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Abstract

The absolute differential cross sections for small-angle proton elastic scattering off the nuclei 12,14−17C
have been measured in inverse kinematics at energies near 700 MeV/u at GSI Darmstadt. The hydrogen-
filled ionization chamber IKAR was used as an active target to detect the recoil protons. The measured
cross sections were analysed using the Glauber multiple-scattering theory. The radial nuclear matter density
distributions and the root-mean-square nuclear matter radii were obtained. A possible neutron halo structure
in 15C, 16C and 17C is discussed. The obtained data show evidence for a halo structure in the 15C nucleus.

Keywords: 12C, 14C, 15C, 16C, 17C, nuclear matter distribution, nuclear matter radii, proton-nucleus
elastic scattering

1. Introduction

The study of nuclei far from stability is a topic of great current interest. A number of experiments have
shown that these nuclei may have exotic structures such as a neutron skin or a halo [1–4]. The neutron skin
describes an excess of neutrons on the nuclear surface whereas the halo corresponds to such an excess along
with an extended tail of the neutron density distribution. The necessary conditions for the halo formation in
nuclei are a small binding energy and a low angular momentum of the valence nucleon(s). It has been found
that a halo structure manifests itself by large interaction (reaction) cross sections, by enhanced removal cross
sections and by narrow momentum distributions of reaction products in the processes of nuclear break-up
and Coulomb dissociation.

A long isotopic chain of carbon nuclei was extensively studied both experimentally and theoretically
with the aim to understand the evolution of the nuclear structure as one approaches the drip line. Among
other topics, the variation of the nuclear shape with the neutron excess, the development of a halo, and
the change of the shell structure are important subjects in the study of the nuclei of carbon isotopes.
Recently, an experimental evidence for a prevalent Z = 6 magic number in neutron rich carbon isotopes was
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presented [5] based on a systematic study of proton radii, electromagnetic transition rates and atomic masses
of light nuclei. Small neutron separation energies are known in 15C, 17C, 19C and 22C [6], so these nuclei are
suggested to be candidates to exhibit a neutron halo. Large enhancements in the values of the root-mean-
square (rms) nuclear matter radius Rm evaluated from the measured interaction cross sections were found
for 15C, 19C [7, 8] and 22C [9]. These results also signal the formation of a neutron halo. Narrow fragment
momentum distributions of the reaction products in the nuclear break-up of 15C [10–13], 19C [13–15] and
22C [15] support the existence of a halo structure in these nuclei.

The situation concerning a halo formation in 17C is rather contradictory. In several experimental studies
a broad momentum distribution observed from the one-neutron nuclear break-up of 17C contradicts a halo
existance in this nucleus [10, 11, 13, 14]. This was explained by a d -wave nature of the valence neutron in its
ground state. The matter radius derived from the interaction cross section measured at 965 MeV/u did not
show a significant enhancement in respect to its neighbours [7]. On the other hand, such an enhancement was
predicted in theoretical studies of the properties of the nuclear structure of carbon isotopes [16] within the
relativistic Hartree-Fock-Bogolubov theory. The authors of Ref. [16] suggest single-neutron halo structures
in both 17C and 19C nuclei. The reaction cross section for scattering of 17C on a 12C target was measured at
79 MeV/u at RIKEN [17]. On the basis of the finite-range Glauber model, the density distribution in 17C
was derived using the measured reaction cross section together with the interaction cross section deduced
at high energy. From these results a long tail in the neutron density distribution in 17C [17] was suggested.
Later, the same experimental data were reanalysed [18] using the well tested modified Glauber model [19].
The results of the analysis [18] showed that 17C is a halo-like nucleus with a big deformation and a tail
structure. The deformation may explain the broad momentum distribution of 16C fragments from 17C [18].

The information on the structure of 16C is also contradictory. In an experiment at RIKEN [20], the
reaction cross section for scattering of 16C projectiles on a 12C target was measured at an energy of 83
MeV/u. The analysis of the data suggests that 16C has a (core + 2n) structure and demonstrates the
formation of a neutron halo [20]. This would explain an enhancement of the 16C reaction cross section at
low energy [20] and an enhancement of the 16C interaction cross section measured at relativistic energy at
GSI [7]. The same conclusion about the halo formation in 16C was also drawn in Ref. [21], where a strong
prolate deformation of this nucleus was predicted. However, the 16C nucleus has a relatively large neutron
separation energy, S2n = 5.468 MeV [6], which is not consistent with the existence of a halo in this nucleus.
Later, it was found [22] that the momentum distribution of 14C fragments from the 16C break-up is rather
broad with a FWHM of 142 ± 14 MeV/c, which also contradicts a halo formation in 16C. Recently new
calculations on the structure of the 15C and 16C nuclei [23] lead the author to the conclusion that 15C is a
halo nucleus, while 16C has a skin structure.

Probing the nuclear matter distributions in stable nuclei with proton elastic scattering at intermediate
energies near 1 GeV is known to be a well established method [3, 24, 25]. In order to study the structure
of exotic nuclei, experiments in inverse kinematics were proposed [26] and performed by the PNPI-GSI
collaboration at energies of secondary beams around 700 MeV/u at GSI, Darmstadt [27–34]. In these
experiments, the hydrogen filled ionization chamber IKAR [27, 28, 35] was used as an active target to
measure with high accuracy the absolute differential cross sections for proton elastic small-angle scattering
on exotic nuclei. An analysis of the measured cross sections using the Glauber multiple scattering theory
makes it possible to study the nuclear matter distributions and to determine the rms of the total matter
radii and the radii of the nuclear cores and halos [26, 29]. Previously, the method was applied to study
the neutron rich nuclei 6He, 8He, 8Li, 9Li, 11Li, 12Be, 14Be [27–32], and the proton rich nuclei 7Be and
8B [33, 34]. Measurements on the stable nuclei 4He and 6Li, which have equal numbers of protons (Z) and
neutrons (N), and for which the difference between the neutron and proton distributions is expected to be
small, were used to make a consistency check of the experimental method [29, 31].

In the present experiment, the 12,14,15,16,17C nuclei of the carbon isotopic chain were investigated em-
ploying the same method of the proton elastic scattering in inverse kinematics. The aim of the experiment
was to obtain the nuclear matter density distributions in the 14−17C isotopes and to study a possible halo
structure in 15−17C. The 14C nucleus was chosen as a presumable core for the 15C and 16C nuclei. The
measurement of the differential cross section for elastic p12C scattering was used as a consistency check of
the experimental method, including the data analysis procedure.
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Figure 1: Schematic view of the experimental set-up for small-angle proton elastic scattering in inverse kinematics. The
ionization chamber IKAR serves simultaneously as a hydrogen target and a detector for the recoil protons. For the sake of
simplicity only one chamber module of six identical ones is shown. In each module the recoil energy TR, the recoil angle ΘR

and the vertex point ZV of the interaction are determined. The scattering angle ΘS of the projectile is determined with four
multi-wire proportional chambers PC1–PC4.The scintillator detectors S1–S3 and VETO are used for beam identification and
triggering. The scattered projectiles are identified using the ALADIN magnet with the drift chamber (DC) and the scintillator
wall, thus separating the break-up reaction products.

2. Experimental set-up and the measurement procedure

The experiment was performed at GSI, Darmstadt. A primary 22Ne beam produced by the UNILAC-
SIS accelerator complex was focused on an 8 g/cm2 Be production target at the entrance of the fragment
separator FRS [36]. The carbon isotopes of interest were separated according to their magnetic rigidity and
to their nuclear charge by inserting an achromatic (2.7 g/cm2) aluminium degrader at the dispersive central
focal plane of the FRS. The energy of the secondary beam at the centre of the hydrogen target was ∼700
MeV/u with an energy spread of ∼1.3%. The mean energies of the beam particles were determined with an
accuracy of about 0.1%. The beam intensity was about 3000 ions/s.

A schematic view of the experimental set-up is shown in Fig. 1. The set-up was the same as in the
previous experiment [32]. The main constituent of the set-up was the active target IKAR – an ionization
chamber filled with pure hydrogen at a pressure of 10 bar, which served simultaneously as a gas target and
a recoil proton detector. IKAR was developed at PNPI [35, 37, 38] and was originally used in experiments
on small-angle hadron elastic scattering. The chamber consists of six identical modules. Each module
is an axial ionization time-projection chamber, which contains an anode plate (subdivided into a central
circular electrode and a concentric ring electrode), a cathode plate, and a grid, all electrodes being arranged
perpendicular to the beam direction. At the applied high voltages and for the gas pressure used the electron
drift time from the cathode to the grid is 23 µs. The signals from the electrodes provide the energy
TR of the recoil proton (or its energy loss in case it leaves the active volume), the scattering angle ΘR

of the recoil proton, and the coordinate ZV of the interaction point along the chamber axis in the grid-
cathode space [28]. The energy resolution of IKAR was ∼45–55 keV (sigma). The recoil protons were
registered in IKAR in coincidence with the scattered projectile particles. The momentum transfer could be
determined either from the measured recoil energy TR or from the value of the scattering angle ΘS of the
projectiles which was measured by a tracking detector system consisting of 2 pairs of two-dimensional multi-
wire proportional chambers PC1–PC2 and PC3–PC4, arranged upstream and downstream with respect to
IKAR. The corresponding scattering angle ΘS was obtained using the measured x and y coordinates in the
multi-wire proportional chambers. The resolution for the scattering angle was determined by the position
resolution of the proportional chambers and the angular spread due to multiple Coulomb scattering of the
projectiles. The total angular resolution was estimated to be in the range from σΘ = 0.6 mrad for the case of
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Figure 2: 2-Dimensional plot of the time-of-flight (ToF) and the energy loss (∆E) in the S3 scintillator for the case of the 17C
beam.

17C to σΘ = 0.85 mrad for 12C, as deduced from calibration measurements with unscattered beam particles.
A set of scintillation counters (S1, S2, S3 and VETO) was used for triggering and identification of the

beam particles via time-of-flight (ToF) and energy loss (∆E) measurements. The identification plot for the
case of the 17C secondary beam is shown in Fig. 2. The time-of-flight and energy loss of the projectiles in
the scintillators allow for unambiguous discrimination of the different isotopes present in the beam. The
contamination with other nuclei for each selected carbon isotope was below the 0.1% level.

The ALADIN magnet with a drift chamber and a scintillator wall behind it was utilized to discrimi-
nate against break-up reaction channels using magnetic rigidity and energy loss of the reaction products.
A detailed description of the experimental set-up and the procedure of the measurement is presented in
Refs. [28–34].

The absolute differential cross section dσ/dt was determined after the event selection using the relation

dσ

dt
=

dN

dtBn∆L
. (1)

Here, dN is the number of elastic proton-nucleus scattering events in the interval dt of the four-momentum
transfer squared, B is the corresponding number of beam particles impinging on the target, n is the density
of the hydrogen nuclei known from the measured gas pressure and temperature, and ∆L is the effective
target length. The value of t was calculated as |t| = 2mTR, (where m is the mass of the proton) for the
lower momentum transfers, or as |t| = 4p2sin2(ΘS/2)/(1 + 2Esin2(ΘS/2)/m) (where p and E denote the
projectile initial momentum, and total energy, correspondingly) for the higher momentum transfers [34].

The procedure of the selection of elastic events was the same as in the previous experiments with
IKAR [28, 31, 32, 34]. To reject background events, the correlation between the energy EIKAR deposited in
IKAR by the recoil proton and the scattering angle ΘS of the projectile was used. The measured differential
cross sections are to a large extent cross sections for elastic scattering. However, they may contain some
admixture of inelastic scattering. Possible contributions of inelastic scattering to the measured cross sections
were estimated by calculations.

The calculations of the inelastic cross sections for proton scattering off the carbon isotopes under study
were performed using the eikonal model. In particular, the formalism of Ref. [39] was adopted as a starting
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Figure 3: Absolute differential cross sections dσ/dt for p12,14,15,16,17C elastic scattering versus the four-momentum transfer
squared −t. The indicated energies correspond to the equivalent proton energies for direct kinematics. Solid lines are the
results of fits to the experimental cross sections performed within the Glauber theory using the GH parameterization with the
fitted parameters.

point, but it was extended in order to distinguish between scattering on protons and neutrons in the nuclei
under investigation. Note that for the case of neutron-rich nuclei, such a distinction is obviously necessary.
In the calculations, the basic inputs were the nucleon-nucleon (NN) scattering amplitudes and the ground-
state (transition) densities for the cases of elastic (inelastic) scattering, respectively. The parameters of the
NN amplitudes were taken from Ref. [40]. The ground-state densities were described as Gaussians, while
the transition densities were as in the Tassie model [41]. The total differential inelastic cross sections for
the different carbon isotopes were calculated by summing up the contributions of all experimentally known
states below the particle threshold [42]. The deformation parameters βp and βn used in the calculations
were based on the existing experimental information (proton or other scattering data, Coulomb excitation
or electromagnetic decay properties). The details of the calculations will be published elsewhere [43].

The calculated inelastic cross sections are significantly smaller than the measured values of dσ/dt and
make a noticeable contribution to dσ/dt (up to about 10%) only at the highest values of |t| (at |t| ≃
0.06 (GeV/c)2). The absolute differential cross sections dσ/dt deduced in the present experiment according
to Eq. (1) for proton elastic scattering on the 12C, 14C, 15C, 16C, and 17C nuclei in the momentum-transfer
range of 0.002 ≤ |t| ≤ 0.06 (GeV/c)2 after subtraction of the calculated contributions from the inelastic
scattering are displayed in Fig. 3 and listed in a tabular form in the Appendix. The indicated energies
Ep correspond to the equivalent proton energies in direct kinematics. A high detection efficiency for the
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beam particles and the elastic-scattering events provide the 2% accuracy of the absolute normalization of
the measured cross sections. The uncertainty in the t-scale calibration is estimated to be about 1.5%. Note
that the above discussed procedure of subtraction of the estimated contributions of the inelastic scattering
had a rather small effect (within the error bars) on the deduced radii.

3. The data analysis and results

The Glauber multiple-scattering theory was applied to establish the nuclear density distributions from
the measured cross sections similarly as in Refs. [29–34]. The calculations were performed using the basic
Glauber formalism for proton-nucleus elastic scattering and taking experimental data on the elementary
proton-proton and proton-neutron scattering amplitudes as input (for details see Ref. [29]). In the analysis
of the experimental data, the nuclear many-body density ρA was taken as a product of the one-body
densities, which were parameterized with different functions. The parameters of these densities were found
by fitting the calculated cross sections to the experimental data. The fitting procedure is described in detail
in Ref. [29].

In order to reduce the model dependence of the obtained results, four parameterizations of phenomeno-
logical nuclear density distributions were applied in the present analysis, labeled as SF (Symmetrized Fermi),
GH (Gaussian-Halo), GG (Gaussian-Gaussian) and GO (Gaussian-Oscillator). Each of these parameteri-
zations has two free parameters. In the SF parameterization, the free parameters are the so-called “half
density radius”R0 and the diffuseness parameter a. The corresponding rms matter radius Rm is connected
with the parameters R0 and a by the relation

Rm = (3/5)1/2R0 [1 + (7/3)(πa/R0)
2]1/2. (2)

The GH parameterization is determined as a function of the matter radius Rm and the halo parameter α,
which varies from 0 to 0.4. The case α = 0 corresponds to a Gaussian shape, and the one with α = 0.4 to a
distribution with a pronounced halo component.

While the SF and GH parameterizations do not make any difference between the core and valence
neutrons (halo) distributions, the GG and GO parameterizations assume that the nuclei consist of core
nucleons and valence nucleons with different spatial distributions. The core distribution is assumed to be
a Gaussian one in both the GG and GO parameterizations. The valence nucleon density is described by
a Gaussian or a 1p shell harmonic oscillator-type distribution within the GG or GO parameterizations,
respectively. The free parameters in the GG and GO parameterizations are the rms radii Rc and Rv (Rh)
of the core and valence (“halo”) nucleon distributions. The matter radius Rm is connected with Rc and Rv

by the following relation:
Rm = [(AcR

2
c +AvR

2
v)/A]

1/2, (3)

where A is the nuclear mass number, Ac is the number of nucleons in the core, and Av is the number of
valence nucleons. The explicit expressions for the SF, GH, GG and GO parameterizations are given in
Ref. [29].

The results of the fits to the measured experimental cross sections with the phenomenological density
distributions SF, GH, GG and GO for the carbon isotopes under investigation are presented in Table 1.
For each density parameterization, the deduced rms nuclear matter radius Rm, the χ2 value of the fitting
procedure, the values of the fit parameters, and the normalization coefficient An with which the calculated
cross section dσ/dt was multiplied to obtain the same absolute normalization as the experimental one are
presented. Note that the errors in Table 1 are statistical only.

The solid lines in Fig. 3 represent the results for the cross sections dσ/dt calculated using the GH
parameterization with the fitted parameters. At |t| < 0.005 (GeV/c)2, a steep rise of the cross section
with decreasing |t| is caused by Coulomb scattering. It is seen that the fits describe the experimental cross
sections fairly well with the reduced χ2 values close to 1.0. The calculations of the cross sections with the
nuclear matter density parameterizations SF, GG, and GO with the fitted parameters give practically the
same results.
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Table 1: Parameters obtained by fitting the calculated proton elastic scattering cross sections for the carbon isotopes under
investigation to the measured cross sections for the parameterizations SF, GH, GG and GO of the nuclear matter density
distributions. The presented parameters refer to point-nucleon density distributions. An denotes the normalization factor
of the calculated cross section, Ndf is the number of degrees of freedom. An, χ2/Ndf and α are dimensionless, all other fit
parameters are given in fm. The radii Rc and Rv are in the c.m. system of the nucleus. All errors given are statistical only.

Nucleus Parameterization χ2/Ndf
Fit parameters Rm,

fmAn Density parameters

12C
SF 30.0/33 1.03(1) R0 = 1.98(13) a = 0.48(3) 2.35(2)
GH 30.2/33 1.03(1) Rm = 2.33(1) α = 0.00(2) 2.33(1)

14C
SF 31.1/31 1.01(1) R0 = 0.87(32) a = 0.63(3) 2.43(2)
GH 31.4/31 1.01(1) Rm = 2.41(2) α = 0.11(2) 2.41(2)

15C

SF 32.6/29 1.03(1) R0 = 1.56(16) a = 0.62(2) 2.59(2)
GH 32.6/29 1.03(1) Rm = 2.57(2) α = 0.06(2) 2.57(2)
GG 34.4/29 1.02(1) Rc = 2.43(1) Rv = 4.45(43) 2.61(5)
GO 33.6/29 1.02(1) Rc = 2.40(1) Rv = 4.49(33) 2.60(4)

16C

SF 33.5/37 1.04(1) R0 = 1.31(25) a = 0.67(3) 2.70(3)
GH 36.3/37 1.04(1) Rm = 2.68(3) α = 0.09(2) 2.68(3)
GG 35.3/37 1.04(1) Rc = 2.43(2) Rv = 4.36(29) 2.75(6)
GO 35.0/37 1.04(1) Rc = 2.38(2) Rv = 4.35(22) 2.71(4)

17C

SF 35.0/37 1.01(1) R0 = 1.97(13) a = 0.60(2) 2.69(2)
GH 34.7/37 1.02(1) Rm = 2.67(2) α = 0.03(2) 2.67(2)
GG 35.5/37 1.02(1) Rc = 2.58(2) Rv = 3.86(54) 2.68(3)
GO 35.3/37 1.02(1) Rc = 2.56(2) Rv = 4.06(40) 2.67(3)

For the description of the cross sections in the case of the 12C and 14C nuclei, only the SF and GH
density parameterizations were used. The weighted mean values of Rm averaged over the results obtained
with these density parameterizations are:

Rm = (2.34± 0.05) fm for 12C,
Rm = (2.42± 0.05) fm for 14C.

The errors indicated here and below for the deduced values of the radii include statistical and systematic
uncertainties. The systematic errors appear due to uncertainties in the absolute normalization of the exper-
imental cross sections, errors introduced to the analysis from uncertainties in the parameters of the free pp
and pn scattering amplitudes, and corrections for the inelastic scattering contributions, uncertainties due to
different model density parameterizations used, and the error in the t-scale. For details see [29].

In the analysis it was assumed that the nuclei 15C and 17C consist of the 14C, and 16C cores, respectively,
and a loosely bound valence neutron. For these nuclei good descriptions of the cross sections have been
achieved with all the density parameterizations used. The corresponding values of the rms matter radii Rm

deduced with all four parameterizations for 15C and 17C are close to each other within rather small errors.
The values of Rm averaged over the results obtained with all the density parameterizations are:

Rm = (2.59± 0.05) fm for 15C,
Rm = (2.68± 0.05) fm for 17C.

The mean value for the core radius of 15C deduced with the GG and GO parameterizations is Rc =
2.41(5) fm. Combining the obtained values of Rm and Rc, and employing relation (3) between the rms radii
Rm, Rc, and Rv, one derives for the radius of the valence neutron distribution in 15C a value of Rv = 4.36(38)
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fm. The mean values of the core radius and the radius of the valence neutron distribution deduced in the
present analysis for 17C are Rc = 2.57(5) fm and Rv = 4.05(47) fm.

In the analysis of the data for the 16C nucleus with the density parameterization within the GG and
GO models a structure of a 14C core plus two valence neutrons was assumed. For this isotope all density
parameterizations also fit the experimental data well. The weighted mean rms matter radius of 16C, deduced
from the GH, SF, GG, and GO parameterizations is

Rm = (2.70± 0.06) fm.

For the core radius and the radius of the valence neutrons distribution, the following mean values were
determined: Rc = 2.41(5) fm and Rv = 4.20(26) fm.

The deduced nuclear matter density distributions obtained using different parameterizations of the nu-
clear matter distributions are plotted in Fig. 4. The shaded areas represent the envelopes of the density
variation within the model parameterizations applied, superimposed by the statistical errors. Figure 4 also
shows the obtained core matter distributions. All density distributions refer to point-nucleon distributions.

Using the matter radii Rm deduced in the present work and the radii Rp of proton distributions obtained
in Refs. [44] and [8], the radii Rn of neutron distributions and thicknesses of the neutron skins δnp = Rn−Rp

for the nuclei of the studied carbon isotopes were determined (see Table 2) with the help of expression (4):

Rn = [(AR2
m − ZR2

p)/N ]1/2. (4)

4. Discussion

Recently, the charge-changing cross sections for the 12−19C nuclei were measured at GSI at 900 MeV/u
with a carbon target by Kanungo et al. [8]. Using a finite-range Glauber model, the authors derived radii
Rp of the proton density distributions for the studied carbon isotopes. With these values of Rp fixed, they
performed a new analysis of the interaction cross sections from Ref. [7] to obtain more accurate values of
the matter radii Rm. The authors also performed coupled-cluster computations using chiral nucleon-nucleon
and three-nucleon interactions which satisfactorily describe the experimental data on proton and matter
radii.

Our results on Rm for the carbon isotopes are compared with the results of Ref. [8] in Table 2 and in
Fig. 5. Two sets of theoretical predictions for the matter radii of the carbon isotopes [45, 46] are also shown
in Fig. 5. The present results of Rm turn out to be within the experimental errors in agreement with the
results of Ref. [8].

The method applied in the given work to study the nuclear matter density distributions was previously
tested with the data on proton scattering from stable nuclei 4He [29] and 6Li [31]. The differential cross
section for p12C elastic scattering measured in this work was also used to check the method. The 12C matter
radius Rm = 2.34(5) fm derived in the present work is in agreement with the value of Rm = 2.35(2) fm of
Ref. [8]. Note that the rms charge radius of 12C is known with a high precision [44] from e− scattering and

Table 2: Comparison of the present results on the rms radii of the nuclear matter with the values derived from the Glauber
analysis of interaction cross sections [8]. In addition data on the radius of the proton distribution Rp (from refs. [8] and [44])
and on the deduced radii of the neutron distribution Rn and of the thickness of the neutron skin δnp are presented.

Isotope
Rm, fm Rm, fm Rp, fm Rn, fm δnp, fm

This work Ref. [8] Ref. [44] Ref. [8] This work This work

12C 2.34 (5) 2.35 (2) 2.34 (1) 2.34 (10) 0.00 (10)
14C 2.42 (5) 2.33 (7) 2.38 (2) 2.45 (9) 0.07 (9)
15C 2.59 (5) 2.54 (4) 2.37 (3) 2.73 (8) 0.36 (9)
16C 2.70 (6) 2.74 (3) 2.40 (4) 2.86 (9) 0.46 (10)
17C 2.68 (5) 2.76 (3) 2.42 (4) 2.81 (8) 0.39 (9)
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within the model parameterizations applied, superimposed by the statistical errors. All density distributions are normalized to
the number of nucleons.
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muonic x-ray measurements: Rch = 2.470(2) fm. Taking into account the finite size effect of the nucleon
(see, e.g., Ref. [3]) and the value of the proton charge radius rp = 0.8414(19) fm [47], the rms radius Rp of
the proton distribution in 12C is obtained to be Rp = 2.34(1) fm. The number of neutrons in 12C is equal
to that of protons, therefore the matter and proton distributions (normalized to one nucleon) are expected
to be rather similar. Indeed, the Rm value deduced in the present work has occurred to be equal to the
value of Rp extracted from the experimental data on the charge radius of 12C. This result on p12C scattering
demonstrates a consistency check of the present experimental method, including the procedure of the data
analysis.

The 14C nucleus is of interest as the presumable core in 15C and 16C [5]. This nucleus is supposed to
have a spherical shape due to the neutron closed shell effect [48–50]. The present value of Rm = 2.42(5) fm
is in agreement within errors with the result Rm = 2.33(7) fm of Ref. [8]. The charge radius Rch = 2.503(9)
fm [44] of 14C may be used to find the corresponding radius of the proton distribution Rp = 2.38(2)
fm. By combining the matter radius Rm, deduced in the present work for 14C with the value of Rp, and
using expression (4), the rms radius of the neutron distribution Rn in 14C has been determined to be
Rn = (2.45 ± 0.09) fm. Thus, within the error bars, the 14C nucleus has the same radius of the neutron
distribution Rn as that of the proton distribution Rp.

The structure of the odd isotope 15C has been considered in a (14C-core + n) model. This nucleus has
a small neutron separation energy Sn = 1.218 MeV, so it is suggested to be a candidate for a halo nucleus.
A special feature of the present method is that it makes possible to determine the sizes of the nuclear core
and of the halo. The ratio of the determined valence nucleon to the core nucleon radius, κ = Rv/Rc, may
be used as a gauge for the halo existence [51]. Theory predicts typically values of κ ≤ 1.25 for light nuclei
near the valley of beta stability, while for a halo structure this value can be κ ≈ 2, or even larger [2]. In the
present analysis, a value of κ = 1.81 for 15C is obtained, which confirms the suggestion [3] that this nucleus
demonstrates a “moderate halo formation”.

Due to the low binding energy of the halo neutron in 15C, it is natural to expect that the internal core
size R∗

c (size of the core in its own c.m. system) is close to that of the free 14C nucleus. The motion of
the c.m. of the core around the c.m. of the whole nucleus slightly increases the effective core size Rc [29].
Following Tanihata et al. [3], the internal core size R∗

c in the (core + n) model turns out to be

R∗

c = (R2
c − ρ2c)

1/2, (5)

where ρc is the rms distance between the c.m. of the core and the c.m. of the whole nucleus:

ρc = Rv/(A− 1). (6)

In the present analysis we obtain ρc = 0.31(2) fm and R∗

c = 2.39(5) fm for 15C. The latter value agrees
with Rm = 2.42(5) fm for 14C. Taking for 15C the proton radius Rp = (2.37 ± 0.03) fm [8], and using Eq.
(4), the rms neutron radius for 15C is determined to be Rn = (2.73± 0.08) fm, and for the thickness of the
neutron skin we deduce the value of δnp = (0.36± 0.09) fm (see Table 2).

There are several theoretical considerations of the structure of 16C, which is treated as a (14C-core
+n + n) three-body system [45, 46]. The experimental value of Rm = 2.70(6) fm, deduced in the present
work for 16C, is in good agreement with existing experimental data as well as with theoretical results (Fig. 5
and Table 2). According to the present analysis, the ratio of the valence nucleon radius Rv to the core
radius Rc turns out to be equal in this nucleus to κ = 1.74, which is smaller than the κ values of the 2n
halo nuclei 11Li (κ = 2.71 [31]) and 14Be (κ = 1.91 [32]) determined earlier with the same method. This
observation suggests that the spatial distribution of two valence neutrons in 16C should be considered rather
as a skin, than as a halo. Using the matter radius of the present work Rm = (2.70± 0.06) fm and the radius
of the proton distribution Rp = (2.40 ± 0.04) fm [8], we obtain for the radius of the neutron distribution
Rn = (2.86± 0.09) fm, and for the thickness of the neutron skin, the value δnp = (0.46± 0.10) fm has been
deduced (see Table 2). This result is an indication of a noticeable neutron skin in 16C.

We have considered the spatial structure of the 17C nucleus in a (16C-core + n) model. The neutron
separation energy Sn for 17C is small: Sn = 0.728 MeV. Therefore, one could expect 17C to be a halo nucleus.
However, the ratio of the valence nucleon radius to the core radius, determined in the present work for 17C,
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Figure 5: Nuclear matter radii of carbon isotopes. Experimental data are: this work (circles), the results of [8] (diamonds), the
result of [4] (square), and the result of [9] (triangle). Theoretical predictions are taken from [45] (solid line) and [46] (dashed
line).

occurs to be relatively small, κ = 1.58, which does not support the picture that 17C is a halo nucleus. With
the determined value of Rv and Eqs. (5) and (6) in the case of 17C we obtain ρc = 0.25 fm and R∗

c = 2.56(5)
fm. This value of R∗

c is smaller than Rm = 2.70(6) fm for a free 16C nucleus. This result demonstrates a
noticeable contraction of the 16C cluster inside 17C. Obviously, 17C is a more dense nucleus than 16C. It was
already supposed in Ref. [3] that the configuration of the nucleus 17C is more complicated than that in the
(core + n) model.

5. Summary

The proton-nucleus elastic scattering at intermediate energies is an efficient method for the investiga-
tion of nuclear matter density distributions. In the present work, we have applied this method in inverse
kinematics for the investigation of the nuclear radial structure of carbon isotopes. The absolute differen-
tial cross sections dσ/dt were measured as a function of the four-momentum transfer squared −t in the
range 0.001 ≤ |t| ≤ 0.06 (GeV/c)2 for proton elastic scattering on the 12,14,15,16,17C nuclei. The cross sec-
tions were determined using secondary beams from the GSI fragment separator FRS at an energy of ∼700
MeV/u. The hydrogen-filled ionization chamber IKAR served simultaneously as a hydrogen target and a
recoil-proton detector. The scattered projectiles were registered with a system of multi-wire proportional
chambers, scintillation detectors, and a magnetic analysis. The nuclear matter radii and the radial nuclear
matter distributions were determined from the measured cross sections dσ/dt with the aid of the Glauber
multiple-scattering theory. In the analysis, four phenomenological parameterizations of the nuclear density
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distributions (SF, GH, GG, and GO) were used, each of these parameterizations having two free parameters.
Our results on the matter radii Rm for the studied carbon isotopes are in agreement within the experimental
errors with those of Ref. [8] evaluated from the measured interaction and charge-changing cross sections.
The density distribution parameters (Rm, Rp) for

12C are well established values from measurements of the
interaction cross sections and the charge radii. Therefore, the results on p12C scattering were used as a
consistency check of the present experimental method, including the procedure of the data analysis.

The measured cross sections are described fairly well within the (core + n) model for 15C and 17C, and
the (core + 2n) model for 16C. It was shown that the size of the 14C-core in the 15C and 16C nuclei is close
to that of a free 14C nucleus.

A quantitative description of the halo structure for 15,16,17C was performed in the analysis of the nuclear
matter distributions in these nuclei. The ratio of the valence nucleon to the core nucleon radius κ = Rv/Rc

was used as a gauge for the halo existence, where a value of κ & 2 is expected for a halo nucleus.
The present analysis describes 15C as a halo nucleus with κ = 1.82, while 16C (κ = 1.74) and 17C

(κ = 1.58) are considered as nuclei with a noticeable neutron skin. This conclusion is in agreement with
the investigation of fragmentation reactions using radioactive carbon beams. Note that a narrow fragment
momentum distribution as a signature of an extended valence nucleon density distribution in a halo nucleus
was observed in the considered here carbon isotopes only for 15C [10–13], whereas broad fragment momentum
distributions for 16C [22] and 17C [10, 11, 13, 14] imply no halo formation in these nuclei.

Besides the determination of the nucleon density distributions and their parameters, the precise data
obtained for the differential proton elastic-scattering cross sections allow a sensitive test of theoretical predic-
tions on the structure of the neutron-rich carbon nuclei. For this purpose, the nuclear density distributions
obtained from various theoretical approaches may be used as an input to the Glauber multiple-scattering
theory. Then the calculated elastic-scattering cross sections should be compared to the experimental data
as it was done in Refs. [29–31].
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Appendix

This Appendix contains in tabular form the measured cross sections dσ/dt as a function of the four-
momentum transfer squared −t for p12C and p14−17C elastic scattering measured in the present experiment.
Only statistical errors are indicated.

p12C, Ep=705.2 MeV p12C, Ep=705.2 MeV

−t, (GeV/c)2 dσ/dt, mb/(GeV/c)2 −t, (GeV/c)2 dσ/dt, mb/(GeV/c)2

0.00117 14965. ± 297.3 0.01300 2858.1 ± 67.1
0.00164 9489.3 ± 229.4 0.01490 2448.0 ± 60.5
0.00211 7942.5 ± 208.5 0.01694 2061.6 ± 54.3
0.00258 7060.1 ± 195.8 0.01910 1871.3 ± 50.7
0.00305 6335.2 ± 185.1 0.02140 1549.8 ± 45.3
0.00352 5742.1 ± 175.8 0.02382 1358.2 ± 41.7
0.00399 5620.2 ± 173.9 0.02636 1160.9 ± 38.0
0.00446 5290.9 ± 168.8 0.02904 924.7 ± 33.5
0.00493 5171.5 ± 166.9 0.03185 745.1 ± 29.8
0.00540 4517.4 ± 156.2 0.03478 589.2 ± 26.3
0.00586 4713.5 ± 159.9 0.03785 495.9 ± 24.0
0.00633 4636.6 ± 160.4 0.04104 383.7 ± 21.0
0.00680 4250.1 ± 155.3 0.04437 309.6 ± 18.9
0.00727 4317.7 ± 155.3 0.04782 223.6 ± 16.1
0.00774 3883.2 ± 147.3 0.05141 188.6 ± 14.9
0.00804 3793.6 ± 84.1 0.05513 131.3 ± 12.6
0.00956 3400.9 ± 77.7 0.05897 85.3 ± 10.4
0.01122 3023.1 ± 71.0

p14C, Ep = 704.4 MeV p14C, Ep = 704.4 MeV

−t, (GeV/c)2 dσ/dt, mb/(GeV/c)2 −t, (GeV/c)2 dσ/dt, mb/(GeV/c)2

0.00117 16137. ± 435.8 0.00989 3859.5 ± 126.6
0.00164 10641. ± 322.6 0.01137 3242.1 ± 78.9
0.00211 8626.2 ± 284.4 0.01350 2855.9 ± 71.7
0.00258 7779.0 ± 254.7 0.01581 2434.2 ± 64.4
0.00305 7125.5 ± 245.8 0.01830 2024.8 ± 57.9
0.00352 6813.3 ± 241.4 0.02096 1686.9 ± 50.9
0.00399 6227.4 ± 228.9 0.02381 1434.8 ± 46.7
0.00446 5802.7 ± 223.0 0.02683 1131.7 ± 39.6
0.00493 5678.4 ± 218.2 0.03004 908.8 ± 35.3
0.00540 5115.2 ± 209.8 0.03342 705.7 ± 30.4
0.00586 4870.5 ± 211.9 0.03699 614.9 ± 28.6
0.00633 5206.6 ± 224.0 0.04074 413.7 ± 23.8
0.00680 5071.9 ± 218.3 0.04467 352.4 ± 23.0
0.00727 4894.1 ± 203.3 0.04878 253.5 ± 18.2
0.00774 4424.1 ± 180.1 0.05307 140.5 ± 14.6
0.00807 4368.8 ± 139.0 0.05755 133.9 ± 12.8
0.00896 4081.9 ± 132.7
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p15C, Ep = 702.5 MeV p15C, Ep = 702.5 MeV

−t, (GeV/c)2 dσ/dt, mb/(GeV/c)2 −t, (GeV/c)2 dσ/dt, mb/(GeV/c)2

0.00117 16475.9 ± 362.3 0.01069 3769.1 ± 89.2
0.00164 12658.6 ± 322.1 0.01290 3332.1 ± 80.9
0.00211 10386.9 ± 291.0 0.01532 2758.2 ± 71.2
0.00258 8961.4 ± 269.9 0.01793 2253.4 ± 62.6
0.00305 8421.4 ± 261.6 0.02075 1780.6 ± 54.2
0.00352 7541.3 ± 247.6 0.02377 1379.4 ± 46.7
0.00399 7553.8 ± 248.2 0.02699 1125.2 ± 41.3
0.00446 6746.6 ± 235.1 0.03042 850.1 ± 35.3
0.00493 6971.2 ± 239.6 0.03405 607.0 ± 29.4
0.00540 6003.9 ± 222.9 0.03789 410.5 ± 23.9
0.00586 6323.3 ± 229.7 0.04193 325.4 ± 21.0
0.00633 5916.3 ± 221.1 0.04617 206.0 ± 16.6
0.00680 5276.6 ± 208.6 0.05063 165.0 ± 14.7
0.00727 5385.0 ± 215.6 0.05529 94.3 ± 11.2
0.00774 4831.4 ± 206.5 0.06016 62.0 ± 9.1
0.00869 4818.7 ± 104.4

p16C, Ep = 700.5 MeV p16C, Ep = 700.5 MeV

−t, (GeV/c)2 dσ/dt, mb/(GeV/c)2 −t, (GeV/c)2 dσ/dt, mb/(GeV/c)2

0.00117 19706.1 ± 495.4 0.01405 3295.4 ± 136.0
0.00164 12894.0 ± 412.0 0.01535 2828.7 ± 123.8
0.00211 11955.1 ± 394.6 0.01671 2488.2 ± 114.3
0.00258 9308.8 ± 346.6 0.01813 2115.6 ± 103.8
0.00305 9144.8 ± 343.3 0.01961 2099.7 ± 102.3
0.00352 8549.8 ± 331.8 0.02114 1863.2 ± 95.0
0.00399 7662.0 ± 314.4 0.02273 1496.5 ± 84.1
0.00446 7337.3 ± 307.9 0.02438 1368.8 ± 79.5
0.00493 7317.3 ± 308.0 0.02609 1133.0 ± 71.5
0.00540 6907.9 ± 300.3 0.02785 922.9 ± 63.9
0.00586 6707.5 ± 296.5 0.02967 856.7 ± 61.1
0.00633 5881.3 ± 276.2 0.03155 729.5 ± 55.8
0.00680 6069.1 ± 277.1 0.03349 592.8 ± 49.9
0.00727 5263.5 ± 265.4 0.03548 507.3 ± 45.9
0.00774 5162.7 ± 266.9 0.03858 374.0 ± 27.7
0.00838 5235.1 ± 188.7 0.04291 304.7 ± 24.7
0.00940 4564.0 ± 173.9 0.04748 178.3 ± 18.9
0.01047 4302.8 ± 165.1 0.05228 115.4 ± 15.1
0.01161 3954.3 ± 154.7 0.05732 63.6 ± 11.5
0.01280 3543.2 ± 143.6
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p17C, Ep = 703.2 MeV p17C, Ep = 703.2 MeV

−t, (GeV/c)2 dσ/dt, mb/(GeV/c)2 −t, (GeV/c)2 dσ/dt, mb/(GeV/c)2

0.00117 18437.1 ± 429.9 0.01460 3160.4 ± 108.3
0.00164 13783.9 ± 361.8 0.01601 2718.3 ± 98.8
0.00211 12008.3 ± 335.5 0.01748 2508.4 ± 93.5
0.00258 10474.2 ± 312.1 0.01901 2210.0 ± 86.5
0.00305 9801.4 ± 301.2 0.02062 1830.3 ± 77.8
0.00352 9018.8 ± 288.7 0.02228 1758.0 ± 75.4
0.00399 9179.1 ± 291.5 0.02401 1443.9 ± 67.6
0.00446 8061.6 ± 273.2 0.02581 1200.3 ± 61.1
0.00493 7765.3 ± 268.8 0.02766 1007.4 ± 55.6
0.00540 7172.2 ± 258.9 0.02959 892.8 ± 51.9
0.00586 7054.6 ± 257.8 0.03158 689.5 ± 45.5
0.00633 7343.3 ± 266.4 0.03363 543.5 ± 40.2
0.00680 6387.0 ± 252.1 0.03575 461.0 ± 37.0
0.00727 6230.8 ± 245.6 0.03794 394.7 ± 34.1
0.00774 5526.5 ± 231.5 0.04019 285.1 ± 29.1
0.00853 5705.9 ± 160.4 0.04369 210.8 ± 17.7
0.00961 4955.8 ± 147.2 0.04858 125.0 ± 13.8
0.01076 4738.9 ± 140.7 0.05374 62.9 ± 10.1
0.01198 3829.4 ± 123.7 0.05916 44.4 ± 8.5
0.01326 3681.4 ± 119.0
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