallation is needed. In this
study, a simple model was developed to examine the
mechanism of deuteron breakup and calculate the cross
sections of neutron-stripping and proton-stripping reac-
tions

The paper is organized as follows. In Sec. II, the
method is described. In Sec. III, both the results and dis-
cussions are presented. Finally, a summary is given in
Sec. IV.

II. THEORETICAL FRAMEWORK

In transport models for heavy ion collision, such as
the quantum molecular dynamics model and the
Boltzmann-Uehling-Uhlenbeck model, the interaction
between the nucleon and nucleus is treated separately by
the mean field interaction and nucleon-nucleon collisions
[35, 36]. The former determines the classical trajectory of
the nucleon, whereas the latter causes the transition of the
nucleons in the momentum space and transfers a part of
the incident energy to the target nucleus. This study only
focused on properties of the incident nucleons that do not
undergo nucleon-nucleon collision. Therefore, classical
mechanics including only the mean field was applied to
describe the trajectory of the incident nucleus. The total
reaction cross section of nucleon-nucleon collision was
used to calculate the probability of nucleon-nucleon colli-
sion.

A. Trajectory of incident nucleon by classical mechanics

It is assumed that the mean field provided by the tar-
get nucleus stays static during the interaction. The time
evolution of the incident nucleon in the mean field is gov-
erned by the Newtonian equation of motion

L d
F=u—, 1
s (D

where p is the reduced mass, and 7 is the distance
between the incident nucleon and target nucleus. The
force includes Coulomb and nuclear forces. Assuming a
hard-sphere distribution of charges in the target nucleus,
the Coulomb force as a function of » can be expressed as

CZzr?
N R ;, r<R
Fu(r) = 2
‘ CZz 7 @
_, r=R
2 or

2
where C = 48— = 1.44 MeV-fm, Z is the charge number
TTE()
of target nucleus, z is the charge number of the incident
nucleon (1 for proton and 0 for neutron), and R is the ra-
dius of the hard sphere, which is set as the experimental

root-mean-square charge radius ,/(r?), taken from Ref.
[37].

The nuclear force is written as

ov, 7
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where V, is the potential of the incident nucleon, ¢ = (p,—
pp)/p is the isospin asymmetry, and p,, p, and p are the
neutron, proton, and nucleon densities of the target nucle-
us, respectively. T = 1/2 for neutrons and = —1/2 for pro-
tons. The parameters used in this study were py = 0.16
fm=3, @ =-209.2 MeV, B = 156.4 MeV, y = 1.35, Cy, =
38.06 MeV, y; =0.75.
The following form of the nucleon density was used:

Pio . )
d;

where subscript i is p for proton or n for neutron. Para-
meters p;, R;, and d; are calculated by the following
equations:

pi(r) =

Pp, T Pny, = PO
Pr _Z
p”lo N’

tfpand?:z

fpn(r)d?: Na
frzpp(r)dfz Z(r2>p,

j?mmw=mﬁm (5)

where Z and N are the proton and neutron numbers of the
target nucleus, respectively, and (r?); is the mean-square
radius of the nucleus, which can be taken from Refs. [37,
38].

Solving the equation of motion, i.e., Eq. (1), with ini-
tial conditions depending on impact parameter b and in-
cident energy Eji,, one can obtain distance A7) and velo-
city ¥(r) = d7/dt as a function of time.
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B. Total reaction cross section of the reaction
between nucleon and nucleus

Suppose that a nucleon beam with intensity / passes
through a nuclear matter with density p and thickness dx;
the probability of the nucleon-nucleon collision can then
be expressed as
# = —opdx, (6)
where o is the cross section of the nucleon-nucleon colli-
sion. Applying the relationship dx = v(f)d, one can calcu-
late the probability for the incident nucleon passing
through the target nucleus without nucleon-nucleon colli-
sion by the following time integral

The nucleon-nucleon collision is responsible for the
transformation of the incident energy to the target nucle-
us. Thus, the reaction probability is 1— P. Note that the
initial conditions for Eq. (1) depend on impact parameter
b. Thus, the total reaction cross section can be calculated
by integrating over the impact parameter:

o= f 0027rb[1 — P(b)]db. (8)
0

We used three cross sections of the nucleon-nucleon
collision to perform the calculation. The first one is the
isospin independent, and constant cross section o =
40 mb. Second, we applied the cross section of the nucle-

p= IIOTL: = exp [_ f " o-pvdt}. 7) on-nucleon collision in free space taken from Ref. [39].
Plab\ 2104
34 , <04
(0.4 ) Piab
4
fee __free 23.5+ 1000(prp — 0.7)%, 0.4 < prap <0.8 o)
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ol = gitee (10)
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[
op in Eq. (7) is expressed as where Ejp, (MeV) is the kinetic energy in the laboratory
frame.
free free :
o Cpp,+0p,, for preaction
op=4 PP . (1) C. Deuteron-induced reaction
T Pn+ 0 pp,  for nreaction.

The unit of the cross sections in Egs. (9) and (10) is mb,
and ppp (GeV/c) is the momentum in the laboratory
frame.

Third, the in-medium factor proposed by Cai et al. [40]
was considered. op in Eq. (7) is expressed as

‘Tglzfdpp +op, dp,, for p reaction 12
ap =
o medpn +omedp,,  for nreaction,
1.05 3
a.med = O_med = 1.0+ 0'1667E1ab p o_free
pp 1.0+9.704p12 " P>
1.0+0.0034EL51 52
0'21;(1 = O'E;fd = lab p O_free (13)

1.0+21.55p1:34 "

Let us assume that the positions of proton and neut-
ron in the deuteron satisfy a Gaussian distribution. Let the
center of the deuteron be at the origin of the coordinates;
then, the probability density function that the neutron or
proton is at point (x4, V4,z4) 18

B4 yE+ 22
Ao T Yat
WEE
;
—Aexp| -4 |, 14
N o

where r; is the distance between the nucleon and the cen-
ter of the deuteron. The root-mean-square radius of deu-
teron is +/(r?) = 2.1421 fm. Based on the normalization
conditions and the root-mean-square radius of deuteron,
this function satisfies the following two equations:
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f flrgdrg =1, (15)

f ra f(ra)drg = () = (2.1421)*fm>. (16)

Using these two equations, the parameters 4 and L of the
Gaussian distribution can be found.

The deuteron-induced reaction is equivalent to one
neutron and one proton reacting with the target nucleus.
Let deuteron be incident with impact parameter b in the z-
axis direction, and let us establish coordinates with deu-
teron center as origin. Then, according to the determined
Gaussian distribution function, the probability of the
neutron being located at point (x4,y4,z4) can be found to
be fdxdydz. In this condition, the proton is at point
(=x4,—Y4,—74), and it can be seen from the geometric re-
lationship that the impact parameter of the proton and
neutron are functions of b, x, and y:

by = \J(b=xa)>+Y5, bn= /(b+x2)*+Y3. (17)

The probabilities of no collision P, and P, depend on
b, and b,, respectively. Similar to the calculation meth-
od of cross section in nucleon-induced reactions in sub-
section II B, the three components of the deuteron-nucle-
us total reaction cross section can be obtained by integrat-
ing over x4, y4, zg and b. The cross section for the deuter-
on absorption is

O d-ABS =f27rbdb [1-P,(bI[1
_Pp(bp)] fdxqdyqdza, (18)

the cross section for the nonelastic breakup where the
proton is absorbed is

o nED = f 2rbdb Pa(b)[1 - Py(by)] fdxadyadza, (19)

and the cross section for the neutron-stripping nonelastic
breakup where the neutron is absorbed is

On-NEB = onbdb [1=Pu(b)]P,(b)y) fdxgdygsdzg. (20)

It is evident that the three reaction cross sections depend
only on the incident energy of deuteron and the nuclear
density distribution of target nucleus. The total reaction
cross section of deuteron-nucleus reactions is

0t =04-ABS + T p_NEB+ 0T, NEB- (21

III. RESULTS AND DISCUSSIONS

Figure 1 shows the forces on the nucleons provided
by 2%8Pb. Coulomb force on a proton increases linearly
with increasing » for » < R and decreases for » > R. The
nuclear force is a short-range force that has a significant
effect only near the edge of the nucleus. In a rich neutron
system such as 2%®Pb, owing to the symmetry energy in
the nuclear potential, protons will be more attracted by
nuclear force than neutrons. The Fiy, on protons is
mainly repulsive for » < R and mainly attractive for » >
R. But for neutrons, there is no effect from the Coulomb
force. They are simply attracted near the edge of the nuc-
leus.

Figure 2 shows the trajectories of neutron and proton
in reactions n + 2%8Pb and p + 2%Pb at 200 MeV/nucleon
and different impact parameters. The colors show the
nuclear density distribution of 2Pb. For neutrons, when
the impact parameter b is small, owing to the attraction of
nuclear force, the trajectory has a significant deflection at
the edge of the nucleus. However, after the neutron enters
the interior of the nucleus, the nuclear force becomes
small and the deflection is not evident. For » =9 and 11
fm, the trajectories have no evident deflections, and the
neutron does not enter the interior of the nucleus. There-
fore, it will not cause the nucleon-nucleon collision. The
proton trajectories are similar to the neutron trajectories
when impact parameters are small. However, for 5 = 9
and 11 fm, it is repulsed by the Coulomb force and de-
flected out of the nucleus instead.

Figure 3 is very similar to Fig. 2. It compares the tra-
jectories of nucleons with different incident energies at
the same impact parameters » = 7 fm in reactions n +
208Pb and p + 298Pb. Note that as the incident energy of

5 | T T
0 = ,’j_ ==z RS S
~ _5 | i
=
E -10+ ; -
Lonn
stk
= F, onp
=20+ F onp
25k Ftotal onp |
0 5 10 15 20
r (fm)
Fig. 1. (color online) Forces on the nucleons in the reaction

nucleon + 298Pb. The green and red dashed curves represent
the nuclear force on neutron and proton, respectively. The
blue dotted curve represents the Coulomb force on protons.
The total force on protons is the sum of Coulomb and nuclear
forces; it is depicted by the dash-dotted curve.
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Fig. 2.

(color online) Trajectories of neutron and proton in reactions n + 28Pb and p + 208Pb at 200 MeV/nucleon and different im-

pact parameters and nuclear density distribution of 28 Pb. The center of mass of 28 Pb is at (0,0). The different curves represent the tra-

jectories of nucleons with different impact parameters.
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Fig. 3.
jectories of nucleons with different incident energies.

the nucleon increases, the nucleon velocity becomes lar-
ger, and the deflection of the trajectories caused by the
force provided by 2°Pb becomes smaller. Therefore, in
this case, higher-energy nucleons are less likely to enter
the interior of the nucleus, and the probability of nucleon-
nucleon collision will decrease.

In the calculation using 40 mb, the probability of no
collision is only related to the nucleon trajectory and
density distribution of target nucleus. According to Eq.
(7), it is evident that the probability of no collision Py,
will decrease if the nucleon trajectories pass through
high-density regions. Otherwise, it will increase. There-
fore, it can be concluded that Py, is positively correlated
with incident energies and impact parameters by combin-
ing Fig. 2 with Fig. 3. The corresponding results by us-
ing 40 mb are shown in Fig. 4.

Fig. 5 presents a comparison between the P, of pro-
ton and that of neutron calculated by using 40 mb at dif-
ferent incident energies. In Fig. 2 and Fig. 3, the differ-
ence between the trajectories of neutrons and protons is
difficult to distinguish. However, in fact, owing to the re-
pulsion of the Coulomb force, it is more difficult for pro-

(color online) Same as Fig. 2 but for the trajectories of neutrons and protons at b = 7 fm. The different curves represent the tra-

1.0
0.8
0.6
0.4
0.2

0.0
1.0

Probability of no collision

o mn E,=200MeV
g [ -~ E~400mev ]
- E,~600MeV ]
04 —— E,=800MeV
02r  f E,=1000MeV |
0.0 : ' !
0 5 10 15

b (fm)
Fig. 4. (color online) Comparison of the probability of no
collision P,, of neutrons with different incident energies cal-
culated by using 40 mb; the same is depicted for protons. The
different curves represent the probability of no collision of
nucleons with different incident energies.

tons than for neutrons to enter the high-density regions.
This leads to the fact that in Fig. 5, P, will be slightly lar-
ger than P, under the same conditions, which means that
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Fig. 5. (color online) Comparison between the P, of pro-
tons and that of neutrons calculated by using 40 mb at differ-
ent incident energies. The dashed and dash-dotted curves rep-
resent the probability of no collision of protons and neutrons,
respectively.

T 400Mev

10n

T soomev

Probability of no collis

in deuteron-induced reactions, the proton is more likely to
be stripped than the neutron.

To test the calculations using three type cross sec-
tions, the proton reaction cross sections were calculated
and compared to the experimental data. Fig. 6 presents
the cases for p + 208Pb reaction at 100-1000 MeV/nucle-
on. The nucleon collision cross section was regarded as a
constant with value 40 mb. Therefore, the results de-
crease with increasing energy in the range of 100-1000
MeV/nucleon. Note that there is still a large gap between
the results and the experimental data.

In the calculation using cross section in free space, a
correction of the nucleon energy was added. The cross
section of the nucleon-nucleon collision in free space is
calculated by Egs. (9) and (10). With the increase of en-
ergy, the cross section in free space shows a downward
trend first and then slowly rises. This leads to a similar
trend in the proton reaction cross section calculated by
this method. Note that in Fig. 6, a significant effect was
produced after using cross section in free space: the res-
ults became closer to the experimental data than previous
results. However, they are still far from ideal.

In the calculation using in-medium cross section, a
medium correction was added on the basis of energy cor-
rection. In this case, the nucleon-nucleon collision cross
section depends on both energy and nuclear density.
Fig. 6 shows that the results obtained by this calculation
are closer to most experimental data than other calcula-
tions, thereby proving the validity of this calculation.

To test the calculation using in-medium cross section
further, the model was used to study more nucleon-nucle-
us reactions for comparison with experimental data.
Figure 7 shows the total reaction cross sections for 12C,
2TAl, % Cu, '2°Sn, and 28Pb. For neutron-induced reac-
tions, the calculation results reproduce the experimental
data well in the region of 600-1000 MeV. However, in

the region of 400-600 MeV, there are certain differences
between the experimental data and the calculated results.
For proton-induced reactions, calculated results are in
good agreement with most of experimental data, except at
860 MeV. Experimental data in the high-energy region
are still limited. Thus, this method needs further verifica-
tion.

In Ref. [44], deuteron-nucleus total reaction cross sec-
tions up to 500 MeV/nucleon were calculated by the CD-
CC model. The data in 0-100 MeV/nucleon region is con-
sistent with existing experimental data. To investigate the
calculation using in-medium cross section further, the

2100 T T T T T
. 208
1950 . p+7Pb
1800 ° % ]
O e
E 1650} P
b:< within 40mb
1500 | L - within ¢
-——- within & "¢
1350 o Exp. 4
100 250 400 550 700 850 1000
E;; (MeV)

Fig. 6. (color online) Calculated reaction cross sections by
using three cross sections and experimental data for the p +
208Pp reaction as a function of incident proton energy. The
dotted, dashed, and dash-dotted curves represent the calcula-
tions using 40 mb, cross section in free space, and in-medium
cross section, respectively. The experimental data are taken
from Ref. [41].

(a)n
208Pb

o g s

Eagne aa 05Cy?
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t%@ﬁ? 22T h0s 7
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o
e
S
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&
o

102

20IO 40IO 60IO 80IOIOE)0 2(I)0 4(I)O 6(I)0 8(I)010IOO

E,,(MeV)
Fig. 7.  (color online) Calculated nucleon-nucleus reaction
cross sections by using in-medium cross section for 2C
(dash-dot-dotted curve), 2’ Al (dash-dotted curve), % Cu (dot-
ted curve), '2°Sn (dashed curve), and 28Pb (solid curve) as a
function of incident deuteron energy. The a and b parts corres-
pond to the neutron- and proton-induced reactions, respect-
ively. Scattered points represent the corresponding experi-
mental data, which are taken from Ref. [41] for proton-in-
duced reactions, and from Refs. [42, 43] for neutron-induced
reactions.
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(color online) Calculated deuteron-nucleus total reac-

Fig. 8.
tion cross sections by using in-medium cross section for 12C
(dashed curve), ®Ni (dash-dotted curve), 12°Sn (dash-dot-dot-
ted curve), and 298 Pb (short-dashed curve) as a function of in-
cident deuteron energy. The solid curves represent the results
of CDCC, which are taken from Ref. [44].

results were compared to the results of CDCC in Ref.
[44]; the comparison is shown in Fig. 8. For d + '2C, d +
¥Ni, and d + 'Sn reactions at 100-500 MeV/
nucleon, the results of two calculations agree well with
each other. For d + 208Pb reaction, in the 100-300 MeV/
nucleon region, there is a small difference between the
results of the two calculations. As the energy increases,
the difference becomes negligible.

Based on the consistency of this calculation with the
experimental results and the calculations of the CDCC
model, we continued to apply this method to study the
nucleon stripping in deuteron-induced spallation reac-
tions. Deuteron-nucleus total reaction cross sections cal-
culated by using in-medium cross section are a sum of
deuteron absorption cross sections and nucleon stripping
cross sections. Figure 9 shows the calculated total reac-
tion cross section and its components by using in-medi-
um cross section for d + 2%8Pb reaction. In the 100-1000
MeV/nucleon region, the component of deuteron absorp-
tion is the largest component of oo,. The components of
the proton and neutron absorption also make large contri-
butions. As mentioned above, protons are more easily
stripped than neutrons. Thus, note that the cross section
of proton absorption is smaller than the cross section of
neutron absorption. These results demonstrate that the
nucleon stripping processes play a significant role in deu-
teron-induced spallation reactions.

Figure 10 depicts the same as Fig. 9 but for the d +
137Cs reaction at 100-1000 MeV/nucleon. Compared with
d + 208Pb reaction, the total reaction cross section of the
d + 137Cs reaction is significantly reduced because '¥’Cs
is smaller than 2% Pb. However, it is worth noting that the
contribution of the total reaction cross section reduction
mainly comes from O d-ABS » and O n—NEB and O p—-NEB have
not changed significantly. As the nucleus becomes light-

4000
3500 -
3000
2500
E 2000
& 1500 &
1000 g
500 L -

0 1 1 1 1 1
100 250 400 550 700 850 1000
E;;, MeV/nucleon )

Fig. 9. (color online) Calculated total reaction cross section
and its components by using in-medium cross section for d +
208Pb reaction. The solid curve represents the total reaction
cross section. The dashed, dotted, and dash-dotted curves rep-
resent the components from the absorption of deuteron, neut-
ron, and proton, respectively. The short-dashed curve repres-
ents the total reaction cross section calculated by CDCC,

which is taken from Ref. [44].

3000 T T T T T

2500

2000

1500 - 1

o, (mb)

1000 -~

500 [z

0 1 1 1 1 1
100 250 400 550 700 850 1000
E;;, MeV/nucleon )

Fig. 10. (color online) Same as Fig. 9 but for the d + 1¥7Cs
reaction at 100-1000 MeV/nucleon.

er, the contribution of deuteron absorption decreases sig-
nificantly, and the contributions of neutron and proton ab-
sorption will increase relatively.

To verify this trend, the proportional contributions of
O4-ABS, On-NEB, and O p-NEB in different deuteron-in-
duced reactions at 500 MeV/nucleon were calculated.
The results are presented in Fig. 11. Note that the propor-
tional contributions of o,_ygp and o,_yep are positively
correlated with the mass number of the target nucleus.
Concerning o4_aps , the opposite is true. This means that
for heavy nucleus reactions, deuteron absorption will
dominate, while for light nucleus reactions, the compon-
ents of nucleon absorption will make the most significant
contribution.

After obtaining the results of the proportional contri-
bution of the three components, these data can be applied
to the transmutation study of '37Cs. The proportion of the
three components can help to understand the real reac-
tion occurring in the deuteron reaction. Thus, it may help
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Fig. 11.  (color online) Proportional contributions of oy_ags,
ow-nEB, and op_yep in different deuteron-induced reactions at
500 MeV/nucleon. The horizontal axis represents the mass

number of the target nucleus.

to predict the isotope production and discuss the transmu-
tation efficiency. As mentioned in Ref. [24], stripped pro-
tons and neutrons may cause further transmutation.
Knowing the data of stripped protons and neutrons can
help to study the effects of further transmutation caused
by them.

Figure 12 presents the relation between the propor-
tion of o,_nEgp to op_ngp for d + 2%8Pb reactions and y;
of symmetry energy in the nuclear potential. The last
term of the nuclear potential in Eq. (3) is positive for
neutrons and negative for protons. Thus, when y; is lar-
ger, the nuclear force provided to the neutron is greater,
and the neutron is more likely to be attracted to the high-
density regions and produce a reaction. By contrast, pro-
tons are more difficult to be attracted to high-density re-
gions. Therefore, note that the proportion is positively
correlated with y; in Fig. 12. In principle, the monoton-
icity of this proportion can be used in experimental stud-
ies to limit the value of ;. However, this difference is not
large enough, and the data error in actual experimental
measurements may be even larger than this difference.
Therefore, future studies could focus on searching for a
more sensitive observation.

IV. CONCLUSION

In summary, a nucleon-nucleus dynamics model was
developed in which the trajectory of incident nucleons is

200 300 400 500 600 700 800 9001000

E;;, (MeV/nucleon )

Fig. 12. (color online) Proportion of o—nes to op-yes for d
+ 208Pb reactions with different incident deuteron energies.
The solid, dashed, dash-dotted, and dash-dot-dotted curves
represent the results when y; is equal to 0.35, 0.75, 1.00, and

2.00, respectively.

described by classical mechanics, and the probability of
reaction between nucleon and nucleus is calculated by the
exponential damping. Through this nucleon-nucleus dy-
namics model, the total reaction cross sections of proton-,
neutron-, and deuteron-induced reactions at the energy
range from 100 to 1000 MeV were calculated. It is shown
that the calculations of the total reaction cross sections of
the proton- and neutron-induced reactions are generally in
good agreement with the experimental data. The calcu-
lated total reaction cross sections of the deuteron-in-
duced reactions by the proposed model and CDCC mod-
el agree with each other.

Then, the model was applied to investigate the nucle-
on stripping in deuteron-induced reactions. It was found
that nucleon stripping processes play a significant role in
deuteron-induced reactions at hundreds of MeV/nucleon,
especially for light nucleus reactions. For the reactions at
500 MeV/nucleon, the contributions of the nucleon-strip-
ping cross sections to the total reaction cross sections de-
creased from 83% for '2C target to 48% for 2°°Pb. When
studying LLFPs transmutation, these data may help pre-
dict the isotope production and discuss the transmutation
efficiency. Moreover, the ratio between the neutron-strip-
ping and proton-stripping cross sections displays the sym-
metry energy dependence. Compared to the soft sym-
metry energy, the stiff symmetry energy provides a lar-
ger ratio. This effect may be applied to investigate the

symmetry energy.
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