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Proton radii of *27'°C densities derived from first accurate charge changing cross section mea-
surements at 900A MeV with a carbon target are reported. A thick neutron surface evolves from ~
0.5 fm in °C to ~ 1 fm in '°C. The halo radius in *°C is found to be 6.440.7 fm as large as *'Li.
Ab initio calculations based on chiral nucleon-nucleon and three-nucleon forces reproduce well the

radii.

PACS numbers: 21.10.Gv, 21.10.Ft, 21.60.De, 25.60.-t, 25.60.Dz

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 ex-
hibited through formation of neutron dominated nuclear
surfaces and hence large root mean square point matter
radii (R,,). The knowledge on how root mean square
point proton distribution radii, henceforth in the arti-
cle referred to as proton radii (R,), evolve with neutron
excess is still extremely limited. Proton radii are cru-
cial for deriving the neutron skin (surface) thickness and
understanding the spatial correlation between halo neu-
trons and its core-nucleus. Proton radii can also provide
knowledge on shell structure evolution, as recently dis-
cussed for ®?Ca [4]. The neutron skin may also be related
to the symmetry energy (S,) and its density derivative
at saturation density (L) defining the EOS of asymmetric
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nuclear matter [5].

Here we report the first precise determination of proton
radii of neutron-rich isotopes *~!'°C from the measure-
ment of charge changing cross sections that show rapidly
growing thick neutron surfaces approaching the neutron
drip line. The proton radii derived for 2714C are in
agreement with those obtained from traditional meth-
ods such as electron scattering without any scaling fac-
tor. 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 R,
show large enhancements for 1%1°C [7] and 22C [8, 9].
This signals the presence of neutron halos. It is interest-
ing 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
(R.) of stable nuclei. The R. of 2C from e~ scatter-
ing was found to be 2.478+0.009 fm [10] which is con-
sistent with 2.47240.015 fm from muonic X ray studies
[11]. For 13C, the weighted average of two e~ scatter-
ing measurements [12, 13] yields R. = 2.434+0.02 fm,
while the muonic X-ray measurements [11, 14] find R,
=2.463+0.004 fm. Results from e~ scattering of *C
gives R. =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
neutron-rich carbon isotopes. A new approach, used in
this work, is to measure the charge changing cross sec-
tion (o) and derive the point proton radius (R,,) from it
using the finite-range Glauber model. This method has
been employed in Refs.[16, 17] and with zero-range calcu-
lations in Ref.[18]. The effect of proton evaporation from
neutron removal cross sections to states above the proton
threshold is negligibly small for 2~1?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 ~900A4 MeV, nuclear inelastic excitation
cross section to states above the proton emission thresh-
old is also negligibly small. The above effects become
relevant for correction for nuclei at or neighbouring the
proton drip-line.

The first precise measurements of charge changing
cross sections and hence R, of neutron-rich isotopes
15=19C as well as for '2714C are reported here. The
experiment was performed using the fragment separator
FRS [19] at GSI, Darmstadt, Germany. The carbon iso-
topes were produced through fragmentation of 1A GeV
primary beams of 2°Ne and 4°Ar interacting with a 6.3
g/cm? thick Be target. The isotopes of interest were sepa-
rated, identified, and counted using event-by-event infor-
mation of magnetic rigidity (Bp), time-of-flight (TOF),
and energy-loss (AE). A multi-sampling ionization cham-
ber (MUSIC) [20] provides the Z identification from AE.
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/cm?) was placed. The energies of the
isotopes at the reaction target were ~900A MeV and are
listed in Table 1. Plastic scintillator detectors placed at
the mid-plane 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 trig-
ger of the data acquisition system. Two position sensitive
time projection chambers (TPC) [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 combi-
nation with the central magnetic rigidity of the dipoles
was used to determine event by event Bp of the incident
particle.

The o, is measured using the transmission technique,
where the number (N;,) of incident nuclei 4Z, before
the reaction target is identified and counted. After the
target, the nuclei with the same charge Z are identi-
fied and counted event by event (Ngsumez). The og is
obtained from a ratio of these counts and is defined as
Oce = t_lln(Ttom/Ttm) where T = Ngamez/Nin, tin and
tout Tefer to measurements with and without the reaction
target, 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
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FIG. 1: Schematic view of the experiment setup at the FRS
with detector arrangement at the final focus F4.

MUSIC

scintillator was placed before the target with a central
hole of a size smaller than the target. This rejected scat-
tered events from upstream matter and multi-hit events
where one of the particles can miss hitting a MUSIC giv-
ing incorrect reaction information. The particle identi-
fication condition of the incident beam was defined in a
way such that the contamination level from Z=5 and 7
beam events relative to Z=6 is <10~%.

After the reaction target the beam events with Z=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 resolu-
tion of the MUSIC for Z=6 was AZ (in o) = 0.12. The
selection window covered ~ 440 of the Z=6 particles.

With the desired isotope of C selected as the incoming
beam, the production of Z=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 mea-
sured charge changing cross section. While this cross sec-
tion 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 o.. are listed in Table 1. The
cross section increases for '*C which has a halo struc-
ture and continues gradually increasing for '617C. This
is unlike Ref.[18], reporting the o.. of 19C to be smaller
than 'C. With the halo-effect of °C one would expect
a small increase in the proton radius as seen for example
for 1'Be [23]. A large increase in o, is not found for 19C
although it is a halo nucleus. This is because the effect
of the center of mass motion of the halo on the proton
radius becomes smaller with larger mass number than in
HBe. The o, for *2729C reported in Ref.[24] with large
uncertainties are systematically higher than those in [25]
for stable isotopes and not consistent with R, from e~
scattering.

The finite-range Glauber model [26] with harmonic os-
cillator density is used for deriving the R, from the o..
The R, are listed in Table 1. The charge radii of **~4C
known from e~ - scattering and muonic X-ray measure-
ments are used to find the respective R, (blue diamonds



2.7

26 [

25

24

Rp (fm)

23 [

22

21

20 A A A A A
32 | %

28 -

24 P Wi

22 | v

Rm, Rp (fm)
4
(2Y)

2.0 L L L L
10 12 14 16 18 20 22

Mass Number (A)

FIG. 2: R, extracted from o.. for *271°C (black filled cir-
cles). The blue open diamonds are R, from e~ -scattering and
muonic X-rays for >~ C. (a) The relativistic mean field the-
ory calculations with spherical/deformed potentials are shown
by the red solid line/ blue dashed line. The green dotted line
shows results of Hartree Fock calculations. The AMD results
are shown by open triangles [27] and open squares [28]. (b)
The R,, from the present analysis of 7 [7] are shown by black
open circles. The results of coupled cluster calculations are
shown for R, as solid (red) and dotted (black) lines using
the chiral NNLOg,: interaction and the nucleon-nucleon in-
teraction NNLOgp¢ [29], respectively. The matter radii with
NNLOgat is shown by the red dashed line. The shaded bands
show the predicted uncertainty.

in Fig.2 and Rj(f ) in Table 1) following the formula in
Ref.[23]. A good agreement is seen with the R, found in
this work. This lends strong support to this technique of
successfully extracting R, from ... No scaling factor of
0. was required for this agreement as was also seen in

Ref.[16], unlike the discussion in Ref.[18].

The matter radii of 127°C shown in Fig.2b (open cir-
cles) are derived in this work from a finite-range Glauber
model [30] analysis of the interaction cross section (o)
data from Ref.[7]. In this analysis the R, are fixed to the
values from Table 1 while the neutron radii are varied
to reproduce the (o) data. The matter radius of 2°C is
shown from Ref.[7]. The combined information from pro-
ton radii and matter radii allow to fully characterize the
halo features of 1%1°C. In a core plus neutron model fol-
lowing Ref.[3], the halo radius, Ry, of ~ 6.440.7 fm for
19C derived in this work shows the presence of a more

prominent halo in this nucleus compared to ~ 4.240.5
fm for C. The root mean square distance between the
center of mass of the core and the halo neutron R._,, us-
ing the method in Ref.[3] for 1°C is 7.2 & 4.0 fm derived
using R, and 4.15 + 0.5 fm using R,,,. For °C it is 4.1 +
10 fm using R, and 6.6 &+ 0.5 fm using R,,,. The radius of
the valence neutron was deduced to be 5.5£0.3 fm from
Coulomb dissociation of 12C [31].

The R, predicted by the relativistic mean field the-
ory [32] using the NL3 parameters in a spherical po-
tential is in overall agreement (Fig. 2a) with the R,
of 13717C and slightly higher for '®'9C. Those with a
non-spherical potential predict slightly higher radii for
14-19C, The radii predicted in the framework of micro-
scopic non-relativistic Hartree-Fock method with a hy-
brid 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 Fig.2a greatly overpredict the data
(open triangles [27]) and (open squares [28]).

We also perform coupled-cluster computations for the
radii and compare with data. For the closed (sub-)shell
nucleus '*C we use the coupled-cluster method with
singles-and-doubles excitations [33] to compute the ex-
pectation value of the intrinsic point-proton and neu-
tron radii. To access the open-shell nuclei '3!5C we use
particle-removed/attached equation-of-motion coupled-
cluster method [34, 35], while for 1=1°C we employ the
recently developed coupled-cluster effective interaction
(CCEI) method in the sd shell [36, 37]. To compute
the intrinsic radii of 1~'°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 fifteen major os-
cillator shells (Npax = 2n + 1 = 14) with the additional
energy cut E3n.x = N1 + No + N3 < 16 for the three-
nucleon interaction. Here N; = 2n;+1; refers to the major
oscillator shell of the i*" 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 var-
ious state-of-the-art chiral interactions. First, we fo-
cus on NNLOg,; which was obtained using a novel op-
timization strategy that simultaneously optimized the
low-energy constants in the nucleon-nucleon (NN) and
three-nucleon (3NF) sector at next-to-next-to leading or-
der (NNLO) including data on charge radii and bind-
ing energies of selected nuclei up to 2°0 in the fit [38].
NNLOg,; was recently successfully applied to compute
radii of **Ca [6], and is for the first time employed for
13=19C in this work. Fig. 2b shows a comparison between
data and coupled-cluster computations using NNLOg,t
for the point-proton and matter radii of '3~19C. In ad-
dition to NNLOg,; we also compare data with the chiral
interaction NNLOgp [29] which does not include 3NF's.
We observe that NNLOg,; gives overall good agreement
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FIG. 3: The comparison of data with coupled cluster predic-
tions for (a) proton radii (b) matter radii. The chiral interac-
tions [39] are EM1 (dotted blue curve), EM3 (dashed double-
dotted pink curve), EM4 (dashed black curve) and EM5 (solid
green curve).

with data, while NNLO,p significantly underestimates
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 ener-
gies and radii of selected nuclei with A < 25 in the ob-
jecive function, and the inclusion of 3NFs with non-local
regulators are indeed very significant and crucial for re-
producing the measured proton radii. The results for the
matter radii (Fig.2b dashed red curve) using NNLOgy
are also in good agreement with the data. Since 9C is
a weakly bound nucleus and the coupling to the parti-
cle continuum is not included in these calculations the
CCEI result with NNLOgy; leads to '?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 cou-
pled cluster framework using the NNLOg,; interaction,
we now investigate how the data compares to a set of
other chiral interactions. These interactions are adopted
from Ref.[39] and include NN and 3NFs. The NN inter-
actions are based on a similarity renormalization group
transformation [40] of the chiral interaction at N3LO
from Ref. [41] and with a non-local 3NF at N?LO. In
contrast to NNLOg,t the low-energy coupling constants
were determined from a fit to scattering data, binding en-
ergies and radii of nuclei with A < 4. The different forces
used have different NN / 3NF cutoffs, namely EM1 = 2.0
fm=t /2.0 fm~!, EM3 = 1.8 fm~! / 2.0 fm~!, EM4=
22 fm=1 /2.0 fm™, EM5 = 2.8 fm~! / 2.0 fm~!. Fig.
3a and Fig. 3b 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 NNLOy,; is much better than any of the "EM”
interactions. The R, for 3717C are not reproduced by
the EM3 interaction. The EM1 and EM4 interactions do
not reproduce the measured R, for »~17C. The inter-
actions with a lower NN cutoff seems to predict smaller
radii values. The agreement of the predictions with the
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FIG. 4: (a) The measured neutron skin thickness for >~'°C
compared to predictions using the different interactions,
NNLOga¢ (red solid curve), EM1 (dotted blue curve), EM3
(dashed double-dotted pink curve), EM4 (dashed black curve)
and EM5 (solid green curve).(b) The measured neutron skin
thickness variation with S,, — S, for *7'°C.

matter radii (Fig. 3b) is better using the EM5 interaction
than the other "EM” interactions, though once again the
NNLOy,; predictions seem to be in much better agree-
ment overall. This suggests that the NNLOg,; interac-
tion 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 (R,,) and R, is shown in Fig.4a. The
red curve shows the coupled cluster calculations with the
NNLOs,; 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 NNLOg,
interaction. We see a very thick neutron skin developing
with increasing neutron-proton asymmetry. In Fig. 4b
the relationship of the neutron skin thickness as a func-
tion of the difference between the one-neutron separa-
tion energy (.5,,) and one-proton separation energy (Sp)
is shown. The observed strong correlation observed in
Fig. 4b points to a thick neutron skin (surface) being
associated with the large Fermi-level difference of neu-
trons and protons, that occurs as nuclei become highly
neutron-rich.

In summary, the first accurate determination of R, of
12-19C is accomplished from charge changing cross sec-
tion (o..) measurements with a carbon target at 9004
MeV. The Glauber model successfully relates the o.. to
R, which is seen from their agreement with radii from
electron scattering. The radii are in overall good agree-
ment with coupled-cluster computations using the chiral
interaction NNLOg,t.
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TABLE I: Secondary beam energies, measured o.. and the
root mean square proton and matter radii derived from the
data for the carbon isotopes.

Isotope E/A oy R R;e ) RyY
(MeV)  (mb) (fm) (fm) (fm)
2C 937 733(7)  2.32(2) 2.33(1) 2.35(2)
15c 828 726(7)  2.30(4)  2.32(1)  2.28(4)
e 900 T3U(T)  2.32(4)  2.37(2)  2.33(7)
15C 907 743(7)  2.37(3) 2.54(4)
16¢ 907 748(7)  2.40(4) 2.74(3)
e 979 T54(T)  2.42(4) 2.76(3)
8C 895 T47T(7T)  2.39(4) 2.86(4)
9C 895 749(9)  2.40(3) 3.16(7)
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