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We measured the total reaction cross section (o) for the proton-dripline nucleus !’F using a solid hydrogen
target. Comparing the experimental results of '”F and '"Ne, oy on a proton target shows that the contribution
of the isospin asymmetry of the nucleon-nucleon total cross section is more prominent than the changes in the
nuclear radii of the two nuclei, while for a carbon target, the cross section simply reflects the nuclear matter radii
of these isotopes, which are consistent with the results of previous theoretical works. The experimental values
of oy for '7F on a proton target at energies of several tens MeV /nucleon (several hundreds MeV /nucleon) are
smaller (larger) than the theoretical values of og; similar trend is observed for ’Ne. This discrepancy is not

resolved at this time; therefore, further studies of the experimental and theoretical sides are required to precisely

understand nucleus-proton collisions.
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I. INTRODUCTION

It is important to determine the proton- and neutron-
distribution radii of atomic nuclei to precisely understand the
nuclear halo and skin structure, which are known as charac-
teristic phenomena of exotic nuclei located around the proton
and neutron driplines. Measurement of the total reaction cross
section (og) is an effective method for investigating nuclear
size properties such as radii and density distributions [1-8]. In
particular, the use of a proton target for o measurements has
the advantage of the separation of the proton (p,) and neutron
(p,) density distributions of a projectile nucleus [9,10]. This
separation is based on the isospin asymmetry of the nucleon—
nucleon total cross section (oyy), i.e., o, is around three
times larger than U[tj[’} below ~100 MeV /nucleon [11]. This
property shows that a proton target is more sensitive to p,
of a projectile nucleus than to p, at low incident energies. A
proton target also has a possibility to extract the nuclear size
of medium and heavy nuclei properly because the contribution
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of Coulomb breakup to oy, is sufficiently small, which helps to
reduce the uncertainties in the reaction model [12]. Recently,
the extraction of ok on a neutron target has been theoretically
proposed by measuring og for proton and deuteron targets
[13]. By combining oz on proton and neutron targets, it is
expected that the neutron-skin thickness can be determined
more precisely than by utilizing the combination of oz on
carbon and proton targets.

The root-mean-square (rms) proton radius (r,) and p, of
a projectile nucleus can also be derived from measurements
of the total charge-changing cross section (o,.) based on the
sensitivity of the charge-changing reactions to p, [14-23].
This method has been mainly applied to stable and neutron-
rich nuclei. However, the experimental analysis becomes
more complicated than that required for og, e.g., an energy
dependent factor is introduced into o.. to account for the
difference between the theoretical and experimental cross sec-
tions [14,15]. Recently, the importance of the charged-particle
evaporation effect was pointed out to explain the experimen-
tal o, for stable and neutron-rich nuclei [24]. According to
Ref. [24], the sensitivity of o, to p, is lower for nuclides
near the beta-stability line compared with neutron-rich nuclei.

©2024 American Physical Society
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Therefore, for proton-rich nuclei, it is difficult to extract p,
from o,.. measurements because o,.. comes close to op toward
the proton-dripline. In this case, o, no longer reflects the
proton distribution of the projectile nucleus.

As described above, measurements of og on a proton tar-
get have many advantages in determining the nuclear size
properties of unstable nuclei. In this study, we measured oy
for '7F on a proton target to investigate the collision be-
tween '"F and a proton. We used a thick and large solid
hydrogen target (SHT), developed for oz measurements with
rare radioactive isotope beams [25]. '"F (T}, = 64.49(16) s
[26]) is a proton-dripline nucleus of the fluorine isotopes. The
one-proton separation energy of the ground state (J* = 5/2%)
is small (S, = 600.27(25)keV [27]), and the existence of a
proton skin was pointed out from several experimental and
theoretical studies [28—32]. Measurements of interaction cross
section (o7) at 700 MeV /nucleon revealed that the rms mat-
ter radius (r,,) of '"F is not as large as that of proton-halo
nuclei [33], whereas a proton-halo structure of the first ex-
cited state (J* = 1/2%) has been suggested [34,35]. The skin
thickness of !”F was not determined experimentally because
the values of r, and the rms neutron radius (r,,) of '"F were
unknown at that time.

The energy dependence of the total reaction cross sec-
tions on a proton target is not yet fully understood. Previously,
we measured oy for '"Ne using the SHT, and found that the
theoretical cross sections overestimate the experimental ones
in the low energy region (100 MeV /nucleon), whereas the
theoretical ones significantly underestimate the experimental
data in the intermediate energy region (=400 MeV /nucleon)
[36]. Further, theoretical studies show that o on a proton tar-
get decreases for light proton-rich nuclei despite the increase
of r,, toward the proton-dripline [37,38]. Here, by comparing
experimental results and theoretical calculations for !’F and
7Ne, we discuss the energy dependence of oz on a proton
target and the relation between nuclear size and o.

This paper is organized as follows. In Sec. II, we describe
the details of the experimental setup. In Sec. III, the data anal-
ysis for o and experimental results are presented. In Sec. IV,
we discuss the experimental og on a proton target using the
Glauber model. By comparing o of the proton-dripline nu-
clei '"F and '"Ne, we discuss the target dependence of the
relation between or and nuclear size. We also discuss the
energy dependence of oy for !’F on a proton target. Finally,
we summarize the paper in Sec. V.

II. EXPERIMENT

The experiment was performed using a fragment separator
called SB2 [39] in the Heavy Ion Medical Accelerator in
Chiba (HIMAC). The beam line settings are almost the same
as those in our previous study (see Fig. 1 in Ref. [36]). A sec-
ondary beam was produced by bombarding a beryllium target
(9-38 mm thick) located at the entrance of the separator (FO)
with a ?’Ne beam. To measure the wide energy dependence
of og, we used beams with the energies 180, 290, 400, and
600 MeV /nucleon. '"F particles were separated from other
nuclei and identified using magnetic rigidity (Bp), time of
flight (TOF), and energy loss (AE). Aluminum-wedge energy
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FIG. 1. Schematic view of the experimental setup around the
reaction target.

degraders (7.055, 13.5, and 25.5 mm in central thickness) and
a plastic scintillation counter (1.0 mm thick) for the TOF start
signal were installed at the momentum dispersive focal plane
(F1). A silicon detector (325 um thick) was installed at the
second focal plane (F2) to determine AE.

Figure 1 shows the experimental setup around the reaction
target downstream of the vacuum window (Al, 0.1 mm thick).
The plastic scintillation counter shown in Fig. 1 was used as
the TOF stop signal and as the trigger for data acquisition.
Two parallel-plate avalanche counters (PPACs) [40] were used
to determine the beam trajectory. As the reaction target, we
used the SHT which is dedicated for og measurements [25].
The SHT was located in a vacuum chamber with entrance and
exit windows for the beams (Mylar, 100 um thick). The SHT,
which is surrounded by a copper cell, is cylindrically shaped
with 50-mm-diameter entrance and exit windows of Kapton
films (25 um thick), and the thickness of the SHT can be
changed by varying the length of the target cell. In this study,
we used 30-mm-thick and 100-mm-thick SHTs, depending on
the beam energy. The ionization chamber (IC) [41], which was
filled with P10 gas (Ar 90% + CHy4 10% at 760 Torr), was
used to measure AE for the identification of the atomic num-
bers of the outgoing particles from the SHT. Output signals
from the IC were obtained from eight anode foils (4 um thick,
both sides aluminized Mylar). A Nal(T1) scintillation counter
(¢3 in., 60 mm thick) was used to measure the total energy
(E).

We performed target-out measurements with an empty cell
to enable us to subtract the particles produced by reactions
with materials other than the SHT, such as air, foils, and de-
tectors. In the target-out measurements, we adjusted the beam
energies so as to match those of the target-in measurements
because both measurements should have the same reaction
rates. The experimental conditions for the production of '"F
are listed in Table I.

III. ANALYSIS AND RESULTS

Using the transmission method, o can be obtained from
the following equation:

1 I < Rin ) 0
Orp = ——1n s
M Rout
where Ry, is the ratio of the number of nonreacting par-
ticles (N,) to that of incident particles (N;) for a target-in
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TABLE 1. Experimental conditions for the production of !’F. The energies of '’F are given for the middle of the target. Typical values of
the purity (%) and the intensity are listed, for which the unit is particles per pulse (ppp). The values in parentheses in the last column indicate
the thickness of the SHT. Note that the difference in the purity between Nos. 2 and 4 is due to the magnetic field applied to the fragment
separator.

F energy 2Ne energy Be Degrader Purity Intensity SHT

(MeV /nucleon) Data number (MeV /nucleon) (mm thick) (mm thick) (%) (ppp) (mm thick)

66 No. 1 180 9 7.055 70 200 In (30)
No. 2 180 12 7.055 60 300 Out

97 No. 3 290 37 7.055 80 650 In (100)
No. 4 180 12 7.055 70 300 Out

282 No. 5 400 20 13.5 50 550 In (100)
No. 6 400 32 13.5 65 700 Out

461 No. 7 600 25 25.5 95 550 In (100)
No. 8 600 38 25.5 95 700 Out

measurement and Ry, is the same ratio but for the target-out ~ the SHT in the target-in and target-out measurements under
measurement. Note that in the present analysis, we neglect the selection of !’F particles upstream of the SHT within Gyp.
inelastic scattering events, which cannot be identified in the The main peak in Fig. 3(a) corresponds to noninteracting !’F,
present experiment, because the inelastic scattering cross sec- and other peaks correspond to reaction events that produced
tion is negligible according to the theoretical calculations (see  carbon, nitrogen, and oxygen isotopes. Since !’F is the proton-
Sec. IV A). We analyzed the experimental data listed in Table I dripline nucleus of the fluorine isotopes, its atomic number
and obtained oy at 66, 97, 282, and 461 MeV /nucleon, where always changes, even when only the neutron-removal reac-
the beam energies of '’F were defined at the middle of the  tion occurs. Neutron-pickup reactions are negligible because
SHT. Figure 2 shows a particle identification (PID) plot ob- we used pure hydrogen as the reaction target in this study.
tained using TOF and AE upstream of the SHT. This PID plot ~ Therefore, noninteracting !’F can be identified using the only
was constructed after selecting the beam position and angle AE. As shown in Fig. 3(b), almost all outgoing particles in
to verify the full transmission of '’F from the SHT to the IC the target-out measurement are noninteracting !’F particles.
using the two PPACs. The main product was !’F, while small We performed a Gaussian fit to the peak of the noninteracting
number of other nuclei were also found. '"F events shown  !’F and established a gate from —30 to +50 (Ggown), Which
in Fig. 2 were projected onto the TOF and AE axes, and is indicated by the hatched area in Fig. 3. We counted the
Gaussian fits were performed for each projection. To obtain numbers of the '"F peak within Ggowy to obtain N,. Note that
N;, we counted the number of '"F particles within a gate of  in the target-in measurements at 66 and 97 MeV /nucleon, we
120 (Gyp). Downstream of the SHT, we identified nonin- subtracted the events corresponding to oxygen isotopes within
teracting !’F using AE provided by the IC. Figure 3 shows Gyown before counting N,. By performing a double Gaussian
typical AE spectra for the outgoing particles downstream of  fit to the oxygen and !’F peaks, we estimated the fraction of
contaminants in Gy, to be ~0.7% of the number of reaction
events. The analysis of the target-out measurements was the

25 T T LS T T T T T—H

- . same as that of the target-in measurements but without the
225 - subtraction of oxygen contaminants, because this contribution

r ] 102 was estimated to at most 0.1 mb.
20 |- - The thickness of the SHT depends on the beam position
B ] because of the swelling of the thin Kapton films used for
~ 175 = the entrance and exit windows. This swelling is caused by
% - 169 . the pressure difference between the inside and outside of the
E 15 = * . 10 cell during the growth of solid hydrogen. The curvature of
w - ] the swelling is approximately expressed by a second-order
<125 - B polynomial function, which we determined empirically in
r 10 the previous study [25]. In the present study, the effective
10 o B thickness taken into account the statistical weight of the beam
75 o Jr= 1 position at the SHT was used as the N, in Eq. (1). In Ref. [25],
D 11 = we repeated solidification and melt, and measured the ex-
T T T T T B B pansion of windows each time by the laser distance meter.
118 120 122 124 126 From these measurements, we observed 2.55 mm for the sum
TOF (ns) of the expansion at the center of both the entrance and exit

windows, and confirmed the reproducibility within the uncer-
FIG. 2. Two-dimensional TOF-AE PID plot upstream of the tainty of 0.26 mm. This uncertainty was used as the systematic
SHT for F at 282 MeV /nucleon. The intensity is color coded. one of the SHT thickness in the present study because all
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FIG. 3. Typical AE spectrum downstream of the SHT in (a) target-in and (b) target-out measurements for oy of !’F at 289 MeV /nucleon.
The numbers of noninteracting '’F particles, which are indicated by the hatched area, were counted to determine the Nj,.

conditions of the present SHT system are the same as those
in Ref. [25].

The experimental results are listed in Table II along with
the data numbers from Table I that we used in determining
each oy for '7F. In this study, we were able to measure the
energy dependence of oy for !’F on a proton target over a wide
energy range. The statistical uncertainties were typically less
than 0.7%, but around 1.1% at the energy 66 MeV /nucleon.
The systematic uncertainties were mainly those of the SHT
thickness and the molar volume of solid hydrogen [42]. The
systematic ones of the SHT thickness were 0.9% and 0.3%
for the 30 and 100 mm thick cases, respectively, which were
derived from the uncertainty of the window expansion, as
mentioned above. For the cases of 66 and 97 MeV /nucleon,
the contributions of subtraction of the contaminants less than
0.4% were included as the systematic uncertainties. In Ta-
ble 11, the values of o for !"Ne on a proton target, which
were obtained from previous experiments [36], are also listed
at almost the same energies. The values of o for !’F on a
proton target are almost the same as those of '"Ne at the

TABLE II. Experimental results for the total reaction cross sec-
tions (o) for '"F on a proton target along with those of '"Ne
measured previously using the SHT. For '’F, the first and second
parentheses in the third column indicate the statistical and systematic
uncertainties, respectively.

Energy OR Data number
Nucleus (MeV /nucleon) (mb) in Table I
g 66 358.3(3.9)(3.8) No.1, No.2
97 319.4(1.9)(2.0) No.3, No.4
282 282.4(1.6)(1.5) No.5, No.6
461 296.5(2.1)(1.5) No.7, No.8
7Ne [36] 73 353.1(8.6)
100 322.6(5.9)
289 282.4(2.8)
432 300.2(2.2)

corresponding energies. In the next section, we discuss the
experimental o on a proton target in detail.

IV. DISCUSSION

A. Glauber model calculations

Here, we evaluate og of the ground state of "k on a
proton target using a high-energy reaction theory, the Glauber
model [43]. The wave function of '’F is based on an '°0Q +p
model. A harmonic-oscillator p-shell-closed configuration is
assumed for the °Q core, and it reproduces the experimental
point-proton rms radius, 2.57 fm, extracted from Ref. [44].
The relative wave function of '°0Q +p, ¢o (JT =5/21), is
generated by the phenomenological Woods-Saxon potential
that reproduces both the one-proton separation energy S, =
600.27(25) keV [27] and the excitation energy of the first ex-
cited state of '"F (J™ = 1/2%). The resulting values of r,, r,,
and r,, for the ground state of I"E are 2.69, 2.58, and 2.64 fm,
respectively. The thickness of the neutron skin is —0.11 fm.
We also calculated these radii for the first excited state of !"F.
Those values are 2.96, 2.59, and 2.79 fm, respectively; they
correspond to a larger extension of the proton radius and to a
one-proton halo structure in the excited state.

Using the '"F wave function thus obtained, we calculated
og on the basis of the Glauber approximation [43] as

ox = / db(1 — 4], P

where b is the impact parameter. The optical-phase shift func-
tion [45] is given by

e ® — ‘/Ad,.|¢0(,.)|26i)(cr(b—1*'7S)+i)(pr(b-ﬁ-%s)7 3)

where r = (s, z) is the relative coordinate between the '°Q
core and the proton with z being the beam direction. For a
proton target (T = p), the optical-limit approximation (OLA)
is employed to evaluate the optical phase-shift function of
nucleon-nucleus scattering. The OLA works well for describ-
ing nucleon-nucleus scattering for stable nuclei, where the
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multiple scattering effect can be ignored [46—49]. The explicit
form of the core-p (Cp) optical-phase shift function is [43,45]

ixep®) = — / dr' [05 ()T pp(b = 8') + P ()Tl — 5],
“

where s’ is the single-particle two-dimensional coordinate
from the center of mass of the projectile nucleus perpendicular
to the beam direction and pg (pnc) is the proton (neutron)
density of the '°Q core. The Tyy (I'yp = Ty and Ty, = T'py)
is the profile function, which describes the nucleon—nucleon
collision. The explicit form of the profile function is given
in Ref. [50]. Note that ¢”»® in Eq. (3) is nothing but 1 —
pp(d).

For a carbon target, we employ the nucleon-target profile
function in the Glauber model (NTG) [51,52] as

eixer®) exp { _ /dr’ [pg(r')r‘pr(s’ +b)

+pS ()T (8" + b)]} S
with

Tyr®) =1—exp { — /dr” [p;(r”)FNp(b —5")

+ 0, ()Tl —5")] } (6)

where p}; is the density distribution of the target nucleus. Note
that the symmetrized expression on the projectile and target
nuclei is used. A harmonic-oscillator-type density distribu-
tion, which reproduces the experimental point-proton radius,
2.33 fm, extracted from Ref. [44], is used for a carbon target.
The inputs to the NTG are the same as those to the OLA, but
multiple scattering contributions are effectively considered.
The validity of this approach has been well tested [47,48,52—
56] and used as a standard tool to extract r,, of exotic nuclei
[57-59]. The proton-target optical phase-shift function e%7 is
evaluated by the OLA using Eq. (4) by replacing p¢ with the
target density distribution p” .

An advantage of this formalism is that one can incorporate
the core-+p structure appropriately in the reaction process and
that the inelastic scattering process can also be described in
the same footing. Note that the interaction cross section oy is
actually measured in this study. As !’F has one bound excited
state with J™ = 1/2%, we need to evaluate the inelastic scat-
tering cross section to the bound excited J™ = 1/2% state to
compare the measured o; directly with the theoretical og. The
inelastic scattering cross section can be evaluated by replacing
|o(r)|? in Eq. (3) with @ ¢o and integrating |e' ®)2 over b,
where ¢ is the excited bound-state wave function of '°0 +p
with J™ = 1/2%. The resulting cross section values are found
to be small at most 0.1 mb at the energy higher than 200
MeV /nucleon for a proton target. In general, the inelastic
scattering cross section is larger at low energies. However,
only 0.7 mb is obtained even at 40 MeV /nucleon. Therefore,
the assumption o; = o holds safely in this case.

B. Target dependence of oy

Figure 4 compares the experimental and theoretical cross
sections for !"F on carbon and proton targets. Figure 4(a)
shows good agreement between the theory and experiment for
a carbon target. In contrast, for a proton target in Fig. 4(b),
the calculated o overestimates the experimental o at low
incident energies below 100 MeV /nucleon and slightly un-
derestimates the experimental ones at higher incident energies
=200 MeV /nucleon. This energy dependence is similar to
that observed for '"Ne [36], which we discuss later. The nu-
clear size of the '°0 core in '’F is not necessarily the same
as that of the bare '°0 because of the interaction between the
core nucleus and the valence nucleon. As the uncertainties in
the carbon-target data for !’F are large, !"F may actually have
a smaller radius. We therefore generated another version of
the '’F density by changing the radius of the '°Q core by —0.1
fm. The resulting values of r,,, r,,, and r,,, for '’F are 2.62, 2.48,
and 2.56 fm, respectively, which is consistent with the result
of earlier analysis (r,, = 2.54 £ 0.08 fm [33]). Hereafter, we
consider this to be the appropriate density distribution of !"F.
In Fig. 4(a), the calculated oy is found to be more consistent
with the experimental data on a carbon target. However, for
a proton target in Fig. 4(b), reproduction of the experimental
og at low and high incident energies seems to be difficult in
this theoretical framework. The consideration of other com-
plicated effects beyond adiabatic approximation, such as Pauli
blocking, may be needed to provide a better explanation of the
low-energy data.

To understand the properties of the nucleus-proton colli-
sion in more detail, we compared the cross sections of !"F
and '"Ne. Figure 5 shows the experimental and theoretical
cross sections of '’F and !"Ne. Here, the experimental and
theoretical results for !’Ne are taken from Ref. [36]. For a
fair comparison, same approximations should be used for og
calculations for '7F and '"Ne; that is, the NTG for a carbon
target and the OLA for a proton target, which are realized by
using the phase-shift functions of Egs. (4) and (5) for proton
and carbon targets, respectively, with the density distribution
of '"F constructed from the '°Q 4p wave function described
in Ref. [52]. The difference from the present theoretical model
based on Eq. (3) is not large for !"F, at most about 1%
for a carbon target and 3% for a proton target. Therefore,
no qualitative difference is expected in the present analysis.
For a carbon target in Fig. 5(a), the theoretical ox values
consistently describe the cross-section data at low and high
incident energies. oz of !"Ne is larger than that of '"F, re-
flecting the difference in their r,,: 2.68 fm [36] for '"Ne and
2.56 fm for !"F. In contrast, for a proton target in Fig. 5(b), the
experimental results of '’F and '"Ne are similar at around the
corresponding incident energies. The calculated oy explains
the experimental trend: og of "F is slightly larger than that
of "Ne below ~:400 MeV /nucleon and similar at the higher
incident energies. This target dependence is partly attributed

to the isospin asymmetry of oxy, i.e., o' is around three

pn
times larger than o’ below ~100 MeV /nucleon. For a car-

bon target, the asymmetry dependence of oy is negligible
because p, and p, of the target nucleus are virtually similar.

On the other hand, a proton target is particularly sensitive to
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FIG. 4. Total reaction cross sections (o) for ’F on (a) carbon and (b) proton targets. The solid and dashed lines indicate the theoretical
calculations of oy assuming the size of '°Q core extracted from the experimental value [44] and the size changed by —0.1 fm, respectively.
The experimental data of the interaction cross section (o7) for !7F on a carbon target are taken from Ref. [33].

neutrons in the projectile because of the asymmetry depen-
dence of oy, i.e., 00 < o, atincident energies below ~500
MeV /nucleon. This sensitivity was theoretically quantified in
Ref. [60]. Although r,, of !"Ne is larger than that of '’F, the
difference for a proton target between ok of '"Ne and !"F
becomes smaller than that for a carbon target because the
neutron number of '"Ne is smaller than '"F. This finding is
consistent with the discussions given in Refs. [37,38]: og on
a proton target decreases despite the increase of r,, toward the
proton dripline for proton-rich carbon isotopes.

C. Reaction probability

The two-proton halo character of !"Ne affects the behav-
ior of og. Figure 6 shows the reaction probability P(b) =
1 — |ex®)|2 as a function of the impact parameter b. For a
carbon target, the reaction probabilities of '"Ne exceed those
of '"F beyond ~6 fm, showing a characteristic behavior due
to the halo tail. As discussed in Ref. [38], since the complete
absorption reaction in the sense of an optical model occurs
within the radius where the two colliding nuclei interact, only

(a) C target

1600 F—— 7

1500 E Fo (Exp.) —8— |
i) . or (Theo.)
£ 1400 - ‘. "Ne o, (Exp.) —a—
2 1300 [N\ s oR (Exp.) —e— |
o
s 1200 | o (Theo.) - - -
[0
g 1100 |
S 1000
O

900

800 Lt

100 1000
Incident energy (MeV/nucleon)

the tail part of the density distribution can contribute to the
difference between the cross sections of !’F and !"Ne. Com-
paring P(b) at 200 and 800 MeV /nucleon, the incident-energy
dependence is negligible.

On the other hand, for a proton target, the probabilities
of '"F are larger than those of '"Ne in the internal region
2 < b < 4 fm, while the opposite behavior occurs for b 2 4
fm. As discussed in Ref. [38], for light nuclei, there is a proba-
bility that the target proton can penetrate the projectile nucleus
even at a small impact parameter; thus, the proton target has
some sensitivity to the density profiles in the internal region.
The contribution of the proton tail of ’Ne becomes larger
at 800 MeV /nucleon than that at 200 MeV /nucleon because
Opp > 0py holds at 800 MeV /nucleon, whereas 0,, < 0, at
200 MeV /nucleon.

D. Energy dependence of ox

Finally, we discuss the energy dependence of oy for !’F
and '"Ne on a proton target. As shown in Fig. 5(b), for '’F,
the experimental og at 282 and 461 MeV /nucleon (66 and

(b) p target

550 e rnss -
F o (Present exp.) —e—

5 500 |\ (Theo.) 2
E 450 L ° 7Ne oR (Exp.) —e— |
g (Theo.) - - -
T 400 -
(0]
(2]
@ 350 |
o
O 300 |

250 t————d

1000
Incident energy (MeV/nucleon)

FIG. 5. Total reaction cross sections (o) for '’F and "Ne on (a) carbon and (b) proton targets. The experimental and theoretical o of ’Ne
were taken from Refs. [6,36,61]. Similar to the !"Ne case, to provide a fair comparison, theoretical o for F on carbon and proton targets
were also calculated by using the NTG and the OLA, respectively, with the density distribution of '’F. Note that the value of r,, of !’F used for
the calculation is 2.56 fm, which assumes the radius of the '°0 core to be changed by —0.1 fm from the experimental value [44].
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FIG. 6. Reaction probabilities of '"F and '"Ne on (a),(c) carbon and (b),(d) proton targets at incident energies of (a),(b) 200 and (c),(d) 800

MeV /nucleon as a function of the impact parameter b.

97 MeV /nucleon) are larger (smaller) than the theoretical one.
This trend of '"F is similar to that of !"Ne, as pointed out
in Ref. [36]: the experimental o of '"Ne on a proton target
in intermediate and high (low) energies are larger (smaller)
than calculated og. In the previous study [36], this discrepancy
of the energy dependence of oz on a proton target between
experimental and theoretical ogx was discussed carefully by
considering contributions from the nuclear medium effect,
the choice of the profile function, and the multiple scattering
effect. Similar to '"Ne, it appears to be difficult to explain the
experimental oy of '’F both on proton and carbon targets over
a wide energy region using the present Glauber model. Further
investigations are needed to understand the nucleus-proton
collision in both experimental and theoretical sides.

V. SUMMARY

We measured the total reaction cross section (o) for '7F
on a proton target to investigate the nucleus—proton collision
for proton-rich nuclei. A thick and large solid hydrogen target,
which is dedicated for ox measurements, was used as a proton
target. We obtained the energy dependence of oy for '’F on
a proton target from several tens MeV /nucleon to several
hundreds MeV /nucleon. We made cross-section calculations
with the Glauber model and compared them with measured oy
for the proton-dripline nuclei '"F and !"Ne.

For a carbon target, oy for !’Ne is larger than that of '’F
owing to the large nuclear size of '"Ne, which originates from
the two-proton halo structure [6]. In contrast, for a proton
target, measured oy of 17F is almost the same as that of '"Ne,
even though the difference between the nuclear radii of the
two nuclei is significant. This behavior can be understood by

considering the fact that the isospin asymmetry of oyy (i.e.,

oy < oy below ~ 500 MeV /nucleon) and the dilute proton

density distribution of '"Ne reduce the cross sections. This
reduction is larger than the change of the cross section due
to the increase of the nuclear radius. This finding is consis-
tent with the theoretical investigation of proton-rich carbon
isotopes [38].

The energy dependence of ok on a proton target is not yet
fully understood. The experimental o for '’F on a proton
target in low (high) energies are smaller (larger) than those
obtained from the present theoretical calculations. This trend
is similar to that of '"Ne, which was carefully discussed in the
previous study [36]. This discrepancy of o on a proton target
remains an open question. Further experimental and theoreti-
cal studies are needed to understand nucleus—proton collisions
for precise determination of the proton- and neutron-size
properties of atomic nuclei.
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