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Spallation and fragmentation cross sections for 168 MeV /nucleon **Xe ions
on proton, deuteron, and carbon targets
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The spallation and fragmentation reactions of '**Xe induced by proton, deuteron, and carbon targets at
168 MeV /nucleon were studied at RIKEN Radioactive Isotope Beam Factory via the inverse kinematics
technique. A wide range of isotopic distributions of the reaction cross sections has been obtained and systemat-
ically analyzed by using the Particle and Heavy Ion Transport code System (PHITS) including dynamical and
intranuclear cascade processes plus evaporation process, the semi-empirical parametrization for residue cross
sections in spallation reactions (SPACS) and empirical parametrization of fragmentation cross sections (EPAX),
and the deuteron-induced reaction analysis code system (DEURACS) incorporating the deuteron breakup effect.
The carbon target has exhibited strong potential to produce light-mass isotopes far away from the projectile, in
comparison to proton and deuteron targets. This may be attributed to the possible higher excitation energies
of the prefragment induced by heavier target. It is demonstrated that the deuteron target has advantages to
produce isotopic chains very close to the projectile and also the neutron-rich nuclei in other isotopic chains
far away from the projectile, due basically to its structure property and the effect of the breakup neutron in the
peripheral collision processes. The proton target has the advantage of being able to produce isotopes produced
via charge-pickup reactions in comparison to other targets. The prediction powers of various calculation codes
are examined with respective to the experimental isotopic distributions. The target and energy dependences of

the produced mass distributions are also discussed.

DOI: 10.1103/PhysRevC.101.064623

I. INTRODUCTION

Spallation and/or fragmentation reactions have long been
known to be crucial in both fundamental research and ap-
plication fields. These reactions are promising for producing
radioactive ions in flight. They enable us to access both
the proton-rich and neutron-rich nuclei [1-7], which have
attracted great interest in the frontier of nuclear physics. As
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for applications, the spallation reaction can be used as a
neutron source for nuclear energy generation and for nuclear
waste transmutation in an accelerator-driven system (ADS)
[8]. Therefore, having high-quality data for cross sections
is essential for a systematic understanding of the spallation
reaction processes as well as for improving theoretical mod-
els such that the required data can be calculated with high
accuracy and reliability for both the research and application
points of view.

The reaction mechanisms of the spallation reaction have
been investigated by measuring the cross sections for many
systems using different projectile-target combinations at var-
ious energies, such as '¥’Cs + p, d at 185 MeV /nucleon [9];
107pd + p, d at 100 and 200 MeV /nucleon [10]; **Zr + p, d at
105 MeV /nucleon [11]; **Fe 4 p from 300 MeV /nucleon to

©2020 American Physical Society
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1.5 GeV/nucleon [12]; and ' Au+ p at 800 MeV /nucleon
[13]. In particular, many experiments were performed to
study the reactions of 136Xe [14-19], which is one of the
most important nuclei to be used as a primary beam for the
production of unstable nuclei. However, the studies have been
mainly restricted to proton-induced reactions. For reactions
induced by other targets, such as deuteron and heavy ions,
experimental studies are scarce. Considering the importance
for '3Xe, we measured systematically the spallation and
fragmentation cross sections of 136Xe on proton, deuteron,
and carbon targets at 168 MeV /nucleon. The newly obtained
data, together with the previous ones in Refs. [15-18], can
be used to systematically study the reaction mechanisms. In
addition, the wide range of data for '*Xe play important roles
in validating the theoretical calculations. For instance, the
predictive power of different models for spallation reactions
was discussed by comparing with the data for '**Xe + p at
1 GeV/nucleon [20]. This investigation should be helpful to
assess various theoretical models and computing codes, which
are widely needed not only in basic research but in many
anticipated applications.

Since the direct measurement of the reaction products is
important, the inverse kinematics technique was applied in
this experiment. Namely, '**Xe was used as a projectile to
bombard carbon, deuteron, and proton targets. As the reac-
tion products are generated mainly at the forward angles in
inverse kinematics, they were identified in flight by using the
ZeroDegree spectrometer [21], and their cross sections can be
directly obtained. The same method was previously used to
measure the spallation reactions of 137Cs [9] and 'Y7Pd [10] at
200 MeV /nucleon and **Zr at 100 MeV /nucleon [11], which
has demonstrated the validity of the inverse kinematics tech-
nique.

II. EXPERIMENT

The experiment was performed at the Radioactive Isotope
Beam Factory (RIBF), operated by RIKEN Nishina Center
and the Center for Nuclear Study, University of Tokyo. The
136Xe data were obtained from the same experiment for *’Cs
as reported in Ref. [9]. A 233U primary beam was accelerated
to 345 MeV/nucleon, with an average beam intensity of
approximately 12 pnA. The secondary beams were produced
via in-flight fission of 2**U on a 1-mm-thick °Be target, which
was placed at the entrance of the BigRIPS separator [21]. The
total intensities for the secondary beams were restricted by
the requirements of the data acquisition system. The BigRIPS
setting was tuned to select the N = 82 isotones around '*®Xe
and '*’Cs, as introduced in Ref. [9]. As '*Xe was provided as
a secondary beam, both the beam energy and intensity were
well determined by the BigRIPS separator. The particles in
the secondary beams were identified event by event via the
TOF-Bp-AE method [22]. The time of flight (TOF) was mea-
sured by two plastic scintillators. The magnetic rigidity (Bp)
was determined by the trajectory reconstruction using the
positions and angels of particles measured by parallel-plate
avalanche counters (PPACs) installed along the beam line. The
energy loss (AE) was measured by an ionization chamber.
The atomic number, Z, and the mass-to-charge ratio, A/Q,

w
S

(b)

_ [
=) o =1
LB e

|
=)
T

position at secondary target (mm)

|
[
=}
T

Vertical

L | | | | |
245 250 255 =30 =20 -10 0 10 20 30
Horizontal position at secondary target (mm)

&
=

I I 1

1 1 1
5357240
Mass-to-charge ratio 4/Q

FIG. 1. (a) Two-dimensional particle identification plot of Z vs
A/Q obtained from BigRIPS separator for secondary beams. The
green circle indicates the selection for the incident **Xe in the data
analysis. (b) Beam profile of '*Xe on the secondary target. The red
circle represents the real size of the secondary target.

were deduced from the TOF-AE and Bp-TOF correlations,
respectively. The particle identification plot for secondary
beams in the BigRIPS separator are shown in Fig. 1(a). The
resolutions in A/Q [given here as root mean square (rms)]
and Z (rms) are 1.1 x 1073 and 0.20, respectively. The typical
intensity of '*%Xe was 1.6 x 10° particles per second (pps).

The secondary reactions for '*Xe projectile were in-
duced by bombarding the CH, (179.2mg/cm?), CD,
(217.8 mg/cm?) [23], and '2C (226.0 mg/cm?) targets, which
are located at the entrance of the ZeroDegree spectrometer.
The beam profile of '**Xe on the target, obtained from pro-
jecting the incident trajectories measured by the PPACs in
front of the secondary target, is much smaller than the target
size (40 mm in diameter), as can be seen in Fig. 1(b). The
number of the incident '3Xe particles were then counted
event by event according to the applied gates in Figs. 1(a) and
1(b) in the data analysis. The energy of the '**Xe beam was
168 MeV /nucleon in the center of the secondary targets. The
target frame without material (empty target run) was used to
subtract the background contribution.

The reaction products were analyzed by the ZeroDegree
spectrometer [21]. The particles were identified event by event
via the TOF-Bp-AE method, similar to the BigRIPS separa-
tor. The momentum acceptance of ZeroDegree spectrometer is
+3%. The angular acceptances in the horizontal and vertical
directions are £45 and +30 mrad, respectively. To cover a
wide range of the products, several Bp settings were applied
for the ZeroDegree spectrometer: —9%, —6%, —3%, 0%, and
+3% relative to the Bp value of the secondary beam.

Two-dimensional particle identification plots for reaction
products produced from '**Xe in ZeroDegree spectrometer
are displayed in Figs. 2(a) and 2(b). In Fig. 2(a), the plot
combining all the Bp settings is shown for **Xe on carbon
target. To demonstrate the identification for the reaction prod-
ucts in detail, the example for the —9% setting for 1*Xe on
the CD, target is displayed in Fig. 2(b). In order to show
the statistics clearly, one-dimensional A/Q spectra for Xe
(highest statistics) and Zr isotopes (lowest statistics) produced
by **Xe on C (blue line), CD, (red line), and CH, (black)
targets are shown in Figs. 2(c) and 2(d), respectively. The
typical A/Q (rms) and Z (rms) resolutions are 2.5 x 1073 and
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FIG. 2. (a) Two-dimensional particle identification plot of Z
vs A/Q obtained from ZeroDegree spectrometer for the reaction
products produced by '*Xe on carbon target, in combination of all
the Bp settings of +3%, 0%, —3%, —6%, and —9%. The red dashed
lines indicate the gate to select Xe and Zr isotopes. (b) The particle
identification plot for the products produced from '*Xe on CD,
target with the —9% B setting. The black circle indicates the **Xe
to guide the eye. (c¢) One-dimensional A/Q spectra for Xe isotopes
produced by **Xe on C (blue line), CD, (red line), and CH, (black)
targets (achieved with highest statistics). (d) One-dimensional A/Q
spectra for Zr isotopes produced by **Xe on C (blue line), CD, (red
line), and CH, (black) targets (achieved with lowest statistics).

0.30, respectively. The fraction of the fully stripped (Q = Z)
ions was approximately 66.0% for Xe isotopes transported
through the ZeroDegree spectrometer for the reactions on the
CD, target. The GLOBAL code [24] was used to calculate the
fraction of the fully stripped ions after traversing the ZeroDe-
gree spectrometer and the calculation was verified by compar-
ison of the calculated and experimental values for '*>Xe and
136Xe. The H-like (Q = Z — 1) ions were well identified and
separated with the fully stripped ions. The contribution from
the He-like (Q = Z — 2) ions is less than 0.5%.

III. RESULTS AND DISCUSSION

The cross sections on carbon (oc), CH (och,), and CD,
(ocp,) were deduced from the measurement with C, CH,, and
CD, targets after subtracting the contributions from the beam-
line materials by using the data from empty target runs. The
following formula was used to calculate the cross sections on
carbon target:

0C=LL<Y_C_ﬂ)’ (D
Acnc \IcPc  IempPemp

where Y is the number of reaction products, n is the number
of target nucleus per cm?, [ is the number of the incident
136Xe particles, P is the ratio of the fully stripped ions,
and A is the acceptance of the products in the ZeroDegree
spectrometer. It is noted that the Bp settings in ZeroDegree
spectrometer enable the full acceptances (A = 100%) for most
of the products. Only a few light-mass products with low
momentum relative to the projectile were not fully accepted
in the Bp —9% setting. For these products, the acceptance (A)

was simulated by LISE + + [25] and applied to correct for
the cross section. The cross sections on the proton target (o))
were deduced by the formula:

o, = 3(och, — oc). ()

The same is true for the cross sections on deuteron target (o)
just by replacing CH, with CD;.

A. Isotopic distribution of the cross section

The isotopic distributions of cross sections obtained in the
present work for the reactions of 136%e + C, 1%Xe + d, and
136Xe + p at 168 MeV /nucleon are plotted in Fig. 3. The
error bars present the statistical uncertainties. The systematic
uncertainties are estimated to be less than 12%, originating
from the target thickness, the charge state distribution, and the
acceptance of the ZeroDegree spectrometer. The contribution
from the target thickness is less than 2% [9]. The uncertainties
in charge state distributions are estimated to be less than 5%
based on the GLOBAL code [24]. The uncertainties from the
acceptance are estimated as less than 10% for the products
with low momentum.

For the Cs isotopes that are produced by the
charge-exchange or charge-pickup (AZ = +1) reactions,
oc and o, are similar, as shown in Fig. 3(a). Both o¢ and
o4 are smaller than o, in the entire region of the Cs isotopic
chain. The larger cross sections on the proton target than those
on the deuteron target for charge-pickup reactions are also
reported in studies of '*’Cs and *°Sr at 185 MeV /nucleon
[9] and **Zr at 105 MeV/nucleon [11]. However, at I
GeV /nucleon, the cross sections for the Cs isotopes produced
in the reactions of '**Xe + Be [14] were found to be similar
to those in 3Xe + p [15]. In addition, the cross sections for
the charge-pickup reactions of %Pb at 1 GeV/nucleon on
proton and deuteron targets were found to be similar [28]. The
differences in the observations among the examined reaction
energies are caused by the contributions from the nucleon
excitation component at higher energy [28]. The Xe and I
isotopes are likely produced by the peripheral reactions [29],
where the prefragments gain low excitation energy during
the intranuclear cascade process, leading to a common shape
of the isotopic distributions for all the three targets, namely
the cross sections varying slightly over a wide range of
mass numbers, as shown in Figs. 3(b) and 3(c). Furthermore,
for Xe isotopes, o, and o4 have similar values, and both
of them are larger than oc. For I isotopes, o; becomes the
largest. The isotopic distributions show a bell-like shape for
other elements with the atomic number Z < 53. However, the
position of the maximum cross section differs among the three
targets and is on the more neutron-deficient side for carbon
target than for proton and deuteron targets. The peak position
depends on the neutron-proton evaporation competition
during the deexcitation stage [7]. For the reactions induced
by all these three targets at 168 MeV /nucleon, the excitation
energies gained by the prefragments are not sufficient to reach
the evaporation corridor [7]. The relatively higher excitation
energy in the carbon-induced reactions leads to more neutrons
being evaporated. From Te to Cd, a strong target dependence
is found. As presented in Figs. 3(d)-3(h), o, and o are close
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FIG. 3. Isotopic distributions of the cross sections for the products that are produced in the reactions of **Xe + p (filled circle), *Xe + d
(filled square), and '**Xe + C (filled triangle) at 168 MeV /nucleon. The error bars correspond to the statistical uncertainties. The EPAX [26]
(green dot-dashed lines) and PHITS-JQMD [27] calculations on carbon target are plotted for comparison. The PHITS-JQMD calculations using
JQMD + GEM models are made with different switching times of 150 (black dashed lines), 100 (magenta dot-dot-dashed lines), 75 (blue solid

lines), and 50 fm/c (red dotted lines).

to each other on the neutron-rich side and both of them are
larger than o,. While for the neutron-deficient side, o, drops
more quickly than o, and oc. As a result, oc becomes much
larger than both of o, and o), in particular when the number
of nucleons removed from '*®Xe exceeds 20. These nuclei
are produced most likely by central collisions [30] and the
production cross sections depend on the excitation energies
gained by the prefragments during the intranuclear cascade
stage. Higher excitation energy gained by the prefragments
is correlated with longer evaporation chains and thus leads to
larger cross sections for isotopes far away from the projectile.
It is evident that, for the production of neutron-deficient
isotopes far away from the projectile, the carbon target has
the obvious advantage of higher production power.

It would be interesting to check o, for more details. As
displayed in Figs. 3(b) and 3(c), oy is larger than o for Xe and
I isotopes in general. This finding suggests that the deuteron
target may be used to populate the entire chain of isotopes
very close to the projectile with a potential comparable to or
even higher than heavier targets. Previously, o, was found
to be larger than those on °Be and '8'Ta targets for few-
nucleon removal reactions in the fragmentation of 48(Ca [32] at
100 MeV /nucleon, which could be attributed to the contri-
butions from both the nondissipative process and statistical
mechanisms. Moreover, for neutron-rich products, larger o,
than o¢ are found for Te isotopes, and similar values between

o4 and oc are found for Sb, Sn, and In isotopes, as can be
seen in Figs. 3(d)-3(g). For the fragmentation of '*¢Xe at
higher reaction energies, larger cross sections on the deuteron
target were found for the production of neutron-rich I and Te
isotopes at 500 MeV /nucleon [16], in comparison to those
on °Be target at 1 GeV/nucleon [14]. Cross sections for
136Xe +d at 500 MeV /nucleon are even comparable to those
for ¥°Xe 4+ 2Pb at 1 GeV/nucleon [19]. All these measure-
ments demonstrate that deuteron target has an advantage over
heavy targets for the production of the neutron-rich nuclei and
near-projectile isotopic chains.

B. Comparison with model calculation

To have a more quantitative understanding of the ex-
perimental results, the newly measured data are compared
with both theoretical calculations and empirical parametriza-
tions. The carbon-target data are compared with theoret-
ical calculations including both the dynamical and evap-
oration processes implemented in Particle and Heavy Ion
Transport code System (PHITS) 3.17, denoted as PHITS-
JQMD. The dynamical process is made by using the JAERI
quantum molecular dynamics model (JQMD) [33], which
is widely used to analyze various aspects of the reactions
induced by heavy ions. The present calculation uses JQMD-
2.0 [34], which is the modified version of JQMD for a better
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description of the peripheral reactions by revising the Hamil-
tonian with the relativistic covariance and the neutron-proton
scattering cross section at the nuclear surface. The evapo-
ration process is described by the generalized evaporation
model (GEM) [35], which is based on the Weisskopf-Ewing
formalism.

The JQMD calculation is connected to the GEM at a
certain timescale, namely the switching time ¢, which affects
the reaction cross sections. According to Refs. [33,36,37], the
switching time depends on both the incident energy and the
combination of projectile and target. The t,, values between
100 and 150 fm/c were once suggested to the reactions of
208pb + p at 1.5 GeV/nucleon [33] and "Pb + '2C at 400
MeV /nucleon [36]. In order to investigate the f,, dependence
of oc, the PHITS-IQMD calculations were performed with
different switching times of 150 (black dashed lines), 100
(magenta dot-dot-dashed lines), 75 (blue solid lines), and 50
fm/c (red dotted lines), as shown in Fig. 3. For I isotopes,
the results with 100- and 150-fm/c switching times show a
reasonable agreement with the experimental data as presented
in Fig. 3(c). From Te to Pd, as shown in Figs. 3(d)-3(j), the
cross sections for the isotopes on the neutron-rich side were
overestimated with the switching times of 100 and 150 fm/c
while underestimated with 50 fm/c. Such f5, dependence
could be tentatively interpreted as following. With a longer
switching time, more excitation energy can be taken away
by the emission of nucleons (both protons and neutrons) in
the dynamical process. Thus, the excitation energy of the
prefragment becomes lower, resulting in larger yields for the
neutron-rich isotopes [36]. In contrast, a shorter switching
time leads to a prefragment with higher excitation energy
followed by more neutron evaporation, resulting in smaller
yields of the neutron-rich isotopes. In general, the PHITS-JQMD
calculations with #,, = 75 fm/c show better agreement with
the experimental results for the isotopes on the neutron-rich
side for Z < 52. On the other hand, the cross sections for
isotopes on the neutron-deficient side are not sensitive to the
switching time. These isotopes are mainly produced from
central collisions followed by the evaporation process, in
which a proton is more likely to be emitted than a neutron.
The present study with respect to the new data on carbon target
reveals the necessity to further investigate the switching time
when applying the PHITS-JQMD code.

The cross sections on carbon target are also compared with
empirical parametrization of fragmentation cross sections
(EPAX) [26], which is widely used to estimate the yield for
secondary beam production. Underestimation on the neutron-
deficient side was observed for the Xe, I, and Te isotopes.
Such underestimation was previously found in the reaction of
8Kr+Be at 64 MeV /nucleon [38] and **Ca+°Be /'¥!Ta
at 140 MeV /nucleon [39]. Satisfactory reproduction of the ex-
perimental results is realized by the EPAX calculations for the
isotopes with the atomic number Z < 52. However, overesti-
mated cross sections appear at the neutron-rich side. Indeed,
as shown in Ref. [14] for 3®Xe +°Be at 1 GeV/nucleon,
EPAX overestimates the cross section on the neutron-rich
side and the discrepancy increases with the decreasing proton
number. It is evident that the actual EPAX parametrization
needs to be optimized according to the expanded data sets.
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FIG. 4. Same as Fig. 3, but for the data on proton (filled circle)

and deuteron (filled square) targets. The solid lines correspond to

the PHITS-INCL calculations [27] on proton (black) and deuteron

(red) targets and the dot-dashed lines correspond to the SPACS [31]
calculations on the proton target.

Analysis of data on proton and deuteron targets uses a
theoretical code different from that for heavy-ion collisions.
In the present work, the calculations by PHITS (denoted as
PHITS-INCL) including cascade and evaporation processes
are performed, as displayed in Fig. 4. These two processes
are described by the intranuclear cascade model of Liege
(INCL, version 4.6) [41] and GEM [35], respectively. INCL is
a microscopic model that gives a good description of nucleon-
and light-particle-induced reactions at relative high energies.
In the INCL approach, the nucleon-nucleon collisions are con-
sidered as a succession of binary collisions and the particles
travel along straight-line trajectories. The stopping time from
cascade process to evaporation process is determined self-
consistently [41]. As displayed in Fig 4, The PHITS-INCL
calculations describe well the general trend of experimental
data for proton and deuteron targets. However, for the neutron-
rich isotopes of Te, Sb, and Sn, the overestimation of the cross
sections can be seen from Figs. 4(d)—4(f). For the one-nucleon
removal channels of '**Xe and 13°T, PHITS-INCL calculations
overestimate the cross sections. Such overestimation was also
observed for *Zr at 105 MeV /nucleon [11]. As described in
Ref. [42], the calculation for the one-nucleon-removal channel
could be improved by introducing the neutron skin and fuzzy
initial conditions. In addition, the even-odd staggering is over-
estimated in both the PHITS-JIQMD and PHITS-INCL calcula-
tions. As discussed in Refs. [31,43], this overestimation may
be due to the competition between particle evaporation and
y-ray emission in the evaporation process and the influence
of angular momentum in level density that used in GEM. It is
clear that PHITS-INCL is generally applicable but some fine
adjustments are still needed for certain range of isotopes.
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FIG. 5. Isotopic distributions of the cross sections for the prod-
ucts produced in the reactions of **Xe+d at different reaction
energies. The red squares represent the cross sections obtained from
this work at 168 MeV /nucleon. The blue triangles represent the
cross sections at 500 MeV /nucleon [16]. The solid lines represent
the results of the DEURACS [40] calculations for '**Xe + d at 168
MeV /nucleon, which are the sum of the three components, absorp-
tion of deuteron (CF, black dotted lines), absorption of breakup
proton (ICF-p, green dot-dashed lines), and absorption of breakup
neutron (ICF-n, magenta dashed lines). The cross sections for the
reactions of 1¥Xe + p at 168 MeV /nucleon (filled circles) were also
plotted for comparison. The error bars represent the total uncertainty
(statistical and systematic).

The cross sections on proton target were also compared
with the semi-empirical parametrization for residue cross
sections in spallation reactions (SPACS) [31], which is de-
veloped to describe the proton- and neutron-induced spal-
lation reactions. Isotopic cross sections for I and Sb pro-
duced in 13®Xe + p at 200 MeV /nucleon were once compared
with SPACS, showing a reasonable agreement as reported
in Ref. [31]. The present work extends the comparison for
other isotopes from Cs to Cd as shown in Fig. 4. Overall,
the shape of the isotopic distribution from I to Cd is well
reproduced by SPACS calculation, except the overestimation
on the neutron-rich side of Te, Sb, and Sn isotopes, as shown
in Figs. 4(d)—4(f).

We further investigated the deuteron-target results with
the newly developed deuteron-induced reaction analysis code
system (DEURACS) [40], which explicitly takes the breakup
process of deuteron into consideration. As shown in Fig. 5,
a good agreement with the experimental data is achieved. In
DEURACS, the calculated cross sections can be decomposed
into three components: the absorption of the breakup proton
[incomplete fusion of proton (ICF-p)], the absorption of the
breakup neutron [incomplete fusion of neutron (ICF-n)], and
the absorption of the entire deuteron [complete fusion of
deuteron (CF)]. As shown in Fig. 5(a), the production of the
Cs isotopes is dominated by the ICF-p component, being

consistent with the results of **Zr at 100 MeV /nucleon and
197pq at 100 and 196 MeV /nucleon [40]. The contributions
from the breakup proton are comparable to those from the
breakup neutron for Xe isotopes, as shown in Fig. 5(b). On
the other hand, ICF-n gives clearly larger contributions than
ICF-p for neutron-rich isotopes with Z < 54. For the products
with more than 14 nucleons removed from '*°Xe, such as
those on the neutron-deficient side of the isotopic chains from
I to Cd, CF component is predominant. As mentioned above,
a higher excitation energy is required for the production of
these light-mass products. In the CF process, both proton and
neutron contribute to the reactions, and thus introduce more
energy into the prefragments. The satisfactory reproduction
of DEURACS demonstrates the importance of the breakup
process in deuteron-induced reactions, especially for isotopes
close to the projectile.

The higher cross sections on the deuteron target than those
on the proton target for the neutron-rich isotopes close to
136Xe can be explained with DEURACS calculations. As
shown in Figs. 5(c) and 5(d), the ICF-n component gives
larger contributions than ICF-p, and even larger than o, for
the neutron-rich sides of I and Te isotopes, resulting in larger
o4 than o).

C. Energy dependence investigation

To investigate the energy dependence of the reactions, the
cross sections for '*Xe 4 d at 168 and 500 MeV /nucleon
[16] are compared, as shown in Fig. 5. The cross sections
for the Cs isotopes at 168 MeV /nucleon are approximately
twice those at 500 MeV /nucleon, as displayed in Fig. 5(a).
Energy dependence for the charge-exchange or charge-pickup
reactions in which the cross sections decrease with increasing
reaction energy from 100 to 1000 MeV /nucleon was reported
in Refs. [44,45]. Cross sections at 168 MeV /nucleon are
larger than those at 500 MeV /nucleon for the Xe isotopes,
as shown in Fig. 5(b), except for '%Xe. For '¥Xe produced
by one neutron removal from the **Xe projectile, the cross
sections are similar at these two energies. As discussed in
Ref. [46], the production cross section of the one-neutron-
removal reaction for '’ Au+ p system was found to remain
constant above 200 MeV /nucleon, which is characteristic of
the peripheral reactions. The cross sections for I isotopes are
similar at these two energies. For the isotopic chains with Z <
53, the cross sections at 168 MeV /nucleon become smaller
than those at 500 MeV /nucleon. The comparison between
168 and 500 MeV /nucleon further indicates higher excitation
energy of the prefragments, leading to larger cross sections of
the light products far away from the projectile.

The cross sections for the reactions of '**Xe + p at 168,
200 [18], 500 [17], and 1000 MeV /nucleon [15] are presented
in Fig. 6 to exhibit the energy dependence of ,. As can be
seen from Figs. 6 and 5, the energy dependence of o, is similar
to that of o,. For the Cs and Xe isotopes, the cross sections
decrease with the increasing reaction energy. In contrast, for
the isotopes with Z < 53, the cross sections at higher reaction
energy become larger due to the induced higher excitation
energy of the prefragments, consistent with that observed in
the deuteron-target data.
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FIG. 6. Isotopic distributions of the cross sections in the reac-
tions of 1**Xe + p. The red triangles represent cross sections obtained
in the present work at 168 MeV /nucleon. The green diamonds, blue
squares, and black dots represent the cross sections at 200 [18], 500
[17], and 1000 MeV /nucleon [15], respectively. The open points at
200 MeV /nucleon represent the extrapolated values [18]. The error
bars represent the total uncertainty (statistical and systematic).

D. Mass distribution of the cross section

In order to have an overview of the target and energy
dependence of the production cross sections, the mass dis-
tribution of the cross sections is plotted in Fig. 7. The cross
sections on different targets at 168 MeV /nucleon are com-
pared in Fig. 7(a). Because of the limited Bp settings, the
cross sections of the very light-mass products for carbon target
were not measured. For the products close to '*¢Xe (A > 125),
0, and o4 are almost equal, and both remain almost constant
and larger than oc¢ except for A = 135. With decreasing mass
number, both ¢, and o, decrease more rapidly than that for
oc. For the products far away from *°Xe (A < 120), oc
becomes larger than o, and o4. As discussed above, this
can be explained by the differences in excitation energy of
the prefragments induced by different targets. The higher
excitation energy in carbon-induced reactions results in wider
coverage on the mass distribution.

The experimental mass distributions are also compared
with the PHITS and EPAX calculations, as shown in Fig. 7(a).
The PHITS-INCL calculations reproduce well the general
trend of the mass distribution for proton and deuteron targets.
For the carbon-target results, the EPAX calculations underes-
timate the cross sections for products with A > 115 because of
the lack of calculations for Cs isotopes and the underestimated
cross sections for Xe isotopes, as shown in Figs. 3(a) and 3(b).
For the products with mass number A < 115, the difference
between the EPAX results and the experimental data is less
than 5 mb. For the description of the carbon-target data, the
switching time of PHITS-JQMD calculations does not affect
significantly the overall mass distribution. The calculations
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FIG. 7. Mass distributions of the cross sections for the products
produced in the reactions of **Xe + p (black circle), *Xe + d (red
square), and '**Xe + C (blue triangle) at 168 MeV /nucleon. The
PHITS-INCL [27] calculations on proton and deuteron are presented
by the black solid line and red solid line, respectively. The EPAX
[26] calculations on carbon are presented by the dot-dashed line.
The PHITS-JQMD calculations on carbon with switching time of
75 fm/c are presented by the blue solid line. (b) The mass dis-
tributions of the cross sections for the products produced in the
reactions of **Xe +d at 168 MeV /nucleon (red squares) and 500
MeV /nucleon (green diamonds) [16].

with switching times of 75 fm/c are shown in Fig. 7(a).
The calculations underestimate the production cross sections
of the heavy-mass products due to the underestimation for
the Cs and Xe isotopes, as shown in Figs. 3(a) and 3(b).
For light-mass products, PHITS-JQMD overestimate the cross
sections.

To gain further insight on the effect of the excitation en-
ergy, the mass distributions of the cross sections on deuteron
target at 168 and 500 MeV /nucleon are presented in Fig. 7(b).
The cross sections at these two energies remain almost con-
stant for the products close to the projectile. The correspond-
ing flat region at 500 MeV/nucleon is wider than that at
168 MeV /nucleon. For these near-projectile products, the
cross sections at 168 MeV /nucleon are higher than those at
500 MeV /nucleon due to larger productions of Cs and Xe
isotopes, as shown in Figs. 5(a) and 5(b). With the decreas-
ing mass number, the cross sections at 168 MeV /nucleon
decrease more rapidly than those at 500 MeV /nucleon, with
a crossing appearing at about A = 126. Again, the differences
in shape of the mass distribution at 168 and 500 MeV /nucleon
show that higher excitation energy of the prefragments is
in favor of the production of isotopes far away from the
projectile.
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TABLE I. Total cross sections measured in the present work on
proton and deuteron targets at 168 MeV /nucleon, to be compared
with PHITS calculations. The numbers in the first and second paren-
theses represent the statistical and the systematical uncertainties,
respectively.

Reaction OExpint (Mb) OPHITSace (Mb) OpHITS(0t (Mb)
”"Xe—i—p 1161 (8)(11) 1159 1188
B6Xe+d 1486 (7)(12) 1527 1596

E. Total reaction cross section

The integral total cross sections on proton and deuteron
targets were listed in Table I, where ogxpiy refers to the
integration of the measured isotopic cross sections in Fig. 3.
The total cross section on carbon target is not listed due to
the lack of some isotope measurement caused by the limited
Bp settings, as mentioned above. The total cross sections
calculated by PHITS were also listed in Table I for compari-
son. opyITSace Tepresents the integration of only the calculated
production cross sections that can be obtained from the exper-
iment. opyyrsior represents the integration of all the production
cross sections calculated by PHITS. The calculations agree
well with the experimental results on proton and deuteron
targets for the total cross sections.

IV. SUMMARY

In summary, the cross sections for the spallation and frag-
mentation reactions of '3°Xe on carbon, deuteron, and proton
targets at 168 MeV /nucleon have been measured via inverse
kinematics using the BigRIPS separator and ZeroDegree spec-
trometer. The newly obtained data for the carbon target allows
us to explore the possibilities of new isotope production and
to investigate the reaction mechanisms. We have shown that,
for the production of light-mass isotopes far away from the
projectile, the carbon target has clearly higher potential in
comparison to proton or deuteron targets. This advantage is
attributed to the possible higher excitation energies induced
by heavier targets. Based on the data obtained from the carbon
target, theoretical calculations in the framework of heavy-ion
transportation, using the JQMD + GEM code, are performed
and compared with data for 16 isotopic chains. The calcula-
tions reproduce the general trend for isotopic chains of Z =
53-49 well, but overestimate the cross sections for isotopic
chains far away from the projectile with Z < 49. Furthermore,
the calculated production yields on the neutron-rich side are
quite sensitive to the switching-time parameter, which needs
to be further investigated in the future based on measurements
with more energy-target combinations. The deuteron target
has been studied in detail, thanks to the measurement of eight
isotopic chains and the theoretical calculations with the trans-
port code (INCL 4+ GEM) and also the code incorporating
the breakup effect (DEURACS). It is demonstrated that the
deuteron target has advantages to produce isotopic chains very
close to the projectile and also the neutron-rich nuclei in other
isotopic chains far away from the projectile. This may be
attributed to its weakly bound property and the strong effect

of the breakup neutron in the peripheral collision processes.
The data from the proton target serve as a benchmark for
the validity of the present measurement since a lot of results
on protons at various energies are available in the literature.
The proton target has the advantage of producing isotopes
by charge-pickup reactions in comparison to deuteron and
heavier targets. In general, proton-target data can be well
described by the INCL + GEM calculations. Combining with
experimental results from previous measurements on proton
and deuteron targets at various energies, target and energy
dependences of the fragment-mass distribution have been
investigated. It is evident that the higher excitation energy
of the prefragment is in favor of the production of isotopes
far away from the projectile. The present systematic analysis
would serve as a useful ground for further measurements and
code improvements regarding to the importance of spallation
and fragmentation reactions.

ACKNOWLEDGMENTS

We express our gratitude to the accelerator staff of the
RIKEN Nishina Center for providing the **U beam. This
work is supported by the grant MEXT Nuclear System Re-
search and Development Program. One of the authors (H.W.)
acknowledges the support from MEXT KAKENHI Grants
No. 18H05404.

APPENDIX

Isotopic cross sections for the products produced in the
reactions of 3*Xe+p, ¥°Xe+d, and '*Xe+C at 168 MeV/
nucleon are shown in Table II.

TABLE II. Isotopic cross sections for the products produced in
the reactions of **Xe on proton, deuteron, and carbon at 168 MeV /u.
The numbers in parentheses represent the statistical uncertainty. The
systematic uncertainties are estimated to be less than 12%.

z A oc (mb) o4 (mb) o, (mb)
55 136 2.9(1.2) 2.1(0.7) 4.0(0.9)
55 135 6.3(0.6) 5.2(0.4) 14.4(0.6)
55 134 8.9(0.7) 10.5(0.6) 22.7(0.8)
55 133 12.2(0.8) 14.7(0.7) 26.0(0.9)
55 132 13.1(0.6) 15.0(0.5) 27.7(0.9)
55 131 12.7(0.6) 14.5(0.5) 28.5(0.6)
55 130 10.6(0.6) 13.0(0.5) 26.4(0.6)
55 129 9.4(0.5) 12.4(0.5) 25.1(0.6)
55 128 8.1(0.7) 11.5(0.6) 20.5(0.7)
55 127 7.2(0.6) 10.1(0.6) 19.0(0.6)
55 126 4.9(0.5) 8.00.5) 13.7(0.5)
55 125 2.7(0.5) 6.8(0.5)

55 124 1.4(0.5) 3.3(0.5)

55 123 1.5(1.0) 1.1(1.1)

54 135 106.2(4.2) 79.4(2.9) 79.2(3.5)
54 134 59.1(3.3) 59.7(2.3) 58.0(2.8)
54 133 43.5(1.5) 61.9(1.2) 61.7(1.4)
54 132 40.3(1.5) 58.7(1.3) 67.2(1.6)
54 131 38.2(1.5) 56.1(1.2) 62.0(1.5)
54 130 35.2(1.4) 52.1(1.2) 58.4(1.5)
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TABLE II. (Continued).

TABLE II. (Continued).

Z A oc (mb) o, (mb) o, (mb)
z A oc (mb) 94 (mb) op(mb) g, 116 11.7(0.6) 6.3(0.5)
54 129 31.5(1.0) 48.4(0.8) 55.8(0.9) 51 115 8.7(0.5) 2.2(0.4)
54 128 27.6(0.9) 47.9(0.8) 52.3(0.9) 51 114 3.6(0.4)
54 127 21.4(0.9) 40.1(0.7) 41.40.8) 51 113 1.4(0.4)
54 126 18.1(1.1) 33.4(1.0) 35.3(0.9) 50 122 1.6(0.2) 0.9(0.2)
54 125 14.4(0.9) 29.1(0.9) 24.2(0.8) 50 121 2.2(0.3) 1.4(0.2) 0.3(0.2)
54 124 11.4(0.8) 20.5(0.7) 13.5(0.6) 50 120 2.4(0.3) 2.7(0.3) 0.7(0.3)
54 123 8.7(0.6) 14.5(0.6) 50 119 4.4(0.3) 3.8(0.2) 0.9(0.2)
54 122 4.9(0.4) 5.9(0.4) 50 118 6.1(0.3) 4.3(0.3) 0.6(0.2)
54 121 2.1(0.3) 0.9(0.3) 50 117 8.3(0.5) 4.8(0.4) 0.3(0.3)
53 135 19.6(1.4) 16.7(1.1) 8.7(1.2) 50 116 9.9(0.5) 5.5(0.4)
53 134 16.5(1.8) 20.6(1.3) 13.3(1.2) 50 115 11.3(0.5) 4.8(0.4) 0.7(0.4)
53 133 21.6(1.7) 29.4(1.7) 17.1(1.8) 50 114 12.4(0.5) 4.6(0.5)
53 132 19.0(1.8) 22.4(1.3) 14.6(1.5) 50 113 9.6(0.5) 1.8(0.4)
53 131 25.0(1.1) 32.4(0.8) 25.5(1.7) 50 112 4.6(0.4) 0.6(0.3)
53 130 24.1(0.9) 29.9(0.8) 23.3(0.9) 50 111 1.8(0.4)
53 129 23.2(1.0) 38.1(0.9) 25.9(1.0) 49 119 0.7(0.2) 0.7(0.1) 0.3(0.1)
53 128 23.0(1.0) 36.8(0.9) 21.7(1.0) 49 118 1.5(0.2) 1.0(0.2) 0.3(0.2)
53 127 23.2(0.7) 40.5(0.7) 2480.7) 49 117 2.1(0.2) 1.6(0.2) 0.5(0.2)
53 126 22.6(0.7) 37.9(0.7) 21.5(0.7) 49 116 3.4(0.2) 1.9(0.2) 0.8(0.2)
53 125 21.2(0.7) 35.8(0.7) 17.8(0.6) 49 115 4.8(0.4) 2.0(0.3) 0.5(0.3)
53 124 18.4(0.9) 31.1009) 16.10.7) 49 114 6.1(0.4) 2.2(0.3) 0.3(0.3)
53 123 16.7(0.8) 25.6(0.8) 9.4(0.6) 49 113 8.8(0.5) 1.8(0.4)
53 122 14.3(0.7) 21.5(0.7) 6.7(0.6) 49 112 9.6(0.5) 2.7(0.4)
53 121 11.7(0.7) 16.8(0.7) 49 11 9.6(0.5) 1.7(0.4)
53 120 8.2(0.6) 9.2(0.5) 49 110 5.2(0.4) 0.6(0.3)
53 119 4.0(0.4) 2.0(0.4) 49 109 3.0(0.4)
>3 118 0.8(0.3) 48 116 0.6(0.1) 0.3(0.1) 0.1(0.1)
52 134 0.5(0.2) 48 115 1.4(0.2) 0.3(0.1)
52 133 3.0(0.5) 1.7(0.5) 1.4(05) 48 114 1.8(0.2) 0.9(0.2) 0.2(0.1)
52 132 1.2(0.6) 2.8(0.5) 1.5(0.5) 48 113 3.5(0.3) 0.9(0.2)
52 130 3.8(0.7) 5.0(0.6) 2.2(0.6) 48 112 3.9(0.3) 1.0(0.3)
52 129 4.9(0.8) 6.3(0.6) 3.4(0.7) 48 111 6.4(0.4) 1.0(0.3)
52 128 9.3(0.5) 8.5(0.4) 4.9(0.5) 48 110 7.6(0.4) 1.9(0.3)
52 127 10.5(0.5) 10.3(0.5) 6.2(0.5) 48 109 8.9(0.5)
52 126 10.7(0.6) 11.9(0.5) 6.1(0.6) 48 108 6.7(0.4)
52 125 11.3(0.6) 14.6(0.6) 6.9(0.6) 48 107 3.8(0.4)
52 124 13.8(0.5) 17.1(0.5) 7.0(0.4) 47 114 0.2(0.1)
52 123 14.9(0.5) 18.1(0.5) 5.7(0.4) 47 113 0.6(0.1)
52 122 16.1(0.7) 19.4(0.7) 6.0(0.6) 47 112 1.0(0.2)
52 121 15.5(0.7) 16.9(0.7) 3.3(0.5) 47 111 2.1(0.2)
52 120 14.5(0.7) 15.8(0.7) 2.0(0.5) 47 110 3.1(0.2)
52 119 13.3(0.8) 13.7(0.6) 1.7(0.4) 47 109 3.8(0.3)
52 118 11.2(0.6) 8.7(0.5) 47 108 5.9(0.4)
52 117 4.7(0.4) 2.5(0.4) 47 107 8.3(0.4)
52 116 2.6(0.4) 47 106 6.1(0.4)
51 125 3.4(0.3) 3.4(0.3) 47 105 4.6(0.4)
51 124 3.5(0.4) 4.3(0.3) 0.9(0.3) 47 104 1.1(0.3)
51 123 5.3(0.4) 4.7(0.4) 1.3(0.3) 46 110 0.6(0.1)
51 122 7.7(0.3) 7.4(0.3) 2.0(0.3) 46 109 1.1(0.2)
51 121 9.2(0.4) 9.3(0.3) 2.5(0.3) 46 108 1.8(0.2)
51 120 10.1(0.4) 9.3(0.4) 1.7(0.3) 46 107 2.8(0.2)
51 119 11.8(0.6) 9.6(0.5) 2.0(0.4) 46 106 4.3(0.3)
51 118 13.1(0.6) 8.4(0.5) 0.8(0.4) 46 105 6.7(0.4)
51 117 13.1(0.8) 8.5(0.5) 0.8(0.4) 46 104 6.7(0.4)
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TABLE IL. (Continued).

Z A oc (mb) o, (mb) o, (mb)
46 103 4.4(0.3)
46 102 2.7(0.4)
45 108 0.3(0.1)
45 107 0.4(0.1)
45 106 1.0(0.1)
45 105 1.8(0.2)
45 104 2.9(0.2)
45 103 5.2(0.3)
45 102 6.3(0.3)
45 101 5.1(0.3)
45 100 2.6(0.3)
45 99 1.7(0.5)
44 106 0.2(0.1)
44 105 0.3(0.1)
44 104 0.6(0.1)
44 103 1.3(0.1)
44 102 2.2(0.2)
44 101 3.9(0.3)
44 100 4.4(0.3)
44 99 4.8(0.3)
44 98 3.3(0.3)
44 97 2.3(0.4)
43 102 0.4(0.1)
43 101 0.8(0.1)

TABLE II. (Continued).

z A oc (mb) o4 (mb) o, (mb)
43 100 1.5(0.2)
43 99 2.8(0.2)
43 98 3.7(0.3)
43 97 4.9(0.3)
43 96 3.6(0.3)
42 99 0.5(0.1)
42 98 0.9(0.1)
42 97 1.9(0.2)
42 96 3.1(0.2)
42 95 3.8(0.3)
42 94 3.6(0.3)
42 93 2.5(0.3)
41 96 0.5(0.1)
41 95 1.3(0.2)
41 94 2.3(0.2)
41 93 3.1(0.2)
41 92 3.3(0.3)
41 91 3.2(0.3)
40 94 0.3(0.1)
40 93 0.5(0.1)
40 92 1.5(0.2)
40 91 3.0(0.2)
40 90 3.8(0.3)
40 89 3.6(0.3)
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