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Role of nuclear and electromagnetic fragmentation in the charge-changing reactions
of 130 on carbon and lead targets near 370 MeV/nucleon
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Charge-changing cross sections (CCCSs) of 80 on carbon (C) and lead (Pb) targets have been measured
with an uncertainty of less than 4% near 370 MeV/nucleon. We evaluate the contributions of nucleon-nucleon
and electromagnetic (EM) interactions to CCCSs by considering the direct proton removal process, the charged
particle evaporation (CPE) after neutron removal, and the EM excitation. We conclude that the CPE accounts for
12.3 and 5% of CCCSs on C and Pb, respectively. Only less than 1% of CCCSs of '#Q is attributed to the EM
excitation. Further investigation of projectiles from '30 to '’ Au on C, silver (Ag), and Pb targets at 300 and 900
MeV/nucleon shows that the EM contribution to CCCSs on Ag and Pb increases with projectile mass numbers
and incident energies, and can reach 10% for '’ Au on Pb at 900 MeV/nucleon. In contrast, the EM contribution
to CCCS is negligible for all projectiles on C at both energies.

DOLI: 10.1103/pz8s-j3mc

I. INTRODUCTION

The charge-changing cross section (CCCS) represents the
probability of removing one or more protons from an incident
nucleus upon interaction with target nuclei. Systematic CCCS
measurements have enabled the development of empirical
formulas/models to predict these cross sections and contribute
to applications in medical physics and space science (see,
e.g., Refs. [1-6]). Furthermore, precise CCCS measurements
serve as an efficient approach to look for the first hint of
structural changes [7-9] such as neutron skin and neutron
halo, to explore the equation of state [10] and the reaction
mechanisms involved in single-nucleon removal [11].

Recent efforts have been made to extract information on
the point-proton radii of light unstable nuclei from precise
CCCS data [12-16], to probe neutron skin thickness [17-23]
and halo structures [19,22]. These investigations were carried
out primarily for light nuclei on carbon (C) and hydrogen
(H) targets at energies below 1 GeV/nucleon. Glauber-type
models [24,25] were used to calculate the CCCS based on
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the direct projectile proton removal process, governed by the
strong nuclear interaction between nucleons. In this frame-
work, only the protons of the projectile interacting with the
target nucleus contribute to the CCCS, whereas the neutrons
of the projectile are treated as spectators. However, detailed
investigations have shown that theoretical results from the
Glauber model calculation systematically underestimate the
experimental data [14,17,26-29]. Charged particle evapora-
tion (CPE) after neutron removal has recently been found
to be crucial to resolving this discrepancy between Glauber
model predictions and experimental data on hydrogen and
carbon [14,20,22,26,28,30]. Moreover, this contribution is not
identical but isospin dependent with the maximum at isospin
symmetric nuclei [14,26], e.g., '®!'B [20] and '*>N [22].
Nevertheless, since all these studies mentioned above have
focused on light targets, the contribution of electromagnetic
(EM) interaction to the CCCS on heavy targets below 1
GeV/nucleon remains uncertain.

Early fragmentation cross section studies of '>C and '°Q at
1.05 and 2.1 GeV/nucleon on various target materials demon-
strated significant EM contribution for heavy targets [31].
Subsequent experiments at above 1 GeV/nucleon revealed that
the EM contribution increases with increasing reaction ener-
gies [32-35], projectiles [33,36] and targets [32,34,35,37-40]

©2025 American Physical Society
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FIG. 1. Layout of the scheme of the detector setup for the CCCS measurements in the ETF (not to scale).

of higher Z. For example, the contribution of electromagnetic
dissociation (EMD) accounts for 6% to approximately 40%
of the CCCS for '°0 on a lead (Pb) target as the energy in-
creases from 2.3 to 200 GeV/nucleon [32]. The enhancement
of the inclusive nuclear-charge pickup cross sections for 158
GeV/nucleon 2%Pb on targets of higher Z than aluminum,
compared to the cross sections at 10.6 GeV/nucleon, has been
attributed to EMD processes involving pion production [34].
Nowadays, EMD at a few hundred MeV/nucleon is considered
as an established tool for determining the EM response of
weakly bound nuclei [41,42]. However, systematic data and
investigations of the EMD effect on CCCSs at energies below
1 GeV/nucleon remain scarce.

In this work, we report the CCCS measurements of 20 on
carbon and lead targets at energies around 370 MeV/nucleon.
After introducing the experiment and data analysis in Sec. II,
we present the experimental results and show the evaluation
of contributions from the nucleon-nucleon and EM inter-
actions to CCCSs in Sec. III. Finally, a summary is given
in Sec. IV.

II. EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the second Radioactive
Ion Beam Line at Lanzhou (RIBLL2) at the Heavy Ion Re-
search Facility (HIRFL) [43], China. A primary beam of 30
at 400 MeV/nucleon from the main cooler storage ring was
transported by the first half of the RIBLL2 to the reaction
target installed at the External Target Facility (ETF) [44].
Figure 1 shows the schematic diagram of the experimental
setup installed at ETF. The time of flight (TOF) of the inci-
dent particle was measured with a plastic scintillation counter
(TOF-start) at the first focal plane of RIBLL2 and another
plastic scintillation counter (TOF-stop) at ETF. The TOF res-
olution achieved was better than 100 ps (o) [45]. Upstream
of the reaction target, a Frisch grid type multiple sampling
ionization chamber (MUSIC1) was sandwiched between two
multiwire drift chambers (MWDC1 and MWDC?2) to measure
the energy loss (AE) of incident particles [46,47]. The active
area of MUSIC1 is 85 x 85 mm?. A silicon counter (Si0) with
a thickness of 300 um was also installed as a redundant AE
detector. Additionally, two 100 x 100 mm? plastic scintilla-
tion counters (Vetol and Veto2), each with a 30 x 30 mm?
aperture in the center, were positioned upstream of the reac-
tion target. The two active collimators were used to limit the
size of the beam spot on the target in addition to the tracking
information from the MWDC:s.

Downstream of the reaction target, two silicon counters
(Sil and Si2), each with a resolution of approximately 0.2

(o) and the same thickness as Si0, were positioned between
two corresponding multiwire drift chambers (MWDC3 and
MWDC4) to measure the AE of outgoing particles for their
Z identification. The particle tracking before and after the
reaction target was obtained by the MWDCs with a sensi-
tive area of 130 x 130 mm?. The position resolution is about
120 um (0') [48], and the detection efficiency is approximately
95%. A 2.767(2) g/cm? natural carbon ("!C) target and a
3.797(3) g/cm? natural lead ("*Pb) target were used. The
energies in the middle of the "™ C and the "Pb targets are
372 (1) and 378 (1) MeV/nucleon, respectively.
CCCSs were measured with the transmission method as

(%)
Occ =—In{ — |,
! 14

where ¢ is the number of target nuclei per unit area and
¥ = Nouw/Nin represents the transmission probability under
the reaction target condition. NV, is the number of incidents
80 and N, is the number of particles without losing any
protons after reactions. To eliminate the effect of reactions in
materials other than the reaction target, measurement was also
performed without the reaction target to get y° = N9 /NO.
The energy differences arising from the presence of a target
versus an empty target have a negligible impact on the de-
duced cross sections.

The key to determine the CCCS is to count incident parti-
cles before the reaction target and the Z-unchanged outgoing
particles after the reaction target. The TOF-magnetic rigidity-
AE method was used to identify and count incident '8Q
particles event by event before the reaction target. Tracking
information from MWDC1 and MWDC?2 is used to define the
beam diameter of ¢33 mm on reaction targets ensuring the
beam size is smaller than the target area of ¢50 mm. This
configuration guarantees that Sil and Si2 will fully accept
outgoing particles with a charge number of Z = 8. As the
example of the Pb case shown in Fig. 2, to resolve the channel-
ing effect, the Z-unchanged particles were identified using the
two-dimensional AEs;j; — AEgiy spectrum. With Vetol and
Veto2 applying additional selection of the incident particles,
we found that the experimental data obtained with such ad-
ditional selection were lower by 0.1% on "' C and 0.7% on
"'Ph than without considering the information from Vetol
and Veto2. The difference is much smaller than the statistic
uncertainty, thus we use the cross sections without veto infor-
mation hereafter for discussions. Further details on the data
analysis procedures can be found in Ref. [29].
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FIG. 2. (a) Charge identification of outgoing particles for the Pb
target with '30 as incident particles. CUT1 defines the outgoing
residual nuclei with a proton number of Z unchanged andZ + 1. Z +
1 particles come from charge-pickup or charge-exchange reactions
[49]. Two additional selections (CUT2 and CUT3) are considered
for systematic uncertainties estimation. (b) Projection of the x axis
from panel (a). This corresponds to the energy deposition of the
incident particles '®Q in Si2 after the Pb target. The blue line in panel
(b) represents the energy deposition of all outgoing particles in Si2,
while the red line represents the case with selecting Z = 8§ and 9
particles by gating CUT].

III. RESULTS AND DISCUSSIONS

CCCSs of 0 on ™C and "™Pb measured in this work
are summarized in Table I. The CCCS on the "Pb target is
approximately four times larger than that on the ™!C target.
Our CCCS result on C agrees in error bars with the previous
data at similar reaction energies [17,26]. The direct proton
removal process, along with the CPE after neutron removal
and the EMD, contributes to CCCS. We estimate these three
components in detail as follows.

A. Direct proton removal and charged particle evaporation

The direct proton removal cross section, acdc“e“, is calcu-

lated with the zero-range optical-limit approximation Glauber

TABLE II. Nuclear proton and neutron density parameters and
the corresponding root-mean-square radius (R, and R,) for 80
and '2C.

Nucleus w, (fm) w, (fm) pop, (fm™3) po, fm™3) R, (fm) R, (fm)

80 1.768
e 1.582

1.716
1.569

0.065
0.091

0.071
0.093

2.652
2.328

2.603
2.309

model (ZRGM) [24,25]. In the case of the ™'C target, 2¢ s
used in the calculation instead of the "™C as it is predom-
inantly (approximately 99%) composed of '>C. Proton and
neutron density distributions based on the harmonic-oscillator
model are employed for both '>C and '#0:

C—-2/r\2 r\2
p(r) = po[l +=—=() }exp[—(—) } @)
3 w w

where pg denotes the central density, C represents the number
of protons or neutrons, and w is the radius parameter. The
relevant density distributions are determined by reproducing
the experimental charge radii [50] and the interaction cross
sections on carbon near 1000 MeV/nucleon [51]. Detailed
parameters used in the nucleon density distributions of '>C
and '3Q are listed in Table II.

In the case of the "'Pb target, it consists of 2**Pb, 2%°Pb,
207pb, and 2®®Pb. The abundance of 2**Pb is negligible (1.4%),
while the abundance ratio of 2%°Pb, 207Pb, and **Pb is
about 1:1:2. The proton and neutron density distributions for
204py, 206pp, 207pp and 298Pb are obtained using the Skyrme-
Hartree-Fock models with the SkM* force [52]. This force
successfully explains both the electron scattering data [53]
and nucleon-nucleus elastic scattering data for 208pp [54].
Variations in the Skyrme forces result in a negligible impact
on the cross sections. The final cross section for the targets
"Ph is determined by taking the weighted average of the
calculated cross sections for 2%Pb, 2°°Pb, 207Pb, and 2*Pb in
ZRGM according to their respective abundances. Replacing
natph with 2%8Pb will lead to a change of the CCCS within
about 10 mb. We also performed calculations with the finite-
range optical-limit approximation Glauber model (FRGM)
[55]. Comparing with the results from the ZRGM, the FRGM
predicts about 1.3 and 0.8% larger cross sections of '8Q on
the ™C and "Pb targets, respectively. We adopt the ZRGM
results o3t as summarized in Table I in the following dis-
cussion.

The CPE cross sections, oee ', are computed following the
method described in Ref. [26]. The only input parameter in
this calculation is the maximum excitation energy (Emax) of
single-neutron-removed prefragments. For 130, E,, is set at

TABLE L. Contribution of o™, 550™, and oM, to the CCCSs (0*') in comparison with the experimental data og." for the 0 beam on

cc ?

natc and ™'Pb targets. The oEM are determined by by, from Eq. (4), with uncertainties derived from the differences between Egs. (4) and (5).

Projectile and target Energy (MeV/nucleon) odirct(mb) Oce P (mb) oEM(mb) o5 (mb) 0P (mb)
Bo4mc 372 (1) 764 106 0.2 (19) 870.2 (19) 863 (21)
130 4 ™Pb 378 (1) 3169 169 9.2 (49) 3347.2 (49) 3386 (137)

014611-3



J.R.LIU et al

PHYSICAL REVIEW C 112, 014611 (2025)

42 MeV, which takes into account both the energy of a single
particle hole relative to the Fermi surface within the frame-
work of the Fermi gas model [28,56,57] and the experimental
CCCS value reported in Ref. [26]. Adjusting E,x by 30%
has a negligible effect on o, *, causing CCCSs to change by
less than 3%. The cross sections from the CPE after neutron

removal, o5 P, are summarized in Table 1.

B. Electromagnetic dissociation

When a swift projectile nucleus passes by the heavy target
nuclei, it experiences the virtual-photon field generated by the
target nuclei. Such virtual photons can excite the projectile
nucleus [58], thus contributing to the CCCS. Depending on its
energy, a virtual photon can be absorbed by a nucleus through
different mechanisms. For virtual photons with energies of
E, < 40 MeV, the excitation of a nucleus as a whole in
the form of a giant dipole resonance is the most probable
photoabsorption process. Virtual photons within the energy
interval of 40 < E,, < 140 MeV allow for photon absorption
by the quasideuterons (QDs), i.e., correlated proton-neutron
pairs, in a nucleus [59]. The pion photoproduction occurs
when E, exceeds 140 MeV [60].

The excited projectile nucleus is likely to break up by emit-
ting light-charged particles thus contributing to the CCCS.
This EM component, 0", can be expressed as

il CC’

Emax
oM = [ N(E, o™= (E,)dE,, 3)
Sa

where N(E,) and aChaIge(Ey) represent the total number of
virtual photons with the energy of E, and the photonuclear
reaction cross section, respectively. The « is the most easily
emitted charged particle from '8Q, with an emission threshold
Sy = 6.228 MeV. The maximum energies of the virtual pho-
tons are often estimated by E;,“a" = yBhc/bmn [61], where
B = v/c, v is the velocity of the target, c is the speed of light,
and y = 1/4/1 — B2. by, is the minimum impact parameter.

We tried two ways to estimate by,;,. In the first method as
in Ref. [40], b, can be calculated as

bmin = Ro.1(P) +Ro.1(T) — d, 4

where Ry 1 (P) and Ry ;(T) represent the charge radius of the
projectile and target nucleus at 10% of the central density, re-
spectively. d is fixed to —1.5 fm by fitting experimental values
[40]. The second estimation of by, is following Ref. [62], and
is calculated by

b = ro[A'/3 U _X(A—1/3 +B_1/3)], (5)
with ro = 1.34fm and X = 0.75. A and B represent the mass
numbers of the projectile and the target, respectively. by
derived from Eq. (5) can vary by up to 19% for Pb and a
factor of 2 for C compared to that from Eq. (4). This results in
a change of about 53% and a factor of 10 in 6EM for Pb and

C, respectively. Nevertheless, the oEM /0P ratio shows only
a small variation of 0.15% for Pb and 0.22% for C.

1. Virtual photons spectra

Overall, the dominant transitions in the EM process are E1
and E2. The multipolar virtual photon spectra are calculated
using the equivalent photon method [61] as

Ne1(Ey) = fzﬂz[m(sm(s)]——s BIK1 (&)’ —Ko (€)1,
(6)

Ngo(Ey) = E2ﬂ4{2<1 - BHKI(EY +EQ - B
x Ko(§)K1(€) — ﬂ[lﬁ(i)z Ko@)z]}, ©)

where Z is the number of protons in the target nucleus, « is
the structural fine constant, and K, and K| are the zeroth and
first terms of the first kind of Bessel function, respectively. &
is defined as

E bmm
y Blic

As shown in Fig. 3(a), Ngi(E,) and Ng»(E,) calculated
with the two by, parameteres are monotonically decreasing
with E,,, but Ng»(E, ) is two orders of magnitude greater than
Ngi(E, ) at the same E, for the same target. Moreover, both
Nga(E, ) and Ng((E,) of the Pb target are larger than that of
the C target by two orders of magnitude.

£ =

®)

2. Photonuclear reaction cross sections

The photoabsorption cross section o, can be described as
El E2
Oabs = OGr + OGr + OQD; )

where (TGR and of; 2 represent the giant resonance cross sec-
tions correspondmg to E1 and E2 transitions, respectively.
ogp denotes the QDs cross section. ogr can be derived from
the microscopic quasiparticle random-phase approximation
utilizing the SV-M56-0 Skyrme interaction. This method has
been proven to offer a better description of o, for 160 [63].
ogp is computed using Chadwick’s model [64]. We plot the
cross sections O'GR and o, in Fig. 3(b). For the incident
energies E, below 50 MeV, it is evident that JGR represents
the major fractlon of Oaps-

In the photoneutron cross section of 80, o (y,n) and
o(y, 2n) are the dominant contributions. Therefore, a;harge
can be calculated as

oSN X Oy — o (v, n) — o (v, 2n), (10)
where o(y,n) and o(y, 2n) are obtained from the existing
experimental data [65]. One should note that the experimental
determination of o (y,n) incorporates a contribution from
o(y,np) [65,66], which necessitates the exclusion of this
component. The pure o (y, n) and o (y, 2n) cross sections are
plotted in Fig. 3(b).

Within the energy range of 9—18.5 MeV, the calculated oy
using Eq. (3) is found to be smaller than the experimental
o (y, n). Therefore, instead of using oy, we utilize the avail-
able experimental data for o (y, @) from 9 to 18.5 MeV [67],
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FIG. 3. (a) E1 and E2 virtual-photon spectrum, N(E,, ), for two
different impact parameters on C and Pb targets. Shown are the cases
calculated using by, from Eq. (4) (solid line) and Eq. (5) (dashed
line). (b) Photon-induced cross sections of '8Q. (c) Differential EM
cross sections calculated with two different b,,;,. The shadowed areas
represent the resulting M for C and Pb targets. For details, refer to
the text.

o(y,na) from 14.5 to 18.5 MeV, and o (y, p) from 16 to 18.5
MeV [65]. Foro(y, o) and o (y, no), an upper limit of 0.3 mb
is applied. The adopted o5 ™ in 9-18.5 MeV is also shown
by the dashed line in Fig. 3(b).

3. EMD contributions to CCCS

The weighted virtual photon spectra can be safely given by
N(E,) = MNg(E)) + (1 — M)Ng2(E, ), where M is based
on o,,s. Previous studies have shown that the E1 term
accounts for nearly the entire total photoelectric cross sec-
tion within the QDs region for photon energies from 20 to 140
MeV [68-70]. Therefore, we have M = (agl% ~+ 0QD)/ Cabs-

In this way, we have both N(E,) and o;harge in Eq. (3).
Multiplying these two terms and integrating over the range S,
to E;™ will yield ol."'. As shown in Fig. 3(c), the red and

teal shaded regions represent the final c£M estimations of '*Q

on Pb and C targets, respectively. These results are obtained
with the b, determined with Eq. (4) and listed in Table 1.
For comparison, we have performed another calculation using
bmin from Eq. (5), as shown by the dashed lines in Figs. 3(a)
and 3(c).

direct evap

Estimations of 63,"%, o , and GCFZ , along with their sum

o are presented in Table I. Both oce " of '®0 on the C and the
Pb targets measured in this work can be reproduced well by
considering the contribution from the direct proton removal
process, the CPE after neutron removal, and the EMD. GCECM
and o5 ™ on Pb account for only 5.3% of the experimental

CCCS but for 12.3% on the C target.

M

4. Prediction for reaction systems of higher Z

Precise CCCS measurements were performed mainly at
energies around 300 and 900 MeV/nucleon. Therefore, we
have applied the current method to investigate oEM of 180,
M Co, "28n, 5*Sm, and '’ Au projectiles striking on the C,
silver (Ag), and Pb targets at 300 and 900 MeV/nucleon.

For the oM estimation, the oy, values of **Co, '3*Sm, and
197 Au are taken from the measurements in Refs. [71,72]. In the
case of '!2Sn, o, is calculated by the quasiparticle-vibration
coupling model due to the lack of experimental results. This
model has been proven to give a good description of the oy, of
Sn isotopes [73]. Experimental o (y, n) and o (y, 2n) of 3o,
112gp, 54*Sm, and '°’Au are taken from Refs. [74-76]. For
all projectile-target systems, by, are calculated with Eq. (5).
As the E1 transition is dominant, we only consider Ng(E, )
produced by the target here in the oEM calculation.

To calculate 0.3 and o, ", the proton and neutron den-
sity distributions from the two-parameter Fermi model have
been adopted for 3°Co, ''?Sn, ¥*Sm, "’ Au, and '’ Ag. The
relevant E,,, values were assumed to be the maximum Fermi
energies. Varying Ep,x values by 30% leads to a change of
oee ™ by less than 2.6%, which has a negligible effect on the
oEM /ol ratios. The experimental data for 80 on the C target
near 900 MeV/nucleon in Ref. [21] are 8% lower than those
in Ref. [3] and our predicted Gcccal agree well with Ref. [3].
oEM and oM /6 ratios are dependent on the incident

cc cc

energy and projectile-target combinations, as shown in Fig. 4.
The EM contribution to the CCCS is negligible for all projec-
tiles when interacting with the C target at incident energies of
300 and 900 MeV/nucleon. In cases of projectiles impinging
on Ag and Pb targets, the ratios exhibit an increasing trend
towards the heavy projectiles. The reason for such a trend is
that oy at lower E,, is sensitive with projectile mass number
[77], enhancing oM from *’Co to ""’Au. In general, the
ratios of all projectiles at 900 MeV/nucleon are systematically
larger than those at 300 MeV/nucleon due to the higher total
virtual photon production yield and increasing photonuclear
reactions with higher energy [61]. The EM affects weakly
the CCCS of projectiles lighter than **Co on both Ag and
Pb targets at 300 MeV/nucleon. With increasing either the
incident energy or the projectile mass, the ratios can exceed
1%. For instance, the ratios are 6.7 and 10.5% for '’ Au on
Pb at 300 and 900 MeV/nucleon, respectively.
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MeV/nucleon. To distinguish EM and oM /o ratios of different
projectiles at two energies on C, the solid triangle is shifted slightly
to the right. Lines are only for guiding eyes.

IV. SUMMARY

We have measured CCCSs of 30 on C and Pb targets with
an uncertainty of less than 4% near 370 MeV/nucleon. The
experimental CCCSs were well reproduced by considering the
contributions of the direct proton removal process, the CPE

after neutron removal, and the EM interaction. Our results
indicate that the CPE following the projectile neutron removal
is crucial for understanding the experimental data on both
the light C and the heavy Pb targets. Specifically, the CPE
contribution to the CCCSs of 80 on C and Pb targets is 12.3
and 5%, respectively. The influence of EM interaction on the
CCCS in the current energy regime is less than 1%. Therefore,
the estimation of CCCSs on the Pb target has a better tolerance
for the uncertainty of calculating oce © and o.£M than the case
on the C target.

Moreover, we conducted further investigations of '8Q,
¥Co, ""2Sn, 1*Sm, and '’ Au projectiles on C, Ag, and Pb
targets at 300 and 900 MeV/nucleon. It turns out that the
EM contribution to the CCCS on Ag and Pb increases sig-
nificantly with the projectile mass and the incident energy.
The EM contribution to the CCCS of '*’Au on Pb at 300
and 900 MeV/nucleon reaches 6.7 and 10.5%, respectively.
In contrast, the EM contribution is negligible for the CCCSs
of all projectiles on the C target.
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