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Probing the quadrupole transition strength of 15C via deuteron inelastic scattering
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Deuteron elastic scattering from 15C and inelastic scattering reactions to the first excited state of 15C were stud-
ied using a radioactive beam of 15C in inverse kinematics. The scattered deuterons were measured using HELIOS.
The elastic scattering differential cross sections were analyzed using the optical model. A matter deformation
length δd = 1.04(11) fm has been extracted from the differential cross sections of inelastic scattering to the first
excited state. The ratio of neutron and proton matrix elements Mn/Mp = 3.6(4) has been determined from this
quadrupole transition. Neutron effective charges and core-polarization parameters of 15C were determined and
discussed. Results from ab initio no-core configuration interaction calculations were also compared with the
experimental observations. This result supports a moderate core decoupling effect of the valence neutron in 15C
similarly to its isotone 17O, in line with the interpretation of other neutron-rich carbon isotopes.
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I. INTRODUCTION

Halo nuclei have been extensively studied in the past
decades owing to the availability of radioactive beams [1–3].
A one-neutron halo nucleus is composed of one weakly bound
valence neutron coupled to the core and has a large matter ra-
dius induced by the spatially extended character of the valence
neutron wave function. This valence neutron usually occupies
a single-particle orbital with a low angular momentum, prefer-
ably the 2s1/2 orbital, for example in 11Be, 15C, and 19C. The
weakly bound low-lying states will couple to the continuum,
which may impact the reaction mechanism, and the interplay
between core and the valence nucleon may change the dif-
ferential cross sections of the elastic and inelastic scattering
[4,5].

Valence-neutron decoupling from the inert core in the
neutron-rich nuclei is also a prominent phenomenon. The
reduced effective charge is a measure of the magnitude of core
polarization induced by the valence neutrons [6,7]. Another
interesting feature related to the decoupling is an enhanced
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soft dipole excitation mode with enhanced direct breakup
cross sections at low excitation energy found in 11Be [8],
15C [9], 19B [10], 31Ne [11], and 11Li [12]. The degree of
coupling can also be described by the difference of the neutron
and proton contributions to the quadrupole transition. It is
determined by the ratio of neutron and proton quadrupole
matrix elements Mn/Mp = Nδn/(Zδp), where δn and δp are
the neutron and proton deformation lengths, respectively [13].
This ratio is usually close to N/Z for nuclei where the neutrons
and protons are strongly coupled, so their contributions are
similar. However, for nuclei with large N/Z ratios, the large
difference in the proton and neutron Fermi energy may lead
to the weakening of their correlation. In particular, valence
neutrons in nuclei with an inert core may have a large possi-
bility to be found outside of the core. Due to the short range
of the nuclear interaction, the effect of core polarization of the
valence neutrons could be weakened, which results in a small
effective charge and a large Mn/Mp ratio. This phenomenon
has been observed in light nuclei such as 20O [14], 15B [15],
17B [16], 38S [17], 21O [18], 17,18O [19], 20C [20], and 16C
[21]. Among these nuclei, 16C has been extensively studied
because an early measurement suggested a significantly re-
duced proton contribution compared to the neutron in the
quadrupole moments of the first 2+ state [21–23]. A further
measurement reveals a small quadrupole polarization charge
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[24] but this result was revised by a recent measurement of
B(E2) [25], where Mn/Mp was found to be only 1.4 times its
N/Z value [25–27].

As the neighbor of 16C, 15C is a well-known one-neutron
halo nucleus with the valence neutron occupying the 2s1/2

orbital in the ground state. Its first excited state at 0.74 MeV
has a dominant single-particle configuration with a neutron
in the 1d5/2 orbital and has a life time of 2.61 ns [28]. Core
polarization in the transition between these two states should
be weakly induced due to the inert 14C core. Furthermore, the
valence neutron might be further decoupled from the core due
to the halo. There are some similarities in 15C and 16C with
respect to their matter radius and the binding energies of the
2s1/2 and 1d5/2 single-particle orbitals [29]. For the 0+

g.s. → 2+
1

transition in 16C, some studies have attributed its valence
neutron decoupling to the neutron excitation between the 2s1/2

and the 1d5/2 orbitals [20], since the 16C ground state has
almost equal mixing of ν(2s1/2)2 and ν(1d5/2)2 configurations
[30]. Information about how the halo in 15C, induced by the
2s1/2 neutron, impacts the core polarization will enhance our
understanding of the quadrupole moments of 16C mentioned
above.

As the isotone of 15C, 17O has an inert 16O core and a large
neutron separation energy (Sn = 4.143 MeV). The quadrupole
transition between its ground state (5/2+) and first excited
state (1/2+) is also a single-particle transition similar to 15C.
The Mn/Mp value of 17O was determined to be 2.63(0.04)
experimentally [19]. Comparison will be made between 17O
and 15C to interpret if there is any additional valence neutron
decoupling from the core due to the existence of the neutron
halo in 15C.

In this paper, we report a measurement of deuteron elastic
and inelastic scattering on the one-neutron halo nucleus 15C
in inverse kinematics. Mn/Mp, effective charges and core-
polarization parameters are determined from these data, which
can be used to quantify the decoupling of the valence neutron
from the core.

II. EXPERIMENT

The deuteron elastic and inelastic scattering on 15C were
carried out in inverse kinematics at the ATLAS in-flight fa-
cility at Argonne National Laboratory [31]. The 7.1 MeV/u
15C secondary beam was produced using the neutron adding
reaction on a 14C primary beam at 8 MeV/u, with an in-
tensity of 200 particle nanoamperes (pnA). The 14C beam
bombarded a 37-mm long deuterium gas cell at a pressure
of 1400 mbar and temperature of 90 K. The resulting 15C
beam had a rate of approximately 106 particles per second
with a negligible contamination (less than 1%). The secondary
beam bombarded a target of either deuterated polyethylene1

(CD2)n or polyethylene (CH2)n of thickness 363 μg/cm2 and
387 μg/cm2 placed at a position along the axis of the HELIOS
defined as z = 0 mm. There is some proton contamination
in the (CD2)n target, so the measurement of reactions on the
(CH2)n target was used to quantify the proton content in the

1Here, and throughout the text, D2 denotes 2H2.

FIG. 1. (a) A schematic of the present experimental setup.
(b) The timing difference between the PSD and the recoil detectors
of events generated from the reactions of 15C beams on the (CD2)n

target. The protons and deuterons are clearly identified as labeled.
The multiple orbits were blocked by the blocker so these are the
relative cyclotron period times for single orbits.

(CD2)n target. The energy loss of the beam in the center of the
(CD2)n target was around 0.03 MeV/u, which has very little
impact on the Q-value resolution or the angle uncertainty.

The outgoing protons and deuterons were analyzed by the
HELIOS spectrometer [32,33] with a magnetic field strength
of 2.5 T. The silicon array, which is composed of 24 position-
sensitive detectors (PSD), was placed downstream of the
target covering a range of 332 mm � z � 682 mm for the
measurement of deuteron elastic/inelastic scattering (setting
1). The array was moved 60 mm closer to the target for part
of the measurement to cover smaller center of mass angles
(setting 2). The spectra shown in Figs. 1–3 are for setting 1
while the differential cross sections (Figs. 4 and 5) includes
data from both settings. The deuterons and protons from the
reactions on the (CD2)n target were transported to the silicon
array in the magnetic field. The 15C recoils were detected by
�E -E telescopes composed of ≈75 μm and ≈1000 μm quad-
rant silicon detectors. In addition, the deuterons and protons
traveling for more than one cyclotron period were stopped by
a cylindrical plastic blocker surrounding the recoil detectors
and extending in the z axis. A schematic of the setup is
shown in Fig. 1 a. Deuterons were identified and selected
by requiring a 20-ns timing coincidence centered around the
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FIG. 2. (a) Measured deuteron energies (E ) as a function of the
distance from the target (z) for the deuteron elastic and inelastic
scattering reactions on 15C in inverse kinematics at 7.1 MeV/u with
a magnetic field strength of 2.5 T. The deuteron events in (a) have a
time coincidence of 20 ns with recoils. The population of unbound
states is not shown here, since they are not the focus of the present
discussion. Final states in 15C are labeled by their corresponding
excitation energies. (b) The measured E versus z spectrum of the
15C beam bombarded a (CD2)n target by requiring a wide timing
gate of 100 ns, where the events from the reactions on the proton
contamination in the (CD2)n target can be seen. These events were
utilized to deduce the proton content ratio in the (CD2)n target. See
text for details.

deuteron peak between a light particle detected in the PSD
array and a recoil particle detected in the �E -E telescope
(see Fig. 1(b). This time gate was sufficient to discriminate the
different reaction channels such as the (d, t ) transfer reactions
or protons from fusion-evaporation reactions on the carbon in
the target.

FIG. 3. The excitation-energy spectrum of 15C bound states de-
termined from the present measurement of 15C elastic/inelastic
scattering on deuterons. The ground state and first excited state are
separated as labeled. Same gates as Fig. 2 a were used.

FIG. 4. Experimental (black points) and calculated (lines) dif-
ferential cross sections for the deuteron elastic scattering (a) and
inelastic scattering to the first excited state of 15C (b). Corresponding
calculation results using different OPs are labeled in the figure.
A deformation parameter of βd = 0.29 was used for the inelastic
scattering differential cross sections.
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FIG. 5. Experimental (black points) and calculated (lines) dif-
ferential cross sections for deuteron elastic scattering and inelastic
scattering to the first excited state of 15C. The OP of DA1p was
normalized by the listed factors. Deformation length is also listed
which was used in the calculation of the inelastic differential scatter-
ing cross sections. See text for details.

The incident beam was monitored by a fast-counting ion-
ization chamber (IC) [34] located ≈1000 mm downstream of
the target. A mesh degrader was placed upstream and close
to the IC to reduce the rate by a factor of 100. The rate in
the IC calculated by a discriminator threshold was used as a
scalar to count the total incident ions. The beam composition
was deduced from energy-loss characters at a rate of around
15 Hz, triggered by random coincidences in the silicon array
with α particles from a radioactive α source placed in the
chamber. It was found to be >99% 15C. The beam current
was also checked by the elastic scattering data as discussed in
the Appendix.

III. RESULTS

The energies of the deuterons (E ) versus their detected
positions (z) on the beam axis are plotted in Fig. 2(a). Two
states are clearly isolated in the spectra, which correspond
to the ground state and the first excited state (0.74 MeV)
of 15C. The excitation spectrum of 15C was obtained by a
projection of the data along the kinematic lines, as shown in
Fig. 3. The resolution of the excitation spectrum is around 210

keV(FWHM), which was majorly contributed by the energy
loss of the scattered deuterons in the (CD2)n target and the
energy/angular spread of the 15C beam.

There is some proton contamination in the (CD2)n target,
which needs to be subtracted from the target thickness for
deducing the cross sections. The proton contamination was
evidenced by the proton elastic scattering events in the E
versus z spectrum shown in Fig. 2(b), which was confirmed by
their kinematics and cyclotron period. In order to quantify the
proton content, elastic scattering reactions on a (CH2)n target
were also measured. Details concentrating the proton elastic
and inelastic scattering data are shown in the Appendix. The
amount of proton content in the (CD2)n was determined to be
around 6%, which is much smaller than the uncertainty in the
beam intensity (see below). This contamination was excluded
by the coincidence gate discussed above and accounted for in
the thickness of the (CD2)n target.

The differential cross sections of deuteron elastic scattering
and inelastic scattering excitation to the first excited state
of 15C were deduced from the present data. Each PSD was
divided into two or three bins as statistics allowed. Center-
of-mass angles and solid angles were determined from the
detector geometry and kinematics of each state, where the
uncertainties were governed by the position of the silicon
array. There was a maximum uncertainty of around 4 mm
in the position of the silicon array, which result in an uncer-
tainty of around 0.3◦ in the center-of-mass angles. The total
beam exposure was determined from the IC counts. It was
checked by comparing the 15C +p elastic scattering data to
the calculated cross sections (see Appendix) and also to that
of 12,13C +p at the same incident beam energy taken from
Ref. [35]. The absolute differential cross sections are plotted
in Fig. 4. The error bars are statistical only. There is an overall
systematic uncertainty estimated to be around 20%, primarily
driven by the uncertainties in the beam intensity and in the
target thickness.

The measured elastic scattering angular distributions were
analyzed in the framework of the optical potential models. The
optical potential (OP) consists of real, imaginary, and spin-
orbit component of a Woods-Saxon form as

V (r) = − V0 f (x0) − iWv f (xv ) + 4Ws
df (xd )

dxd

− Vso

(
h̄

mπc

)2 1

r

df (xso)

dr
(�L�s), (1)

where

f (xi ) = 1/[1 + exp (xi )],

xi = (
r − riA

1/3
)
/ai, i = 0, v, s, and so. (2)

Global OPs from An et al. [36], Han et al. [37], Daehnick
et al. [38], Schiffer et al. [39], and DA1p [40] were used for
the deuteron elastic scattering data. The global optical model
potentials of DA1p [40] best reproduce the experimental elas-
tic scattering cross sections. These potentials were developed
by fitting the experimental data of the 1p-shell nuclei, so were
explicitly derived for nuclei in this mass range.
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The matter deformation parameter βd is extracted by
normalizing the theoretical calculations to the inelastic
scattering differential cross sections using the relationship
(dσ/d	)exp = β2

d (dσ/d	)DWBA. This can be related to the
deformation length, δd , by the relation βd = δd/(r0A1/3). The
parameter r0 is taken to be 1.2 fm. For the inelastic scattering
data, one-step distorted wave Born approximation framework
was applied using two computer codes, FRESCO [41] and
PTOLEMY [42]. These two codes yield results within 2%
for the same OP parameters which has no impact on the
present analysis. A deformation parameter of βd = 0.29(3)
was extracted using the DA1p potential of Ref. [40]. The un-
certainties resulting from different OPs were also investigated.
In Fig. 4(b), the same βd = 0.29 was used in the calculations
for inelastic scattering cross sections using different global
OPs. The dependence on the OP parameters is acceptable at
around 25◦ to 45◦ in the center of mass frame. The calculation
is less successful at larger angles where core excitation, con-
tinuum coupling [4,5], or three/four-body effects [43,44] may
be expected to impact the cross sections.

Coupled channel calculations were performed using the
code FRESCO in the framework of the rotational model to
extract the deformation length (δd ) from the deuteron inelastic
scattering data. It is known that for some weakly bound nuclei,
the OP parameters need to be normalized to best fit the data
[4,5]. Therefore, the normalization factor λR and λI were ap-
plied on the well depth of the real [V0 in Eq. (1) and imaginary
part (Ws and Wv in Eq. (1)]. DA1p global OP parameters
were used as the starting point of the fit. These normaliza-
tion factors were obtained by performing a searching process
with the code SFRESCO [41], where the χ2 minimization
method was used. The deformation length was also searched
using SFRESCO, together with the normalization factors λR

and λI being varied. λR = 0.939(2) and λI = 0.721(4) were
obtained. The fitting of these two parameters were mostly
guided by the elastic scattering data which has much larger
cross sections. The deformation length of δd = 1.04(11) fm
was extracted by fitting to the inelastic scattering differential
cross sections. The fitting uncertainty is much smaller than
the systematic and statistic uncertainties. Overall, the uncer-
tainty is around 10%. This leads to a deformation parameter
of βd = 0.35(4), which agrees with the value βd = 0.29(3)
obtained using global OPs if λR and λI were not applied (see
Fig. 4 red dashed lines).

The coupled channel effect can be embedded in the imag-
inary potential of the OM potential. Therefore, we have
performed the distorted wave Born approximation (DWBA)
calculation with the search of the optical model (OM) po-
tential by fixing the real potential (λR = 1.0) but varying
the imaginary potential (λI ). A normalization factor of λI =
0.701 was obtained and the calculated result was shown in
Fig. 5 (green solid lines). The resulted deformation length
agrees with the couple channel calculation within uncertain-
ties. It is worth noting that the resulted normalization factor
of the imaginary potential comes not just from the coupled
channel effect, but may also because the existing systematic
OM potential did not include this weakly bound nucleus 15C.

The proton and neutron quadrupole matrix element
Mn(p) = 〈Jf ‖

∑
n(p) r2Y2‖Ji〉 can be obtained by comparison of

measurements of a transition using two experimental probes,
which have different sensitivities to neutron and proton con-
tributions. Because the relative electric quadrupole transition
probability B(E2) is in principle a purely electromagnetic
probe, Mp is determined by

B(E2, J+
i → g.s.) = e2

M2
p

2Ji + 1
(3)

and the Coulomb deformation length δp is related to Mp by
[13]

δp = 4π

3ZR
Mp. (4)

The nuclear radius R is taken as the standard value of
1.2A1/3 fm [20,45,46]. The B(E2) value, proton quadrupole
matrix element, and proton deformation length of 15C are
determined to be 0.97(2) e2fm4, Mp = 2.42(3) fm2, and δp =
0.57(1) fm, respectively, from the lifetime measurement of the
5/2+ state [28].

For the other experimental probe, we will use the present
deuteron inelastic-scattering data. The deformation length δd

is associated with Mn/Mp and the interaction strength of neu-
tron and proton bn/bp in the following relationship [13,47]:

δd

δp
= 1 + (bn/bp)(Mn/Mp)

1 + (bn/bp)(N/Z )
. (5)

For different probes, bn/bp varies substantially. For example,
bn/bp for protons changes from 0.8 to 3 with different inci-
dent energies and the value at incident energies less than 10
MeV is still not well studied theoretically or experimentally
[47,48]. However, for the deuteron, bn/bp is always equal to
one and has very little dependence on the energies because of
its isoscalar nature [13,47].

With bn/bp = 1 and deformation length of δd =
1.04(11) fm, according to Eq. (5), Mn/Mp = 3.6(4) was
determined for 15C. This value is much larger than the N/Z
value of 15C, with a ratio Mn/Mp/(N/Z ) = 2.4(3).

In the traditional core + valence shell model framework,
Mn and Mp are described in terms of valence space quadrupole
matrix elements M ′

n, M ′
p and core polarization parameters

(�pn, �nn, �pp). M ′
n and M ′

p are the static quadrupole mo-
ments and can be deduced from the shell structure of the
valence neutrons or protons. �xy is the core-polarization pa-
rameter corresponding to core (x) polarization by valence
nucleon (y), which reflects the amount of core polarization
per unit of contribution from the valence nucleon [14]. The
neutron and proton quadrupole matrix element is calculated
using the following equation [13]:

Mn = M ′
n(1 + �nn) + M ′

p�
np (6)

and

Mp = M ′
n�

pn + M ′
p(1 + �pp) (7)

with neutron and proton effective charge represented by

en = �pn and ep = 1 + �pp. (8)
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If we consider the 14C core to be inert, and M ′
p is close to zero,

we have

Mn = M ′
n(1 + �nn) (9)

and

Mp = M ′
n�

pn = M ′
nen. (10)

For 15C the 1/2+ to 5/2+ transition is dominated by the
neutron 1d5/2-2s1/2 one-body transition density. The shell
model calculation using the YSOX interaction [49] predicts
M ′

n = 5.1872 fm2 and M ′
p = 0.4433 fm2. From this result, it

is reasonable to assume M ′
p ∼ 0 compared to M ′

n. In Ref. [25],
M ′

n is calculated to be 6.0 fm2 using harmonic oscillator wave
functions, also in agreement with this shell model prediction.
Using these values, en = �pn = 0.4–0.46 and �nn = 0.4–0.6
are ranges determined from the present measurement. These
values agree with the empirical values [50].

IV. DISCUSSION

A. Comparison with 17O and other C isotopes

A comparison can be made to the N = 9 isotone 17O. The
B(E2) value of 17O between the g.s. and first excited state was
measured to be 1.036 e2fm4. Mp = 2.54 fm2 and en = 0.42
were deduced accordingly [19]. With the B(E2) value of
its mirror nucleus 17F corrected by the Coulomb correction
factor, Mn/Mp = 2.63(0.04) was deduced for 17O [19]. This
value is 2.34 times larger than its N/Z value. Considering the
large Sn of 17O, its large Mn/Mp is primarily due to the valence
neutron decoupling from the inert 16O core. For 15C, the ratio
between Mn/Mp and N/Z is 2.4(3), which is close to 17O. This
indicates that the degree of neutron decoupling of 15C and 17O
is similar and there is no clear additional reduction of core
polarization in the halo nucleus 15C. This suggests that the
core decoupling effect induced by the halo is not prominent in
15C.

Neutron-rich carbon isotopes have attracted much attention
with regards to the question of spatially extended and decou-
pled valence neutrons. The present result provides another
insight into this discussion. Since the halo nucleus 15C does
not show a strong core decoupling effect compared to 17O,
considering the similarities in 15C and 16C [29], one may ex-
pect that the ratio between Mn/Mp and N/Z would be similar
in 18O and 16C. For 16C, the latest measurement of the ratio
Mn/Mp/(N/Z ) is 1.4 [25], similarly to Mn/Mp/(N/Z ) = 1.8
in 18O. In Ref. [30], it was found that 16C may be described
without invoking very exotic phenomena, which is also in
line with the present interpretation. For the more neutron rich
carbon isotopes, there are also recent studies showing that no
evidence was found for dramatic changes in the behavior of
the B(E2) up to 20C [53].

It is worth noting that the matter radius of 15C [54] is
only moderately increased due to the halo compared to other
carbon isotopes, indicating that the halo structure in 15C may
not be sufficiently pronounced to cause a strong decoupling of
the valence neutron. For instance, the matter radii of 14C, 15C,
and 16C are 2.33(7), 2.54(4), and 2.74(3) fm [54], respectively,
which have been well reproduced by the calculation with a

Woods-Saxon potential considering their single-particle con-
figuration in the 2s1/2 and 1d5/2 orbitals [29]. The valence
neutron in 15C is polarizing the core to an extent similar to its
isotones without a halo structure. This conclusion is similar to
that in Ref. [29], where no special theoretical treatment for the
neutron halo is needed to explain various experimental results
of 15C. Experimental studies of other typical halo nuclei with
larger matter radii, for example, 19C [54], 22C [55], or 11Li
[56], will be interesting in order to further understand the
core-polarization effect in the halo nuclei.

B. Ab initio calculation

Ab initio no-core configuration interaction (NCCI) [57–59]
calculations for 15C were carried out with the Daejeon16 in-
teraction [60]. Using the MFDN code [61,62], we diagonalized
the Hamiltonian of the system in a harmonic oscillator basis
which is characterized by the basis energy scale h̄	 and the
basis truncation parameter Nmax(defined as the maximum of
the total oscillator quanta above the minimum for 15C that
satisfies the Pauli principle). We summarize the NCCI results
in Table I. A simple three-point exponential extrapolation
[58,63] was used for the ground state and first excited state
energies, as well as the magnetic dipole (M1) moments at
two h̄	 values. For the extrapolation of B(E2), we adopt
the extrapolation formula for electric quadruple transitions in
Ref. [64]. The extrapolations of observables in Table I were
obtained from the average of extrapolated values at h̄	 =
17 MeV and 18 MeV, which are values approximating the
variational minimum of the ground state energy in the largest
basis space.

The ground state energy of 15C is in reasonable agreement
with experimental data. The extrapolated excitation energy
of the first excited state is about 0.72 MeV higher than ex-
periment, which is moderately acceptable. The extrapolated
B(E2) value of the NCCI calculation is about two times the
experimental result. E2 transition matrix elements are very
sensitive to the long range tails of the nuclear wave func-
tion, which is not adequately accommodated in the limited
harmonic oscillator basis. Reference [65] reported that the
ratio B(E2)/(e2r4

p) (rp is the rms point-proton radius) exhibits
good convergence in 7Li and 10Be with both Nmax and h̄	.
We test the convergence of this ratio with respect to Nmax and
h̄	. We find that B(E2)/(e2r4

p) in 15C does not have as good
convergence with respect to Nmax as that in 7Li and 10Be.
The M1 moments of the ground state and first excited state
are in reasonable agreement with the experimental results
considering that contributions of two-body currents are not
included. Remarkably, the calculated Mn/Mp value appears to
be well-converged and agrees well with the present experi-
mental result. This suggests that Mn/Mp may provide a robust
ratio for comparing experiment with theory along similar lines
or reasoning as the ratios presented in Refs. [65,66].

The NCCI approach provides an overall reasonable de-
scription of the 15C bound states and supports the finding
that the core-decoupling effect is not remarkable in 15C. We
note that the Daejeon16 interaction was obtained by using
phase-equivalent transformations (PETs) to adjust off-shell
properties of the similarity renormalization group evolved
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TABLE I. Calculated and experimental ground state energies Eg.s., excitation energies of the first 5
2

+
state Ex , E2 transitions B(E2), M1

moments and the Mn/Mp values of 15C. The first three columns correspond to results from ab initio NCCI calculations with Daejeon16 at
h̄	 = 17 MeV within different basis spaces, while the next three columns correspond to results at h̄	 = 18 MeV. The extrapolated NCCI
results along with the experiments are shown for comparison. See the text for details.

h̄	 17 MeV 18 MeV Extrapolation Experiment
Nmax 4 6 8 4 6 8

Eg.s.( 1
2

+
1

) [MeV] −100.034 −104.146 −106.091 −100.194 −104.134 −106.019 −107.793(45) −106.503 [51]
Ex ( 5

2

+
1

) [MeV] 0.556 0.941 1.169 0.494 0.908 1.148 1.440(9) 0.740(15) [51]
B(E2; 5

2

+
1

→ 1
2

+
1

) [e2fm4] 0.699 0.938 1.115 0.658 0.899 1.080 2.025(30) 0.97(2) [28]
μg.s.( 1

2

+
1

) [μN ] −1.723 −1.717 −1.711 −1.720 −1.714 −1.709 −1.633(53) |1.315(70)| [52]
μ( 5

2

+
1

) [μN ] −1.464 −1.442 −1.428 −1.467 −1.443 −1.429 −1.407(9) −1.758(30) [52]
Mn/Mp ( 5

2

+
1

→ 1
2

+
1

) 3.870 3.649 3.578 3.876 3.652 3.575 3.529(6) 3.6(4)

chiral effective field theory NN interaction to fit selected
binding energies and spectra of p-shell nuclei in an ab initio
approach [60]. Therefore we may anticipate improving the
Daejeon16 interaction in the future by fitting properties of
sd-shell nuclei in order to describe better the excitation energy
of the first excited state and the B(E2) of 15C.

V. SUMMARY

Deuteron elastic scattering on 15C and inelastic scatter-
ing to the first excited state of 15C have been studied in
inverse kinematics with the HELIOS spectrometer. Matter
deformation has been determined from the deuteron inelastic
scattering data. The ratio of neutron and proton quadruple ma-
trix elements Mn/Mp/(N/Z ) = 2.4(3) and effective changes
deduced from the deformation length indicate that relative
to 17O, there no evidence for additional decoupling of the
valence neutron induced by the halo in 15C. The NCCI cal-
culation with the Daejeon16 interaction provides an overall
reasonable description of the properties of the two lowest
bound states of 15C. The result supports an overall modest
valence-neutron decoupling picture in the neutron-rich carbon
isotopes.

Data associated with this experiment can be obtained by
reasonable request to the author.
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APPENDIX

The differential cross sections of the proton elastic scatter-
ing and inelastic scattering excitation to the first excited state
of 15C are shown in Fig. 6. These data were used to determine
the proton density in the (CD2)n target. It was determined by
the ratio of the scattered protons in (CH2)n and (CD2)n targets
with the normalized 15C beam particle exposure, using the
equation

ρp−CD2

ρp−CH2

= NCD2

NCH2

Nbeam−CH2

Nbeam−CD2

, (A1)

FIG. 6. Proton elastic (black square points) and inelastic scatter-
ing (red circle points) cross sections on 15C. Calculated differential
cross sections for the proton elastic scattering with OPs of Koning
and Delaroche [67] (KD, red solid lines) and Varner et al. [68] (CH,
black dotted lines). The uncertainties from the statistics are much
smaller than the data points, so they are not visible in the figure.
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where ρp−CD2 (ρp−CH2 ), NCD2(NCH2), and Nbeam−CD2

(Nbeam−CH2 ) stand for the proton areal density (mg/cm2),
the elastically scattered proton counts, and the incoming 15C
beam exposure for the (CH2)n [(CD2)n] target, respectively.
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