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Abstract

We have measured the interaction cross-sections (6;) of **°Ar and **'Cl on carbon
targets at energies of around 950A MeV. The effective matter radii for these nuclei
were deduced by a Glauber-model analysis. Combining our matter radii with
measured proton radii for Ar isotopes, we could deduce the proton-skin thicknesses for
the ***Ar isotopes, which were found to increase monotonically with decreasing
neutron number. The larger radius of the proton drip-line nucleus *'Ar suggests an
anomalous structure for this nucleus. In addition, using Nal(Tl) arrays surrounding the
carbon target, we measured y-rays emitted from excited states in these isotopes. In this
way we could deduce the upper limits for the inelastic cross-sections (G,,,;,) on carbon

targets at energies of around 950A MeV.

PACS numbers: 21.10.Gv, 25.60.Dz, 27.30.+t, 27.40.+z



Keywords: NUCLEAR REACTIONS C(C™Ar, 3Ar); CCYql, *¥'Cl); E ~ 950
MeV/nucleon; measured interaction o, measured in-elastic 6; ***°Ar and **’Cl deduced
effective radii; proton skins for ***Ar



1. Introduction

The interaction cross-sections (0;) and reaction cross-sections (o) for light nuclei
have been extensively studied at many radioactive nuclear beam facilities (see, e.g., [1]).
In particular, at relativistic energies, these measurements provide a method to determine
effective matter radii and effective matter densities as well as information about the
valence nucleons of unstable nuclei [1]. While our previous studies with this method
[2,3,4,5] were limited to Z = 12, the present study was aimed at investigating if the
method can also be applied to heavier nuclei.

One of the most interesting features of unstable nuclei is the existence of skins.
Evidence for neutron skins in unstable nuclei has been collected for *He and *He for the
first time [6]. Measurements of Na isotopes [2,3] have revealed a monotonic increase
in the neutron skin thickenesses with increasing neutron number. Some nuclear
theories, for example Relativistic Mean Field (RMF) theory [7] and a Hartree-Fock
model with a Skyrme interaction [8], reproduce the neutron skins well. Such models
also predict the existence of proton skins in proton-rich nuclei. However, no clear
experimental evidence has been obtained so far. For Mg, an isotope located at
proton-drip line, a thick proton skin is suggested from the difference of o; between *Mg
and its mirror partner, 0 [4]. However, quantitative conclusions cannot be drawn,
since the proton radius is not known for ®Mg. In contrast, argon isotopes can provide
quantitative information on proton-skins, since their proton radii of ****Ar have been
studied by optical isotope shift measurements [9].

To derive effective matter radii from measured o;, we perform a Galuber model
analysis. In this context it is important to distinguish between the “reaction” and
“interaction” cross sections. By definition, 0y = 6; + Gy Where G, is the inelastic
cross section.  Glauber-model calculations show that the difference between ¢; and oy
at relativistic energies (around 900 A MeV) is only a few %, which is very close to the
experimental error bars of o; [10]. Therefore, we always assume 0; = 0y for an
analysis at relativistic energies. However, until now, we have no experimental
evidence for this assumption. The present experiment used an Nal(Tl) array to detect
y-rays emitted from the projectile, and thus allowed us to estimate G;,,, of the projectile.

In this paper, our experimental setup and results are described in Section 2. We also
describe measurements of 6., A discussion of g; is given in Section 3. In Section 4,
the deduced matter radii and proton skins are described. We present our conclusions
in Section 5.



2. Experimental procedure and results

The experiment was performed at the projectile-FRagment Separator (FRS) [11] at
GSI. Secondary beams of *"*Ar (**Ar) and ****Cl (***’Cl) were produced via the
projectile fragmentation of a **Ar (**Ar) primary beam accelerated to around 14 GeV by
the heavy-ion synchrotron SIS. A total of 11 different settings of the FRS were used to
separate and transmit *"*°Ar as nominal fragments. The fragments under study were
separated in the first half of the FRS, with selection made only according to their mass-
over-charge ratios. This allowed us to also determine o; for Cl isotopes together with
those for the Ar isotopes selected by the FRS setting, as shown in Table 1. The
primary-beam energies and the thicknesses of the Be production targets were adjusted
isotope by isotope so that the energies per nucleon of the secondary beams at the middle
of the reaction targets would be around 950A MeV, as listed in Table 1. The
maximum primary beam intensities of 2x10° particles per spill were used to produce
nuclei near to the proton drip-line. The typical spill lengths were 4 sec. We note that
the purity of secondary beams is worse on the proton-rich side. For *'Ar, the purity
was roughly 1x10*,

Figure 1 shows a schematic drawing of the experimental setup. The experimental
setup was essentially the same as that for our previous measurements [5]. At the first
focus (F1), we placed a scintillation counter (thickness # = 3 mm) to obtain the start
signal for a time-of-flight (TOF) measurement. This detector was also used as an
active slit for momentum definition (Ap/p = £0.25%). At the intermediate focus (F2)
of FRS (dispersion = 4.4 cm/%), we installed a scintillation counter as the timing
counter (width w = 120 mm and ¢ = 3 mm; flight path length s = 17.8 m), and four
Time-Projection Chambers (TPC), which were developed at Comenius University in
Slovakia [12]. In order to measure the energy-loss of fragments, we installed an
Ionization Chamber (IC) capable of accepting high count rates, which were developed
in Miinich [13]. The IC provides four anode pulse-height data (A;). The geometric
average of the four pulse-height data in the IC corresponds to AE of the beam at F2.
From the TOF scintillation counters we also obtained the horizontal position at the foci.
Thus, the position information at foci F1 and F2 together with the magnetic field in the
second dipole gave Bp of the fragments. This allowed us to calculate A and Z from Bp,
TOF, and AE, providing particle identification up to F2.

Reaction targets of carbon with 2.755 g/cm?, 4.405 g/cm?® and 5.356 g/cm? thickness
were placed at F2. The uniformity of the target thicknesses was better than +0.06%.
At the final achromatic focus (F4) of FRS, we placed two TPC, a MUIti-Sampling Ion-



Chamber (MUSIC) and a scintillation counter (w = 200 mm and ¢ = 5 mm). The
plastic detector at F2 served as a start signal for TOF and the scintillator at F4 as a stop
signal (s = 36.9 m). MUSIC provided four anode pulse-height data. The geometric
average of the four pulse-height signals corresponds to AE of the beam at F4. AE was
calibrated using the primary beam (Z = 18) at the beginning of the experiment. The
scintillation counter at F4 also provided the horizontal position at this focus. Thus,
position information at foci F2 and F4 together with the magnetic fields in the third and
fourth dipoles gave Bp of the fragments. This allowed us to determine A and Z from
Bp, TOF, and AE behind the reaction targets. A typical particle-identification
spectrum for *Ar setting in the first and second half is shown in Fig. 2.

To measure 0,,,,, Y-rays emitted in coincidence with secondary beams impinging on
the reaction targets were observed in a Nal(Tl) array, which consisted of 32 Nal(Tl)
crystals located approximately 80 cm behind the reaction target at F2, as shown in Fig.
1. The array had 3% of total efficiency, including geometry; its energy resolution
(AE/E) amounted to 12% (FWHM), for E, = 429 keV [14]. The four TPC at F2 could
provide precise positions and emission angles of the beams before and after the reaction
target, which allowed us to correct the Doppler shifts of the y-rays emitted from the
secondary beams.

The data-analysis method to obtain o; was the same as that in our previous
experiments. ©; were calculated using the equation ¢; = (1/N,) In(I'y/T'), where I"is the
ratio of the number of non-interacting ions to that of the incoming ions for a target-in
run, and I is the same ratio for an empty-target run. The number of target nuclei per
unit area is denoted by N,. It is crucial for transmission measurements to accurately
count all non-interacting ions downstream from the F2 reaction target. In order to
secure full transmission for non-interacting nuclei in the second half of the FRS, we
selected incident nuclei with a small angular divergence (< +9 mrad) based on the
position information of two TPC upstream from the reaction targets at F2.

In this experiment, we had to cope with widely varying count rates. The count rates
at F1, F2 and F4 changed considerably from isotope to isotope, and also changed when
measuring with or without reaction targets (200/spill to 600k/spill). On the other hand,
in some detectofs, the resolution became worse at a high count rate. For example,
MUSIC at F4 gave a good energy resolution only for less than 10 k/spill. Thus, we
observed a strong count-rate dependence for I, and I. We took the count-rate
dependence into account to deduce o;, as follows. We measured I, and I" with
different targets for several runs, while monitoring the F4 count rates for each run. By
using this empirical dependence, we normalized I to the corresponding count rate of



the runs that gave I. After this procedure, we deduced o; for each run and took the
average of the runs with the same targets. We found a consistency of the results from
the thick and thin targets; thus, the final value was obtained by averaging them. The
measured o; are listed in Table 2. As shown in Table 1, we measured o; for **Ar with
two different settings: one was with the *Ar primary beam; the other one was as a
fragment produced from the *°’Ar projectile. The results of the two settings are
identical, as shown in Table 2. This consistency verifies the validity of the method.
We obtained the y-ray spectra emitted by the secondary beams as they passed through
the reaction targets. We did not observe any pronounced y-ray peaks. In Fig. 3, we
show as an example the y-ray spectrum obtained for **Cl (selected at both F2 and F4)
with a 5.356 g/cm’ thick carbon reaction-target. Several excited states in **Cl are
known, as shown in the inset in Fig. 3. From the level scheme, we simulated possible
Y-ray spectra, while also taking also into account the efficiency, including the geometry
and the energy resolution of the Nal(Tl) array. The total detection efficiency of the
Nal(Tl) array was simulated using GEANT [15]. In addition to the peaks, we
approximated the background by an exponential. In Fig. 3, different lines
corresponding to different values of G,,,, are shown. We take the full line (calculated
for 6,4, = 10 mb) as an upper limit. Thus, we conclude that, at relativistic energy,
O 1S Smaller than the typical errors of o; and, therefore, 0; = 6. This corroborates

with theoretical calculations [10], which arrived at similar conclusions.
3. Discussions of the interaction cross-sections

The measured o; are shown as a function of the mass number (A) for the Ar and Cl
isotopes in Fig. 4. The observed o; increased monotonically with A. The solid lines
in Fig. 4 show the g; values calculated using the equation

;=T [R(*C) + 1, AP, (1)
where R,(*°C) is the interaction radius of *C (2.61 fm [1]) and r, is selected to reproduce
o; of *Ar (*’C1) for Ar (Cl) isotopes, respectively.

For both series of isotopes, the observed rate of increase is well reproduced by Eq. (1).
The large o; of *'Ar could indicate an extended proton distribution in this nucleus. One
can see that the radii of N = Z nuclei, **Ar and *Cl, are somewhat larger than those of
their neighbors. In the light-mass region, a similar tendency could be observed [4,16].
There, the large radii were interpreted to be due to a-cluster formation [16] or, in the
case of *Ne, to a deformation [4].



4. Matter radii and proton skins

4.1 Effective root-mean-square matter radii

Effective Root-Mean-Square (RMS) matter radii of the nucleon distributions were
deduced from o; using the Glauber model in the optical-limit approximation (GMOL),
the details of which are described in Ref. [1]. For lighter exotic nuclei, calculations of
RMS matter radii have been developed by Ogawa et al. [10] and Al-Khalili et al. [17]
using the Galuber model for few-body systems (GMFB). For those cases, GMFB
calculations give larger RMS radii than GMOL, particularly for halo nuclei, such as
"Be and ''Li. The two approaches differ appreciably, however, only for loosely bound
systems (neutron separation energies; S, < 1 MeV) [S]. For nuclei with large
separation energies, GMFB calculations give almost the same results as those by
GMOL [5]. For the present case, the lowest proton separation energy (S,) is 290+50
keV for *'C1[18]. However, the Coulomb barrier for the valence proton is roughly ~3
MeV for Z = 17. Thus, we conclude that the GMOL approach is fully sufficient to
analyze the present data.

Glauber model calculations require that the functional form of the density distribution
is specified. In the light-mass region, Harmonic-Oscillator (HO) type density
distributions reproduce the densities well [1]. For the heavier mass system, a Fermi-
type distribution reproduces the effective nucleon densities much better [1].
Numerically, the density is described as

p() = p, [ 1 +exp(@-R)/a) T, ©)

where R and a are the radius and the diffuseness parameters, respectively. Since we
measure only one observable (0;), but need to determine two parameters (R and a), we
have to fix either R ora. We have chosen to fix a to the value obtained for stable *Ar
(@ = 0.507 fm [19]) and vary the radius parameter (R) in Eq. (2). We showed
previously for Na and Mg isotopes that consistent values of the deduced matter radii
were obtained when changing either R or a; both approaches were able to reproduce the
o; within their error bars [2,3].

By integrating the effective densities (Eq. (2)) we deduced the effective RMS matter
radii. The results are listed in Table 3 and visualized in Fig. 5. In this figure we also
show, by the solid lines, the results from RMF calculations with NL3 parameterization
[20]. The RMF calculations generally predict larger radii, but reproduce the mass
dependence of the experimental data well.

In Fig. 5, we can observe a larger radius of a proton drip-line nucleus *'Ar. To
investigate this in more detail, we show in Fig. 6 the isospin dependence of the RMS



matter radii for A = 31 isobars. Unfortunately, the radius of *'Al, the mirror partner of
*'Ar, is not known, but data are available for more neutron-rich nuclei, **Mg and *'Na
[3]. Fig. 6 reveals the *'Ar radius is indeed somewhat larger than that of *’Mg and *'Na.
Thus, it is suggested that the mirror symmetry of the radii is breaking at *’Ar. This
kind of mirror asymmetry is also shown in "Ne [21] and *Mg [4]. A possible proton
halo structure is suggested for '"Ne [22], and the deformation effect would explain the
asymmetry radii in ®Mg [22]. Thus, a proton halo and/or a large deformation may be
anticipated for *'Ar.

4.2 Proton skins

In order to extract numerical values for the proton-skin thickness, we used the

following equation for the matter radii:

(Rens™)’ = (ZIA)Rs®) + (NJAYRen")’, 3)

where R_,\", R..F and R_" are RMS matter, proton and neutron radii, respectively. To
separate neutron and proton radii, we subtracted from our matter radii (Col. 2 of Table
3) the experimental RMS proton radii of the Ar isotopes obtained by optical isotope
shifts measurements [9]. To obtain the values shown in Col. 3 of Table 3, we
normalized the **Ar radius to the one determined by electron scattering [19]. Thus, we
obtained the RMS neutron radii listed in Col. 4 of Table 3. The proton skin thickness
is given by (R.,F - R.,,"), as listed in Col. 5 of Table 3 and visualized in Fig. 7. The
errors of the skin thicknesses were dominated by the errors of the RMS matter radii.

For a comparison, we also plot in Fig. 7 the proton skin thicknesses obtained by RMF
calculations with the NL3 parameter set (the solid line). The RMF calculations
reproduce the observed tendency very well. In the figure, the proton-skin thickness
increases monotonically with decreasing mass number. While a similar constant
increase of neutron skins with increasing neutron number has been observed for Na-
isotopes [2], we can demonstrate for the first time a monotonical increase of proton
skins. The two observations, together with good agreement with the RMF calculations,
indicate that neutron as well as proton skins are quite common phenomena in unstable
nuclei off the stability line.

Previously, we correlated the skin thickness with the difference between the proton
and neutron separation energies, S,-S, [2]. A similar plot is shown in Fig. 8; it includes
the neutron-skin thicknesses deduced previously for the Na-isotopes [2]. We can see a
strong correlation of the skin thickness with S,-S,. Thus, it is shown that the difference
between proton and neutron Fermi-energies in the nucleus is the driving force that
creates the skin phenomenon. Such a correlation is also predicted by RMF



calculations [6]. In Fig. 8, results from the RMF calculations with NL3 are shown by
the cross marks. At first glance, the present RMF calculations reproduce the
experimental correlations well. However, in detail, the present RMF calculations fail
to reproduce ***Ar and predict smaller S-S, for the Na isotopes. Improvements of

calculations are anticipated.
5. Conclusion

In summary, we have measured the interaction cross-sections (o;) for ***Ar and *"
Cl on carbon targets at relativistic energies. We also measured y-rays emitted from
the nuclei passing through the carbon targets to estimate the inelastic cross-sections
(Ome)- We did not observe any prominent y-ray peaks for the nuclei, which implies
that G,,, should be less than about 10 mb. This number is the same size as typical
errors of 0. Thus, our assumption that 0; = oy at relativistic energies seems to be
justified.

We deduced the effective matter radii of the nuclei by a Glauber-model analysis.
The deduced matter radius of *'Ar is larger than those of its neighbors. This suggests
an anomalous structure. We deduced the proton skin thicknesses of Ar isotopes by
combining the deduced matter radii with proton radii obtained from optical isotope-shift
measurements. The data show, for the first time, a monotonical increase of proton
skins with decreasing neutron number. We also observed a strong correlation of the
skin thickness with the difference of the proton and the neutron separation energies.
That suggests that the Fermi-energy difference for protons and neutrons in the nucleus
is essential for skin phenomena.
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Table 1

Primary beam energies and Be target thicknesses used in each setting. The nominal
fragments of the individual settings are underlined.

Primary beam Fragments Primary beam energy Be target thickness
(A MeV) (mg/cm?)
“Ar - 1035 2512
“Ar ®Ar, ¥'Cl 1035 1625
“OAr 3¥Ar, *°Cl 1035 1625
“Ar ¥Ar, *Cl 1035 1625
“OAr ¥Ar, **Cl 1035 1625
Ar - 1050 2512
Ar »Ar, *Cl 1050 1625
Ar *Ar, Cl 1050 1625
SAr »Ar, *'Cl 1050 1625
SAr 2Ar 1050 1625
*Ar JAr 1050 1625




Table 2

Interaction cross sections (0;) for Ar and Cl isotopes with carbon targets.

Nucleus = Mean energy/A o
(MeV) (mb)
JAr 940 1358+34
2Ar 940 1317433
BAr 950 1330+32
“Ar 950 1356+14
SAr 955 1369+15
SAr* 945 1386+14
SAr+* 940 138623
Ar 945 1378+15
BAr 950 1398+14
*Ar 950 1434+14
“Ar 940 1452+14
IC1 960 1288+52
2C1 960 130656
Q1 960 1289+34
*al 945 133428
*Cl 945 1327+14
%Cl 945 1365+14
C1 945 137414

* 35Ar run with **Ar primary beams.
** 3Ar run with “°Ar primary beams.



Table 3

Effective RMS radii for Ar and Cl isotopes. R_™ are the effective RMS matter radii
deduced by Glauber-model calculations in the optical-limit approximation, where we
assume Fermi-type density distributions (Eq. (2)). R, are the effective RMS proton
radii, deduced from optical isotope shift measurements [9], where we normalized the
*SAr radius to that deduced from electron scattering [19]. R are the effective RMS
neutron radii, deduced by Eq. (3). AR are proton skin thicknesses, defined by (R’ -
R.D.

Nucleus R." R’ R, AR
(fm) (fm) (fm) (fm)
JAr 3.207+0.091
2Ar 3.075+0.089 3.228+0.018 2.866+0.220 0.362+0.221
BAr 3.090+0.086 3.225+0.017 2.920+0.201 0.305+0.202
*Ar 3.142+0.037 3.203+0.017 3.071+0.084 0.132+0.086
SAr 3.157+0.040 3.202+0.017 3.109+0.086 0.093+0.087
Ar 3.184+0.035* 3.22940.015 3.13740.074 0.092+0.075
Ar 3.145+0.037 3.229+0.016 3.062+0.077 0.167+0.078
SAr 3.179+0.036 3.242+0.015 3.120+0.070 0.122+0.072
®Ar 3.252+0.035 3.248+0.017 3.255+0.067 -0.007+0.069
“Ar 3.282+0.036 3.257+0.016 3.301+0.065 -0.044+0.067
IC 3.016+0.143
Cl1 3.045+0.153
3Cl 2.979+0.093
*Cl 3.084+0.076
*Cl 3.045+0.037
*Cl 3.128+0.038
7Cl 3.133+0.037

* We used only the data with **Ar primary beams.



Figure captions

Fig. 1.

Schematic view of the experimental setup at the fragment separator FRS. TPC and
MUSIC mean Time-Projection Chambers and Multi-Sampling Ion-Chamber,
respectively. The bold letters indicate the measured quantities: TOF, Bp and AE.

Fig. 2.
Typical scatter plot of the mass-to-charge ratio (A/Z) versus the proton number (Z) at
the FRS intermediate focus (F2) and the final focus (F4), for the **Ar nominal setting.

*IC1 fragments are also visible.

Fig. 3.

Doppler-corrected y-ray energy spectra in a “C(**CL,*CI)X reaction at ~950 A MeV.
The solid, long-dashed and short-dashed lines correspond to simulated spectra with 10,
20 and 40 mb of inelastic cross-sections. An exponential background, shown by the
thin dashed line, was taken into account in the simulations.

Fig. 4.

Interaction cross-sections (;) for (a) Ar and (b) Cl isotopes on carbon targets. The
filled circles (squares) are data points obtained by runs with **Ar (“°Ar) primary beam,
respectively. The solid line shows o; as calculated by Eq. (1).

Fig. S.
Root-mean-square (RMS) matter radii (R_,,,™) for Ar and Cl isotopes. The solid lines
show radii calculated by RMF calculations with the NL3 parameter set [20].

Fig. 6.

Isospin (7,) dependence of RMS matter radii (R,,") for A=31 systems. The closed
(open) circles are radii deduced from the present (previous [2,3]) study. The solid
lines show radii calculated by RMF calculations with NL3 parameterization [20]. The
mirror pair >’ Ar-*>'Al is marked by the dashed lines with arrows.

Fig. 7.

Mass number dependence of proton skin thickness in Ar isotopes. The solid lines
connects radii calculated by RMF calculations with NL.3 parameterization [20].



Fig. 8.

Correlation of the proton skin thickness as a function of the difference between the
proton and neutron separation energy difference (S,-S,). The closed (open) circles
marked with mass numbers are data for Ar (Na) isotopes, respectively. The cross
marks show the calculated values from RMF calculations with the NL3 parameter set
[20]; (x) for Ar isotopes and (+) for Na isotopes, respectively.
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