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Proton radii of 12–19 C densities derived from first accurate charge changing cross section measurements
at 900A MeV with a carbon target are reported. A thick neutron surface evolves from ∼0.5 fm in 15 C to
∼1 fm in 19 C. The halo radius in 19 C is found to be 6.4  0.7 fm as large as 11 Li. Ab initio calculations
based on chiral nucleon-nucleon and three-nucleon forces reproduce the radii well.
DOI: 10.1103/PhysRevLett.117.102501

The existence of thick neutron skins and halos [1–3] in
neutron-rich nuclei has brought a dramatic change in our
view of the nucleus. These unexpected features are exhibited through the formation of neutron dominated nuclear
surfaces and, hence, large root-mean-square point matter
radii (Rm ). The knowledge of how the root-mean-square
point-proton distribution radii, henceforth in the article
referred to as proton radii (Rp ), evolve with neutron excess
is still extremely limited. Proton radii are crucial for
deriving the neutron skin (surface) thickness and understanding the spatial correlation between halo neutrons and
its core nucleus. Proton radii can also provide knowledge of
shell structure evolution, as recently discussed for 52 Ca [4].
The neutron skin may also be related to the symmetry
energy (Sv ) and its density derivative at saturation density
(L) defining the equation of state (EOS) of asymmetric
nuclear matter [5].
Here we report the first precise determination of proton
radii of neutron-rich isotopes 15–19 C from the measurement
of charge changing cross sections that show rapidly
growing thick neutron surfaces approaching the neutron
drip line. The proton radii derived for 12–14 C are in
agreement with those obtained from traditional methods
such as electron scattering without any scaling factor.
0031-9007=16=117(10)=102501(6)

This clearly established the present technique as a valuable
method to determine the proton radii of very neutron-rich
isotopes. The measured radii are in good agreement with
those computed using ab initio coupled-cluster theory
based on chiral nucleon-nucleon and three-nucleon interactions [6].
The carbon isotopes draw interest because their Rm show
large enhancements for 15;19 C [7] and 22 C [8,9]. This
signals the presence of neutron halos. It is interesting to
see how such structure evolution of neutron-rich C isotopes
affects their proton distribution.
Electron-nucleus scattering and measurement of muonic
x rays are used to determine the charge radii (Rc ) of stable
nuclei. The Rc of 12 C from e− scattering was found to be
2.478  0.009 fm [10], which is consistent with 2.472 
0.015 fm from muonic x-ray studies [11]. For 13 C, the
weighted average of two e− scattering measurements [12,13]
yields Rc ¼ 2.43  0.02 fm, while the muonic x-ray measurements [11,14] find Rc ¼ 2.463  0.004 fm. Results
from e− scattering of 14 C gives Rc ¼ 2.56  0.05 fm
[15], which is in agreement with 2.496  0.019 fm from
muonic x-ray measurements.
At present, these techniques cannot be used for neutronrich carbon isotopes. A new approach used in this work is
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TABLE I. Secondary beam energies, measured σ CC and the
root-mean-square proton and matter radii derived from the data
for the carbon isotopes.

Isotope
12

C
C
14
C
15 C
16 C
17 C
18 C
19 C
13

FIG. 1. Schematic view of the experiment setup at the FRS with
detector arrangement at the final focus F4.

to measure the charge changing cross section (σ CC )
and derive the point-proton radius (Rp ) from it using the
finite-range Glauber model. This method has been
employed in Refs. [16,17] and with zero-range calculations
in Ref. [18]. The effect of proton evaporation from neutron
removal cross sections to states above the proton threshold
is negligibly small for 12–19 C since these nuclei are not in
the vicinity of any proton unbound isotopes, and the proton
separation energies are fairly large. At beam energies
∼900A MeV, nuclear inelastic excitation cross section to
states above the proton emission threshold is also negligibly small. The above effects become relevant for correction for nuclei at or neighboring the proton drip line.
The first precise measurements of charge changing cross
sections and, hence, Rp of neutron-rich isotopes 15–19 C as
well as for 12–14 C are reported here. The experiment was
performed using the fragment separator FRS [19] at GSI,
Darmstadt, Germany. The carbon isotopes were produced
through fragmentation of 1A GeV primary beams of 20 Ne
and 40 Ar interacting with a 6.3 g=cm2 thick Be target. The
isotopes of interest were separated, identified, and counted
using event-by-event information of magnetic rigidity (Bρ),
time of flight, and energy loss (ΔE). A multisampling
ionization chamber (MUSIC) [20] provides the Z identification from ΔE. Figure 1 shows the experiment setup.
The first three (F1, F2, and F3) focal planes of the FRS are
dispersive, while the final one F4 is achromatic, where the
reaction target C (4.01 g=cm2 ) was placed. The energies of
the isotopes at the reaction target were ∼900A MeV and are
listed in Table I. Plastic scintillator detectors placed at the
midplane F2 and before the reaction target at F4 measured
the time of flight of the incoming beam. The scintillator
before the target at F4 was used as the trigger of the data
acquisition system. Two position sensitive time projection
chambers (TPCs) [21] were placed before the target at F4
which provided beam tracking defining the beam profile on
the target. In addition, TPCs were also placed at F2. The
position information in combination with the central
magnetic rigidity of the dipoles was used to determine
event by event Bρ of the incident particle.
The σ CC is measured using the transmission technique,
where the number (N in ) of incident nuclei A Z before
the reaction target is identified and counted. After the
target, the nuclei with the same charge Z are identified

ðe− ;μÞ

E=A
(MeV)

σ ex
CC
(mb)

Rex
p
(fm)

Rp
(fm)

Rex
m
(fm)

937
828
900
907
907
979
895
895

733(7)
726(7)
731(7)
743(7)
748(7)
754(7)
747(7)
749(9)

2.32(2)
2.30(4)
2.32(4)
2.37(3)
2.40(4)
2.42(4)
2.39(4)
2.40(3)

2.33(1)
2.32(1)
2.37(2)

2.35(2)
2.28(4)
2.33(7)
2.54(4)
2.74(3)
2.76(3)
2.86(4)
3.16(7)

and counted event by event (N sameZ ). The σ CC is obtained
from a ratio of these counts and is defined as σ CC ¼
t−1 lnðT tout =T tin Þ where T ¼ N sameZ =N in , tin , and tout refer to
measurements with and without the reaction target, and t is
the thickness of the target.
A restricted position and angle selection of the beam on
target eliminated spurious effects of losses due to large
angle scattering out of the detector acceptance. A veto
scintillator was placed before the target with a central hole
of a size smaller than the target. This rejected scattered
events from upstream matter and multihit events where one
of the particles can miss hitting a MUSIC giving incorrect
reaction information. The particle identification condition
of the incident beam was defined in a way such that the
contamination level from Z ¼ 5 and 7 beam events relative
to Z ¼ 6 is ≤ 10−4 .
After the reaction target, the beam events with Z ¼ 6
were counted using the second MUSIC. The energy-loss
values of the TPC and the plastic scintillator detectors
placed after the target provided additional information to
ensure proper Z identification and counting. The resolution
of the MUSIC for Z ¼ 6 was ΔZ (in σ) ¼ 0.12. The
selection window covered ∼  4σ of the Z ¼ 6 particles.
With the desired isotope of C selected as the incoming
beam, the production of Z ¼ 7 events after the target is
from charge exchange or proton transfer reactions where
one proton is added to the nucleus. This cross section,
therefore, does not involve reactions with the protons in the
C isotope and is, hence, subtracted to derive the measured
charge changing cross section. While this cross section is
generally very small (< 1 mb), for the neutron-rich C
isotopes, it was found to be a few mb [22].
The measured values of σ CC are listed in Table I. The
cross section increases for 15 C which has a halo structure
and continues gradually increasing for 16;17 C. This is unlike
Ref. [18] reporting the σ CC of 16 C to be smaller than 15 C.
With the halo effect of 15 C, one would expect a
small increase in the proton radius as seen, for example,
for 11 Be [23]. A large increase in σ CC is not found for 19 C,
although it is a halo nucleus. This is because the effect

102501-2

PHYSICAL REVIEW LETTERS

PRL 117, 102501 (2016)
2.7

(a)

2.6

Rp (fm)

2.5
2.4
2.3
2.2
2.1
2.0

(b)

Rm , Rp (fm)

3.2
3.0
2.8
2.6
2.4
2.2
2.0
10

12

14

16

18

20

22

Mass Number (A)

FIG. 2. Rp extracted from σ CC for 12–19 C (black filled circles).
The blue open diamonds are Rp from e− scattering and muonic x
rays for 12–14 C. (a) The relativistic mean field theory calculations
with spherical (deformed) potentials are shown by the red solid
line (blue dashed line). The green dotted line shows the results of
Hartree-Fock calculations. The antisymmetrized molecular dynamics (AMD) results are shown by open triangles [27] and open
squares [28]. (b) The Rm ’s from the present analysis of σ I [7] are
shown by black open circles. The results of coupled-cluster
calculations are shown for Rp as solid (red) and dotted (black)
lines using the chiral NNLOsat interaction and the nucleonnucleon interaction NNLOopt [29], respectively. The matter radii
with NNLOsat are shown by the red dashed line. The shaded
bands show the predicted uncertainty.

of the center-of-mass motion of the halo on the proton
radius becomes smaller with larger mass number than in
11
Be. The σ CC for 12–20 C reported in Ref. [24] with large
uncertainties are systematically higher than those in
Ref. [25] for stable isotopes and not consistent with Rp
from e− scattering.
The finite-range Glauber model [26] with harmonicoscillator density is used for deriving the Rp from the σ CC .
The Rp ’s are listed in Table I. The charge radii of 12–14 C
known from e− scattering and muonic x-ray measurements
are used to find
the respective Rp (blue diamonds in
ðe− ;μÞ
Fig. 2 and Rp
in Table I) following the formula in
Ref. [23]. A good agreement is seen with the Rp found
in this work. This lends strong support to this technique of
successfully extracting Rp from σ CC . No scaling factor of
σ CC was required for this agreement, as was also seen in
Ref. [16], unlike the discussion in Ref. [18].
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The matter radii of 12–19 C shown in Fig. 2(b) (open
circles) are derived in this work from a finite-range Glauber
model [30] analysis of the interaction cross section ðσ I Þ
data from Ref. [7]. In this analysis, the Rp are fixed to the
values from Table I while the neutron radii are varied to
reproduce the ðσ I Þ data. The matter radius of 20 C is shown
from Ref. [7]. The combined information from proton radii
and matter radii allow us to fully characterize the halo
features of 15;19 C. In a core plus neutron model following
Ref. [3], the halo radius Rh , of ∼6.4  0.7 fm for 19 C
derived in this work shows the presence of a more
prominent halo in this nucleus compared to ∼4.2 
0.5 fm for 15 C. The root-mean-square distance between
the center of mass of the core and the halo neutron Rc−n
using the method in Ref. [3] for 15 C is 7.2  4.0 fm is
derived using Rp and 4.15  0.5 fm using Rm . For 19 C, it is
4.1  10 fm using Rp and 6.6  0.5 fm using Rm . The
radius of the valence neutron in 19 C was deduced to be
5.5  0.3 fm from Coulomb dissociation [31].
The Rp predicted by the relativistic mean field theory
[32] using the NL3 parameters in a spherical potential is in
overall agreement [Fig. 2(a)] with the Rp of 13–17 C and
slightly higher for 18;19 C. Those with a nonspherical
potential predict slightly higher radii for 14–19 C. The radii
predicted in the framework of microscopic nonrelativistic
Hartree-Fock method with a hybrid of Gogny and Skyrme
effective interactions is in agreement with the data of some
isotopes [32]. The radii calculated in the antisymmetrized
molecular dynamics (AMD) framework greatly overpredict
the data in Fig. 2(a) (open triangles [27] and open
squares [28]).
We also perform coupled-cluster computations for the
radii and compare with the data. For the closed (sub-)shell
nucleus 14 C, we use the coupled-cluster method with single
and double excitations [33] to compute the expectation value
of the intrinsic point proton and neutron radii. To access the
open-shell nuclei 13;15 C, we use the particle-removed or
-attached equation-of-motion coupled-cluster method
[34,35], while for 16–19 C, we employ the recently developed
coupled-cluster effective interaction (CCEI) method in the
sd shell [36,37]. To compute the intrinsic radii of 16–19 C
within CCEI, we follow the scheme outlined in Ref. [36] and
include the core and one-body parts of the valence-space
radius operator, while we neglect the two-body part. We
solve our coupled-cluster equations using a Hartree-Fock
basis built from a harmonic-oscillator basis consisting of 15
major oscillator shells (N max ¼ 2n þ l ¼ 14) with the additional energy cut E3 max ¼ N 1 þ N 2 þ N 3 ≤ 16 for the
three-nucleon interaction. Here, N i ¼ 2ni þ li refers to
the major oscillator shell of the ith particle. For the computed
radii, we estimate an uncertainty of 0.04 fm coming from
the model-space and coupled-cluster method.
We perform our coupled-cluster calculations using
various state-of-the-art chiral interactions. First, we focus
on NNLOsat which was obtained using a novel optimization
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FIG. 3. The comparison of data with coupled-cluster predictions for (a) proton radii and (b) matter radii. The chiral
interactions [39] are EM1 (dotted blue curve), EM3 (dashed
double-dotted pink curve), EM4 (dashed black curve) and EM5
(solid green curve).

FIG. 4. (a) The measured neutron skin thickness for 12–19 C
compared to predictions using the different interactions, NNLOsat
(red solid curve), EM1 (dotted blue curve), EM3 (dashed-doubledotted pink curve), EM4 (dashed black curve), and EM5 (solid
green curve). (b) The measured neutron skin thickness variation
with Sn − Sp for 12–19 C.

strategy that simultaneously optimized the low-energy
constants in the nucleon-nucleon (NN) and three-nucleon
(3NF) sector at next-to-next-to-leading order (NNLO)
including data on charge radii and binding energies of
selected nuclei up to 25 O in the fit [38]. NNLOsat was
recently successfully applied to compute the radii of 48 Ca
[6] and is for the first time employed for 13–19 C in this work.
Figure 2(b) shows a comparison between data and coupledcluster computations using NNLOsat for the point-proton
and matter radii of 13–19 C. In addition to NNLOsat , we also
compare the data with the chiral interaction NNLOopt [29]
which does not include 3NFs. We observe that results with
the NNLOsat interaction are in overall good agreement with
the data, while those with the NNLOopt interaction significantly underestimate the radii. It is seen that the effects of
simultaneously optimizing the low-energy coupling constants in the NN and three-nucleon sector, the inclusion of
binding energies and radii of selected nuclei with A ≤ 25 in
the objective function and the inclusion of 3NFs with
nonlocal regulators are indeed very significant and crucial
for reproducing the measured proton radii. The results for
the matter radii [Fig. 2(b) dashed red curve] using NNLOsat
are also in good agreement with the data. Since 19 C is a
weakly bound nucleus and the coupling to the particle
continuum is not included in these calculations, the CCEI
result with NNLOsat leads to 19 C being unbound. For this
reason, the radius is not defined and not shown in Fig. 2.
With the successful description of the radii in the
coupled-cluster framework using the NNLOsat interaction,
we now investigate how the data compare to a set of other
chiral interactions. These interactions are adopted from
Ref. [39] and include NN and 3NFs. The NN interactions
are based on a similarity renormalization group transformation [40] of the chiral interaction at N3 LO from
Ref. [41] and with a nonlocal 3NF at N2 LO. In contrast to
NNLOsat the low-energy coupling constants were determined from a fit to scattering data, binding energies, and
radii of nuclei with A ≤ 4. The different forces used have

different NN (3NF) cutoffs, namely, EM1 ¼ 2.0 fm−1
(2.0 fm−1 ),
EM3 ¼ 1.8 fm−1
(2.0 fm−1 ),
EM4 ¼
−1
−1
2.2 fm
(2.0 fm ), and EM5 ¼ 2.8 fm−1 (2.0 fm−1 ).
Figures 3(a) and 3(b) compare the data of proton radii and
matter radii, respectively, with predictions using these
interactions that are shown as EM1 (dotted blue curve),
EM3 (dashed-double-dotted pink curve), EM4 (dashed black
curve), and EM5 (solid green curve). It is seen that the
agreement with the data over the different isotopes with the
NNLOsat is much better than any of the “EM” interactions.
The Rp for 13–17 C are not reproduced by the EM3 interaction. The EM1 and EM4 interactions do not reproduce the
measured Rp for 15–17 C. The interactions with a lower NN
cutoff seem to predict smaller radii values. The agreement of
the predictions with the matter radii [Fig. 3(b)] is better using
the EM5 interaction than the other EM interactions, though
once again, the NNLOsat predictions seem to be in much
better agreement overall. This suggests that the NNLOsat
interaction has a better predictive capability for bulk properties of nuclei such as nuclear radii.
The neutron skin thickness defined as the difference of
point neutron radius (Rn ) and Rp is shown in Fig. 4(a).
The red curve shows the coupled-cluster calculations with
the NNLOsat interaction to be in good agreement with the
data. The predictions with the other interactions are all
very similar to each other and to that with the NNLOsat
interaction. We see a very thick neutron skin developing
with increasing neutron-proton asymmetry. In Fig. 4(b), the
relationship of the neutron skin thickness as a function of
the difference between the one-neutron separation energy
(Sn ) and one-proton separation energy (Sp ) is shown. The
strong correlation observed in Fig. 4(b) points to a thick
neutron skin (surface) being associated with the large
Fermi-level difference of neutrons and protons that occurs
as nuclei become highly neutron rich.
In summary, the first accurate determination of Rp of
12–19
C is accomplished from charge changing cross section
(σ CC ) measurements with a carbon target at 900A MeV.
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The Glauber model successfully relates the σ CC to Rp
which is seen from their agreement with radii from electron
scattering. The radii are in overall good agreement with
coupled-cluster computations using the chiral interaction NNLOsat .
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