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Charge-changing cross sections o of stable and unstable nuclei (°"!'Be, 4716C, and '®7180) on a
carbon target were investigated at 300 MeV /nucleon. A phenomenological analysis based on the Glauber
theory indicates an approximate, but universal, scaling of .. over a wide range of A/Z. This allows the
determination of the density distributions of protons tightly bound in the nuclei. An application to '°C,
which is considered to be an anomalously deformed nucleus, indicates a systematic evolution of proton
root-mean-square radii and has revealed for the first time a neutron skin effect in carbon isotopes. Being
complementary to isotope-shift and electron-scattering experiments, the present method can open up a
new approach to explore the structure of exotic nuclei.
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Charge radii are basic nuclear ground-state properties.
Accurate knowledge of these quantities is indispensable
for exploring the evolution of shell structure in unstable
nuclei. Recently, high precision measurements of charge
radii of neutron-rich He [1], Li [2], and Be [3] nuclides
have successfully been performed by using the laser
spectroscopy technique. Neutron halo structure, mani-
fested by the neutron density extended to extraordinarily
large radial distances, was observed among these isotopes.
Ever since the discovery of the nuclear halo, it has been
postulated that halo neutrons are well decoupled from
the core part of the nucleus. High precision experiments,
however, have clearly revealed that the presence of
valence neutrons enhances the charge radii of the core
nuclei as compared to the corresponding nuclei without
the valence neutrons. For example, the charge radius of
1Li is found to be larger than that of °Li, the core nucleus
of Li [2].

The isotope-shift measurements have so far provided the
highest precision for the charge radii of unstable nuclei.
Also, electron-scattering experiments on unstable nuclei
are under way at the radioactive ion beam facilities world-
wide [4,5]. However, both methods have certain limitations
on their applicability mainly due to a low luminosity of
rare isotopes close to the neutron drip line. Here we pro-
pose an alternative feasible methodology to derive the radii
for point-proton distributions (point-proton radii) in
neutron-rich nuclei and thereby easily access exotic prop-
erties near the drip line.

Based on an assumption of peripheral collisions of
heavy ions at intermediate energies, a charge-changing
cross section o reflects a collision probability of the
valence proton(s) of the projectile with the target nucleus,
thus having a sensitivity to the proton distribution [6-8].
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In previous studies, we have shown the applicability of a
Glauber-type analysis to obtain the proton radii of stable
isotopes around A/Z = 2 [9].

In this Letter, we report on precision measurements
and a phenomenological analysis of o, for stable and
unstable nuclei, namely, for *~!'Be, 4716C, and '~180
nuclei reacting with a carbon target at approximately
300 MeV /nucleon. The known charge radii of Be and O
isotopes were used as an input in the Glauber-type calcu-
lations in order to obtain the ratios of experimental and
calculated o.. The resultant o ratios were found to be
nearly constant in a wide range of A/Z up to A/Z = 3,
corresponding to a typical one-neutron halo nucleus ''Be.
In this work we discuss in detail the results obtained for
carbon isotopes.

The experiment has been performed in a similar way
as the previous ones [9]. The measurements were carried
out by using the fragment separator [10] at the synchrotron
facility Heavy Ion Medical Accelerator in Chiba, Japan.
A primary beam of 30 ions at an energy of
400 MeV /nucleon impinged on the beryllium production
target (2045 mm in thickness). Secondary beams were
produced in the projectile fragmentation reaction. The
separation of the secondary beams was realized by em-
ploying the Bp-AE-Bp technique. To introduce the energy
loss AE, an aluminum wedge degrader (10-50 mm in
central thickness) has been placed at the first dispersive
focal plane (F1) of the separator beam line (see Fig. 1 in
Ref. [9] for the detailed beam line description).

The principle of o, measurements is the transmission
method. The charge-changing cross section o is deter-
mined from the equation o, = —1 ln(FLO), where I" and T’

represent the ratios of the number of particles with the
same Z to the number of incoming projectiles for the
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target-in and the target-out cases, respectively, and ¢ de-
notes the number of target nuclei per unit area. The carbon
target was positioned at the third focal plane (F3). The
target thickness was 3.767 g/cm?. The thickness variation
is negligible.

Upstream of the carbon target, each incident particle has
been identified event by event by the Bp-AE-TOF tech-
nique to avoid contaminants. The amount of contaminants
was estimated in the off-line analysis to be less than about
1075, The energy-loss analysis AE was performed by
using two silicon detectors (500 and 450 wm thick) located
at the focal planes F2 and F3, respectively. Two sets of
plastic scintillation counters (13 and 0.5 mm thick) placed
at the F1 and F3 focal planes, respectively, provided the
time-of-flight information. A large plastic scintillator
(100 X 50 mm?2, 2 mm thick) with a 14-mm hole in the
center, aligned with the beam line axis, ensured the nu-
clides of interest hitting the carbon target and avoided
pileup events. Two parallel-plate avalanche counters [11]
were used to center the beam on the carbon target. A
typical particle identification is shown in Fig. 1(a) on the
example of '°C production.

Downstream of the target, a stack of six silicon detectors
(450 wm thick each) was used to measure AE of the out-
going particles. The solid angle coverage of the silicon
telescope was *£10°, which is large enough to measure all
projectiles penetrating through the carbon target. The sum
of AE from the silicon detectors allows unambiguous
identification of charges of the outgoing particles. A AE
resolution of 2.2% (1o) has been obtained for the 80
primary beam. A 5-mm CsI(Tl) scintillation counter was
also employed for the AE analysis. A clear Z separation
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FIG. 1 (color online). Particle identifications of '°C (a) before
and (b) after the carbon target. (a) Two-dimensional plot of AE
from the silicon detector at F2 versus time-of-flight between F1
and F3. (b) Correlation plot of the AE counters after the carbon
target, CsI(TI) scintillator versus the AE sum of silicon detec-
tors. Results of o, as a function of mass number for (c) Be,
(d) C, and (e) O isotopes.

for '®C was observed in a two-dimensional correlation plot
of AE from the CsI(TI) scintillator versus the AE sum of
the silicon detectors. It is shown in Fig. 1(b). Channeling
and reaction events in the silicon detectors, which gener-
ally produce smaller and larger pulse heights, respectively,
than those of the projectiles, were properly analyzed as
noninteracting events. The event selection gates applied to
the AE spectra might introduce a systematic uncertainty
in the o .. This was confirmed by changing the gate width
for the AFE spectra. The deduced variations were added
quadratically to the total errors. The results obtained from
the CsI(TI) counter are consistent with those from the stack
detector. Thus obtained results of o, are tabulated in
Table I and are graphically shown in Figs. 1(c)-1(e).

In order to investigate the relation between o, and the
point-proton distributions, we performed zero-range
optical-limit Glauber-type calculations [12] with the phe-
nomenological correction factor [9]. A charge-changing
cross section o is described by the following equations:

oo =21 f B[1 — T7(b)IE(E)db,

T7(b) = eXp[—<0‘pp [ Pl + o f pi?rgp‘;mj)],
(1)

where b denotes the impact parameter and o, (0,,) the
proton(neutron)-proton cross sections. T7(b) is a part of
the transmission function, where p%¢ (pi'®) is the
z-integrated density distribution of protons (neutrons) in
the target and p’™ is that of protons in the projectile. The
phenomenological correction factor £(E) was determined
to be 1.12 at 300 MeV /nucleon from precise experimental
o values [9]. A harmonic oscillator (HO) density distri-
bution [13] was applied to the carbon target. The width
parameter of the HO density was determined to be
ago(?C) = 1.645 fm, which reproduces the experimental
interaction cross section of '2C on carbon at

950 MeV /nucleon [13].

TABLE . Results on oo for % !1'Be, 4716C, and !67180
isotopes on a carbon target. Listed in the second column are
the energies in the middle of the target. The o3¢ obtained from
known charge radii are given in the last column.

Nuclide E (MeV/nucleon) oS (mb) oS (mb)
‘Be 276 730 = 8 621
10Be 280 647 =8 594
1IBe 277 659 = 11 614
l4c 287 731 £5 716
5C 285 743 + 6 e
e 284 726 = 6 s
160 288 852 + 17 832
170 294 896 £ 9 829
80 299 891 * 10 849
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The HO density was also applied to the proton density
functions of the projectiles with known charge radii
("""Be [3], 14C [14], and '6~180 [14]). The width parame-
ters af, were determined to reproduce the root-

mean-square (rms) radii 7, of the point-proton distribu-

. - X2 _ 2 (p2y _N
tions. The 7, was calculated to be 7, = 75, — (R;) — % X

2 ~ . .
(R2) — %, where F, is the rms charge radius, (R%) and

(R2) are the proton and neutron mean-square charge radii,
respectively [(Rf,)'/2 = 0.895(18) fm [15] and (R2) =
—0.1149(24) fm? [16]], and the last term is the Darwin-
Foldy correction [17].

Applying Eq. (1), the charge-changing cross sections
o have been calculated for °~''Be, '“C, and 7130
and are presented in Table I. The ratios of experimental
ooP and calculated o3¢ values are indicated with filled
symbols (circles: °~''Be; square: '“C; triangles: '~180
isotopes) in Fig. 2. As a result, we find that the ratios are
approximately constant over a wide range of Z/N; F =
oo /gle = 1,05 = 0.03, within a standard deviation of
*3% shown by the shaded area in Fig. 2. The constancy of
the o, ratio suggests that the direct proton removal chan-
nel dominates the charge-changing process at the present
energy. We emphasize that the typical one-neutron halo
nucleus ''Be follows the present scaling. The ratio for
Be is equal to 1.17 (Z/N = 0.8) and thus shows a large
deviation. This can be explained by the one-neutron
removal channel in °Be which contributes to the charge-
changing cross section yielding unbound ®Be nuclei break-
ing immediately up into two « particles. The high-energy
data [6] for nuclides with known charge radii ('*!'B,
1213¢, 145N, and !°F) were scaled to the present energy.
They were used to calculate the o ratios in the same way
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FIG. 2. Results on the ratios of experimental oo’ and calcu-
lated o3 as a function of Z/N for the nuclei with the known
charge radii °~''Be (filled circles), '*C (filled square), and =130
(filled triangles) isotopes. The solid line and the shaded band
show the result of the least square fitting of the experimental data
with the corresponding standard deviations, respectively. The
open square and circles show the ratios for °Li and the high-
energy data scaled to the present energy [6].

as described above and are plotted in Fig. 2 as open circles.
A largely deviating ratio at around 1.15 at Z/N = 1 comes
from '°B. It is caused by the same reason as in the case of
°Be. Thus, the overall results agree well within their un-
certainties with the present scaling. This indicates an ap-
proximate but universal scaling of o .. Thus, results might
be due to the fact that the beam energy lies in the minimum
of the nucleon-nucleon cross sections; that is, the reaction
complexity relevant for the nucleus-nucleus collisions is
minimal. The present method allows the determination of
the density distributions of protons “‘embedded” into
neutron-rich nuclei.

The application of the method to the carbon isotopes
yields valuable information on their proton radii which are
difficult to determine by the laser spectroscopy technique.
The first measurement of B(E2) in '°C suggested an
anomalous deformation [18]. This stimulated intensive
studies of the B(E2) values [19,20] as well as inelastic
scattering experiments with '°C [21]. Our new results on
0 of 1°C can provide an additional constraint on the
shell structure evolution in carbon isotopes.

By applying the present o, scaling, the point-proton
radii of '>!°C can be determined from the measured
charge-changing cross sections. Assuming the HO density
for the proton density distributions of these nuclei, the
width parameters were determined which reproduce the
measured oo’/ F. The rms point-proton radii of *C and
16C have been determined to be 7, =233 *=0.11 fm and
7, = 2.25 £ 0.11 fm, respectively. The main contribution
to the experimental errors comes from the variation of the
scaling factor. Although the uncertainties for the radii are
still rather large, the new results are consistent with those
for the stable carbon isotopes and support the systematic
evolution of the proton radii in this region (see Table II).
We note that the proton radius of '°C is on the downward
trend as compared to that of '*C. Adding neutrons to a
stable nucleus generally causes a decrease of the charge
radius, which had been qualitatively explained by Bohr and
Mottelson [23].

The nuclear matter radii of '>!C have been precisely
determined from the interaction cross sections measure-
ments at high energies (see Table II) [22]. Therefore, our
new proton radii enabled us to derive the neutron radii of
these nuclei. This was done by employing the relation

72, = %72 + N7, where 7, ,, and 7, are the rms matter,

TABLE II.  Root-mean-square point-proton (7,) and matter
(7,,) radii of carbon isotopes.

Nuclide 7, (fm) 7, (fm)

12c 2.320 = 0.007 [14] 2.31 £0.02 [22]
Bc 2.315 = 0.008 [14] 2.28 £ 0.04 [22]
l4c 2.364 = 0.011 [14] 2.30 = 0.07 [22]
IS¢ 2.33*0.11 2.48 = 0.03 [22]
16C 225 £0.11 2.70 £ 0.03 [22]
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FIG. 3 (color online). Difference of the neutron and proton
radii as a function of the difference of the proton and neutron
separation energies S ,-S,,. 68He isotopes [1] are indicated with
open triangles, *3%!1Li [2] with crosses, 7?~!'Be with filled
diamonds, 2°N [27] with the filled circle, neutron-rich Na iso-
topes [24] with filled triangles, and proton-rich Ar isotopes [25]
with open diamonds. Our new results on '>!°C isotopes are
shown with filled (blue) squares. The open square corresponds
to the '°C result with the deformation effect included.

proton, and neutron radii, respectively. The neutron skin
thicknesses 7,,-7, have been calculated and are plotted as a
function of the difference of the proton and neutron sepa-
ration energies §,-S, in Fig. 3 (filled squares). The skin
thicknesses for He [1], Li [2], Be [3], Na [24], and Ar
isotopes [25] are plotted for comparison. The present re-
sults on the carbon isotopes are consistent with the general
trend of the skin thicknesses which correlate linearly
with §,-S,,.

Different deformations of proton and neutron shapes

in the '°C nucleus have been proposed [26]. The quadru-

pole deformation effect enhances the radius as jdef =

#PPy[1 + (5/4m) B2, where 7 and 7P" are the deformed
and spherical components of the radius, respectively, and 8
is the deformation parameter. In the calculations above, the
deformed components 74¢" and 7" of '°C have been used
to evaluate the skin thickness 74¢'-7". Supposing that the
deformation of '°C follows the systematic behavior of
even-even nuclei in this region, that is, 8 ~ 0.4 for both
proton and neutron, our result for the skin thickness
AP s reduced by merely 3%. However, a systematic
analysis of the inelastic scattering of 'C on proton and
lead indicates a different deformation between proton and
neutron distributions, namely, 8, = 0.3 and B, = 0.45
[21]. In this case the skin thickness of '6C is reduced by
10%. This value is shown with the open square in Fig. 3.
Both results clearly reveal a thick neutron skin for '°C

comparable to the ones in °He and !'Be halo nuclei.

In summary, we have performed the precision measure-
ments of the charge-changing cross sections o, of °~!'Be,
14-16C and '~'80 nuclides on carbon at energies around
300 MeV /nucleon. Based on the Glauber-type analysis
with the phenomenological correction, we have discovered
an approximate, but universal, scaling of o, values over a
wide range of A/Z. Our new method has successfully been
applied to the carbon isotopes, revealing a systematic
evolution of proton radii and the neutron skin effect. The
present study may open up a new approach for future
investigations of ground-state properties of exotic nuclei.
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