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Fragmentation of stable and neutron-rich "*1°C into boron fragments
at approximately 240 MeV/nucleon®
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Abstract: The elemental fragmentation cross sections of boron fragments produced by stable and neutron-rich

12-16

C beams with a carbon target were systematically measured at an incident beam energy of approximately 240

MeV/nucleon. The measured cross sections were found to increase as the projectile mass number increases. The ob-

served feature is explained qualitatively based on the abrasion-ablation two-stage reaction model and is compared

quantitatively with predictions from various reaction models, including empirical and statistical models. All models

agree with the measured cross sections within a factor of 2.
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I. INTRODUCTION

For decades, radioactive ion beams have been extens-
ively used for the study of exotic nuclei [1-8]. One of the
most widely used methods of producing radioactive ion
beams is based on projectile fragmentation reactions and
the in-flight separation technique. Recently, fragmenta-
tion reactions with unstable projectiles were investigated
to produce extremely neutron-rich nuclei [9]. Fragmenta-
tion reactions with stable and unstable projectiles have an
important impact on various research fields, such as
heavy-ion cancer therapy [10, 11] and radiation protec-
tion [12]. When designing experiments, reliable frag-
mentation reaction models are required to accurately pre-
dict the yield of fragments produced from stable or un-
stable beams. The statistical abrasion-ablation model
[13], intranuclear-cascade approach [14], and empirical
models, such as EPAX [15], FRACS [16], and NUCFRG
[17] are widely used to predict fragmentation cross sec-
tions. However, most of the existing experimental data
are obtained from the fragmentation of stable nuclei, and
the empirical models are developed by mainly relying on

stable nuclear fragmentation data. Systematic fragmenta-
tion data, including radioactive isotopes within a long iso-
topic chain, are still scarce; thus, systematic measure-
ments of radioactive nuclear fragmentation cross sections
can expand the relevant nuclear interaction cross sections
database and test and further develop reaction models.

Elemental fragmentation cross sections and individu-
al isotopic fragmentation cross sections of the stable “c
beams have been extensively measured on different tar-
gets and in various energy regions [18—20]. Fragmenta-
tion of carbon isotopes not only provides information for
understanding the reaction mechanism, but is also relev-
ant to applied physics, such as carbon therapy and space
radiation protection; for example, "C beams is widely
used in radiotherapy [21, 22]. In addition, unstable car-
bon beams have recently been proposed for radiotherapy
[23]. However, information on the elemental fragmenta-
tion cross sections of unstable carbon beams is incom-
plete.

In this paper, we report on a systematic measurement
of boron elemental fragment production cross sections
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from neutron-rich '4-1C and stable '>!3C beams
impinging on a carbon target at beam energies of approx-
imately 240 MeV/nucleon. Our aim is to investigate the
dependence of fragmentation cross sections on the isospin
of a projectile, which can improve our understanding of
the mechanism behind the fragmentation process.

II. EXPERIMENT

Experiments were performed at the Heavy Ion Re-
search Facility (HIRFL) [24-27] of the Institute of Mod-
ern Physics, Chinese Academy of Sciences. An '80
primary beam with an intensity of ~ 10° particles per
second was accelerated to 280 MeV/nucleon by the main
Cooler Storage Ring (CSRm) synchrotron and impinged
on a 15-mm-thick ‘Be production target. The secondary
cocktail beams of interest produced by the projectile frag-
mentation of '80 were separated and identified by the
Second Radioactive Ion Beam Line in Lanzhou
(RIBLL2) [28] and delivered to the External Target Facil-
ity (ETF) [29] area for the experiments. Fig. 1 presents a
schematic diagram of the layout of the RIBLL2 and the
employed detectors at the ETF terminal. Five magnetic
field settings were applied to the RIBLL2 to produce the
12-16C secondary beams. The particle identification for
the secondary beams is achieved based on the measure-
ments of time-of-flight (TOF) and energy loss (AE). The
TOF was measured between two plastic scintillator de-
tectors separated by 26 m and denoted by SC0O and SC1
[30] in Fig. 1. The energy loss was measured using a mul-
tiple sampling ionization chamber (denoted by MUSICO).
A typical particle identification spectrum for the '°C set-
ting is shown in Fig. 2, which reveals a clean separation
between the different constituents of the secondary
beams. A typical value for the secondary beam intensity
is 100 particles per second.

The secondary beams impinged on a 900-mg/cm2—
thick carbon reaction target with a diameter of 50 mm to
induce the fragmentation reaction. Average center-of-tar-
get energies were approximately 240 MeV/nucleon for
the '2716C secondary beams. Two multi-wire drift cham-
bers (MWDCO and MWDC1), located upstream of the
carbon target and each with an active area of 13x13 cm’,

were used to measure the trajectories of the incoming
particles and restrict the beam spot on the target in the
off-line analysis.

Downstream of the carbon target, the trajectories of
the outgoing particles are monitored by MWDC2 and
MWDC3 with the same active area as those upstream of
the target. A multiple sampling ionization chamber [31]
(MUSIC1) with an active area of 13x13 cm’ was used to
identify the charges of the outgoing particles. The energy
loss information, measured by MUSIC1, was converted
into the charge number Z of the outgoing particles by ap-
plying the relation AE ~ 7'V, where the velocity v was
assumed to be constant. A clear charge number Z separa-
tion was obtained for the carbon and boron isotopes, as
shown in Fig. 3, for the '°C beam setting. The achieved
resolution is approximately 0.24 and 0.41 charge units
(full width at half maximum) for the carbon and boron
isotopes, respectively. The Z resolution descreases as the
number of lost charges increases. For events with one or
more protons removed from the projectiles, it is possible
that the large-acceptance MUSIC1 detector captured sev-
eral charged fragments. The multitude of possible
charged fragment combinations results in overlapping AE
distributions; thus, the Z resolution deteriorates. In addi-
tion, the thickness of the secondary carbon target cannot
be ignored. As a result, fragments generated at the en-
trance or exit of the target will have different energy
losses in the target and therefore different outgoing velo-
cities. Because the energy loss depends not only on the
charge Z but also on the velocity, the width of the outgo-
ing velocity distribution will deteriorate the Z resolution.

Measurements without the target were also per-
formed with the same beam conditions as the target-in
runs. The results are used to estimate the interaction prob-
ability in the detector setup and the air gap between de-
tectors. As shown in Fig. 3, the interaction probability in
the target-out runs is small compared to that with the tar-
get. In the off-line analysis, to avoid the influence of the
reaction on the target frame, the size of the beam spot on
the target was limited to 4 cm in diameter by installing a
software gate using the position information provided by
the MWDCs in front of the target. The sensitive area of
the MUSIC1 detector is sufficiently large to cover almost
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Fig. 1.

(color online) Schematic view of the layout of the RIBLL2 and the detectors at the ETF area.
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Fig. 2. (color online) A typical particle identification spec-

trum of the secondary beams for the ¢ setting.
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tion spectrum for the 'C beam. The black and red lines rep-

(color online) A typical charge number Z identifica-

resent the target-in and the target-out run data, respectively.
The target-out run result is multiplied by a factor of 2.28 to
compare with the target-in run result.

the all outgoing boron particles, as shown in Fig. 4.
The elemental fragmentation cross sections ¢ are ob-
tained from

o= (M

where ¢ represents the number of atoms in the carbon tar-
get per unit area. N; and N, denote the number of incom-
ing carbon projectiles and outgoing boron fragments, re-
spectively, corrected by the target-out runs. The number
of incoming projectiles, N;, is determined by creating a
3o ellipse gate on the AE-TOF two-dimensional particle
identification spectrum. The number of outgoing frag-
ments, N,, is obtained by integrating the reaction residue
peak area within 30 in the charge number Z spectrum.
The obtained elemental fragmentation cross sections of
the boron fragments from beams of the carbon isotopes
12-16C are o('°C - B) = 189(9) mb, o(’C—-B) =
176(10) mb, o(*C - B) = 160(9) mb, o('3C - B) =
127(13) mb, and o( °’C— B) = 119(13) mb, as shown in
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Fig. 4.
spectrum of the outgoing boron particles on the MUSIC1 de-
tector for the '°C beam. The red rectangle denotes the sensit-
ive area of MUSICI.

Fig. 5. Besides the statistical error, the quoted uncer-
tainty includes contributions from the background sub-
'gaction. For comparison, the reported cross sections for
C beams at similar incident energies are also shown in
Fig. 5. Out measurement for “c projectiles is in good
agreement with the reported values from Zeitlin et al.
[32] and Kidd et al. [33]; however, the measured value by
Ogawa et al. [34] is much lower than all other data.

III. DISCUSSION

A clear trend for the boron production cross sections
along the carbon isotopic chain is observed in Fig. 5,
where the cross sections increase with increasing neutron
number of the carbon projectiles. This feature can be well
understood in terms of the abrasion-ablation model [35].

First, a brief description of the abrasion-ablation mod-
el is presented. The abrasion-ablation model describes the
fragmentation process using a two-step reaction scheme
[36]. In the abrasion step, the overlapping zone of the
projectile and target interact and nucleons abraded from
the projectile only depend on the impact parameter. In
this step, the neutron-to-proton ratio of the pre-fragments
is related to the neutron-to-proton ratio of the projectile
[35]. In the ablation step, the final fragmentation products
are formed by de-exciting the pre-fragments through the
evaporation of light particles [35]. The evaporation chain
stops if the excitation energy of the pre-fragments de-
creases below the lowest particle-emission threshold en-
ergies. The neutron-to-proton ratio of the final projectile-
like fragmentation products is related to the neutron-to-
proton ratio of the projectile because the excitation en-
ergy of the pre-fragments obtained in the abrasion step is
not sufficient to wash out the neutron excess in the evap-
oration process [37]. A statistical model was used to de-
scribe the evaporation probabilities of light particles; in
the calculations, the abrasion-ablation model was imple-
mented in the LISE++ code [38]. An average excitation
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Fig. 5. (color online) Boron production cross sections versus

mass number 4 of the incoming carbon isotopes impinging on
the carbon target in this study (red line) and in literature data.
The experimental cross sections are compared with EPAX3
(black line), Modified EPAX2 (orange line), FRACS (blue
line), NUCFRG2 (green line), JQMD (light blue line), JQMD-
2.0 (cyan line), INCL++ (magenta line), and the abrasion-ab-
lation model (yellow line).

energy of 13.3 MeV per abraded nucleon, provided by the
statistical hole-energy model [35], was adopted for the
calculations.

The trend for the boron production cross sections
along the carbon isotopic chain can be explained using
the abrasion-ablation model. The production cross sec-
tions of boron isotopes receive contributions from two
paths: (i) the removal of one proton and x (x > 0) neut-
rons in the first step, followed by the evaporation of y (y
> 0) neutrons in the second step; and (ii) the removal of
one or more neutrons in the first step, followed by the
evaporation of one proton and z (z > 0) neutrons in the
second step.

For path (i), because the proton distribution radii of
12-16C isotopes are very close [39], the probability of re-
moving one proton from different carbon isotopes, irre-
spective of the number of removed neutrons, is approxim-
ately equal in the abrasion step. Along the carbon isotop-
ic chain, the proton (neutron) separation energy increases
(decreases) as the neutron-to-proton ratio increases. As a
result, the nuclei with a large neutron excess will have a
greater probability of evaporating neutrons instead of pro-
tons. Because there are similar boron pre-fragment pro-
duction cross sections for different carbon isotopes in the
abrasion stage and the suppression of proton evaporation
increases with increasing neutron number in the pro-
jectiles, the boron fragment cross sections are expected to
increase with increasing neutron number in the carbon
projectiles. For path (ii), proton evaporation following
neutron removal is expected to be negligible [39] for
12-16C because their proton separation energies are fairly
large. Therefore, the boron production cross sections
from the two paths are expected to increase as the pro-
jectile mass number increases; this is in agreement with

the experimental results. As shown in Fig. 5, the growing
trend of the experimental result is generally well repro-
duced by the abrasion-ablation model. In a previous study
on the fragmentation of neutron-rich oxygen isotopes
[40], the general behavior of the experimental cross sec-
tions of specific carbon, nitrogen, and oxygen fragments
was also effectively described by the abrasion-ablation
model.

To further probe the boron production cross sections
along the carbon isotopic chain, the experimental data are
compared with several other model calculations besides
the abrasion-ablation model. Existing models that are
used to predict reaction cross sections include statistical
models and empirical parameterization. As these models
are usually developed based on the fragmentation of
stable nuclei, it is interesting to investigate their ability to
predict the fragmentation cross sections of unstable nuc-
lei. For this purpose, we compare the measured cross sec-
tions with predictions obtained from EPAX3, modified
EPAX2, FRACS, NUCFRG2, JQMD, JQMD-2.0, and
INCL++, which are widely used models for calculating
fragmentation cross sections. The calculated results are
shown in Fig. 5. In general, all models agree reasonably
well with the measured cross sections within a factor of 2.

The EPAX parameterization is obtained by fitting the
experimental data, which are mainly based on medium- to
heavy-mass stable nuclei fragmentation [15, 41]. There-
fore, the range of validity of the EPAX formula is 4 > 40
and the incident energy is above 64 MeV/nucleon [15].
Although the present data are outside the range limit for
EPAX, the general data trend is well reproduced by
EPAX. As EPAX parametrization is independent of the
bombarding energy, a modified version of EPAX2, in-
cluding the projectile energy dependence, was proposed
by Zhang [42]. As shown in Fig. 5, the modified EPAX2
reproduces the general trend of experimental data.

FRACS is developed based on the EPAX parameter-
ization and introduces several modifications to improve
the predictive power for fragmentation cross sections
[16]. The target and projectile energy dependencies,
which are not included in EPAX, are considered in the
FRACS parameterization. Furthermore, an additional
term used to describe the odd-even staggering observed
in many experiments is implemented in FRACS. The
present data are generally well reproduced by FRACS.
Nevertheless, the predicted trends from 4C to '°C are
somewhat inconsistent with the observed results.

The NUCFRG2 model [17] is developed upon the ab-
rasion-ablation model [43]. It is based on the fragmenta-
tion data of the proton beam and assumes that the nuclei
are solid spheres with uniform nuclear matter distribu-
tions. As seen in Fig. 5, while the magnitude of the exper-
imental cross sections is well reproduced overall, the pre-
dicted trend by the NUCFRG2 model deviates from the
experimental data.
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The Li¢ge intranuclear cascade model (INCL++) [44]
is a microscopic model that is developed to describe nuc-
leon-induced reactions. It assumes the nucleon-nucleon
collision as a cascade process involving a succession of
binary collisions, and particles move along straight tra-
jectories between collisions. The cascade process ceases
to give way to the evaporation step when the remnant is
fairly well equilibrated [45]. In the calculations, the
ABLA evaporation model is included in the standard dis-
tribution of the INCL++ code. As displayed in Fig. 5, the
general trend of the experimental data is satisfactorily re-
produced by INCL++.

The measured results are further compared with the
Particle and Heavy Ion Transport code System (PHITS)
[46], which describes the nucleus-nucleus reactions by
combining the JAERI quantum molecular dynamic mod-
el (JQMD) [47] and the Generalized Evaporation Model
(GEM) [48]. The calculations are performed with both
JQMD and JQMD-2.0 [34]. The JQMD-2.0 is modified
from JQMD by considering the relativistic covariance of
the Hamiltonian and revising the neutron-proton scatter-
ing cross section when scattering occurs near the nuclear
surface. With these modifications, JQMD-2.0 can better
simulate peripheral collisions. As shown in Fig. 5, the
JQMD reproduces the general trend of experimental data
well but underestimates the data, while JQMD-2.0 over-
estimates the data.

IV. SUMMARY

Systematic measurements of the elemental fragmenta-
tion cross sections of boron fragments from stable and

neutron-rich >-1°C beams were performed at the ETF of
the Institute of Modern Physics, Chinese Academy of
Sciences. The incident beam energy was approximately
240 MeV/nucleon, and a carbon target was employed.
The results show that the cross sections are dependent on
the neutron-to-proton ratio of the carbon projectiles, that
is, the cross sections increase evenly with increasing pro-
jectile neutron number. This trend can be qualitatively
understood using the abrasion-ablation two-step model.

The experimental data were also compared with
EPAX3, modified EPAX2, FRACS, NUCFRG2,
INCL++, JQMD, and JQMD-2.0. All predictions made
by these models agree reasonably well with the measured
cross sections within a factor of 2. The general trend of
the present data can be satisfactorily reproduced using
INCL++ calculations. Furthermore, the predicted odd-
even staggering feature by FRACS, JQMD-2.0, and the
abrasion-ablation model is observed from “C to 4C but
not '“C to '°C in this experiment. The NUCFRG2 model
predicts an incorrect trend compared to the data. Our cur-
rent measurements can be used to benchmark and im-
prove related models for light neutron-rich regions. In the
future, more fragmentation data for neutron-rich nuclei in
heavier regions are expected to be measured at the ETF
of CSR; this can further serve to illustrate the effect of
isospin on the fragmentation process and thus help to
evaluate the validity of various predictions.
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