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Abstract. Structure of carbon and neon isotopes is investigated by deformed Skyrme Hartree-Fock and
shell model calculations. We point out that the quadrupole deformations of C and Ne isotopes have
strong isotope dependence as a typical example of the evolution of deformations in nuclei. It is shown
also that the quadrupole moments and the magnetic moments of the odd C isotopes depend clearly on
assigned configurations, and their experimental data will be useful to determine the spin-parities and the
deformations of the ground states of these nuclei. The electric quadrupole (E2) transitions in even C and
Ne isotopes are also studied. The isotope dependence of the E2 transition strength is reproduced properly,
although the calculated strength overestimates an extremely small observed value in 16C.

PACS. 21.10.Ky Electromagnetic moments – 21.60.-n Nuclear structure models and methods

1 Introduction

Nuclei far from the stability lines open a new test ground
for nuclear models. Recently, many experimental and the-
oretical efforts have been paid to study the structure and
reaction mechanism in nuclei near drip lines. Modern ra-
dioactive nuclear beams and experimental detectors reveal
several unexpected structure of light nuclei with the mass
number A ∼ (10–24) such as existence of halo and skin [1],
modifications of shell closures [2] and Pigmy resonances in
electric dipole transitions [3]. One of the current topics is a
large quenching of the electric quadrupole (E2) transition
between the first excited 2+ state and the ground state in
16C [4,5].

The isotope dependence of deformation is an interest-
ing subject to study in relation to the evolution of defor-
mation in quantum many-body systems as a manifestation
of spontaneous symmetry breaking effect. To this end, C
and Ne isotopes are promising candidates since all iso-
topes between the proton and neutron drip lines will be
available in future experiments within next few years. The
effect of spontaneous symmetry breaking effect is a general
phenomenon known in many fields of physics. In molecu-
lar physics, the spontaneous symmetry breaking was dis-
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covered by Jahn and Teller in 1937 [6]. The coupling to
the quadrupole vibration is the main origin of the static
deformation in both molecules and atomic nuclei [7]. On
the other hand, the pairing correlations in nuclei work to
stabilize the spherical symmetry. A unique and essential
feature of the evolution of deformation in atomic nuclei
will appear in the competition between the deformation
deriving particle-vibration coupling and the pairing corre-
lations [8].

2 Deformations of carbon and neon isotopes

We investigate the neutron number dependence of defor-
mations along the chains of C and Ne isotopes. For this
purpose, we perform deformed HF+BCS calculations with
a Skyrme interaction SGII. The axial symmetry is as-
sumed for the deformed HF potential. The pairing interac-
tion is taken to be a density-dependent pairing interaction
in the BCS approximation;

V (r1, r2) = V ′0

(

1−
ρ(r)

ρ0

)

δ(r1 − r2), (1)

where ρ(r) is the HF density at r = (r1 + r2)/2 and ρ0 is
chosen to be 0.16 fm−3. The pairing strength is taken to be
−410MeV · fm3 for both neutrons and protons. A smooth
energy cut-off is employed in the BCS calculations [9].
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Fig. 1. Deformed HF + BCS calculations with SGII interac-
tion; (a) for C isotopes and (b) for Ne isotopes. The density-
dependent pairing interaction (1) is adopted in the calcula-
tions. The strength of spin-orbit force is modified to be 60% of
the original one in the HF calculations of C isotopes. See the
text for details.

Figure 1 shows the binding energy surfaces for even-
mass C and Ne isotopes as a function of the quadrupole
deformation parameter β2 with SGII interaction. The
spin-orbit interaction of SGII interaction is reduced to
be 60% of the original strength to enhance the deforma-
tion effect [10]. The energy minimum in 12C appears at
oblate deformation with β2 = −0.32. The energy min-
imum becomes spherical in 14C because of the neutron
closed shell effect. For heavier C isotopes 16C and 18C,
two minima appear both in the prolate and oblate sides.
In 18C, the ground state has the largest deformation at
β2 = 0.36, while the local minimum appears at the oblate
side with β2 ∼ −0.3. The deformations become oblate in
20C and 22C. The HF calculation with the original spin-
orbit strength gives a spherical shape for 22C.

The deformations of Ne isotopes are shown in fig. 1(b).
The similar neutron number dependence to that of C iso-
topes is found in Ne isotopes. In general, the energy sur-
faces are shallow in even Ne isotopes. The energy mini-
mum of 18Ne is very close to the spherical shape as ex-

Fig. 2. Isotope dependence of deformations of C and Ne iso-
topes with SGII interaction. The points with error bars show
the cases in which two deformation minima are found within
the energy difference of 0.1MeV.

pected due to the N = 8 shell closure. The prolate defor-
mations are found in 20Ne and 22Ne and then the deforma-
tion minimum is oblate in 24Ne. The spherical and oblate
energy minima are almost degenerate in energy in 26Ne.
The energy minimum of 28Ne is very flat and depends
on the adopted interaction. Namely the SGII interaction
gives a prolate minimum, while the SIII interaction gives
an oblate minimum. The nucleus 30Ne is found to show a
spherical shape due to another shell closure N = 20. We
can see also a prolate local minimum in the case of 30Ne,
whose binding energy is very close to that of the spherical
minimum. Then, 32Ne becomes prolate again as a typical
nucleus next to the closed shell nucleus.

Figure 2 shows the isotope dependence of the
quadrupole deformation parameter β2 at the binding en-
ergy minima for C and Ne isotopes. Blocked deformed
Skyrme HF+BCS calculations are performed for odd car-
bon isotopes. The results show that the ground state of
17C is prolate with Jπ = 3

2

+
while that of 19C is oblate

with Jπ = 3
2

+
. In 19C, the energy minimum of Jπ = 1

2

+

is very close to that of Jπ = 3
2

+
having almost the same

oblate deformation β2 ∼ −0.36. These spin-parities of the
ground states are consistent with our shell model calcula-
tions [11]. The spin of the ground state of 17C was assigned

as 3/2
+

in the magnetic moment measurement [12]. The

spin of 19C was assigned as 1/2
+
in the Coulomb break-up

reactions [13], while there is still controversial argument
on the experimental assignment in ref. [14]. In fig. 2, the
two isotopes show a clear manifestation of the evolution of
the nuclear deformation induced by the deformation driv-
ing force in the mean field potential [8]. The deformation
effect in the C and Ne isotopes is unique compared with
that in rare-earth nuclei in a sense that both prolate and
oblate deformations appear clearly in the beginning of the
closed shell and at the end of the closed shell.
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3 Q-moments, µ-moments and E2 transitions

We study electromagnetic moments and transitions in C
and Ne isotopes by the shell model calculations [15] in
comparison with the deformed HF results [10]. We first
discuss the Q-moments. The WBP interaction is used as
an effective interaction within the 0h̄ω space. We adopt
state-dependent polarization charges which are obtained
by the microscopic particle vibration coupling model
(Hartree-Fock + Random Phase Approximation [16]).
These polarization charges can be parameterized as

epol
e

= a
Z

A
+ b

N − Z

A
+

(

c+ d
Z

A

N − Z

A

)

τz (2)

with a = 0.82, b = −0.25, c = 0.12 and d = −0.36
to reproduce the calculated values for 12C and 16C in
ref. [16]. Both the neutron (ν) and proton (π) polarization
charges decrease as the neutron excess increases. The
effective charges are given by

eeff = e(1/2− tz) + epol . (3)

The Q-moments obtained by using these polarization
charges are shown in fig. 3(a). Open circles denote re-
sults of the shell model calculations with the use of epol.
Single-particle or -hole values with the use of epol are given
by open triangles. The configurations for 9C and 11C are
νp3/2 and νp−1

3/2, respectively. The configurations for 17C

and 19C are νd5/21s
2
1/2 and νd−1

5/2 (νd5
5/2), respectively,

for the 5/2
+
state. For the 3/2

+
state of 17C, a case for a

single particle configuration of νd3/2 is given.

Filled triangles are obtained for νd±2
5/21s1/2 configu-

ration with the use of epol. The νd2
5/2(J = 2)1s1/2 and

νd−2
5/2(J = 2)1s1/2 are possible simple configurations for

17C and 19C, respectively, since the νd3
5/2 or νd3

5/21s
2
1/2

configuration corresponding to the middle of the d5/2
shell results in the vanishing of the Q-moments. The
Q-moments are given by ∓ 2

5
enpolQsp(d5/2) for 3/2

+
and

∓
4
7
enpolQsp(d5/2) for 5/2

+
in the case of the νd±2

5/2(J =

2)1s1/2 configuration. Here, enpol is the neutron polariza-

tion charge and Qsp(d5/2) is the single particle value of the
Q-moment for d5/2. Note that the signs of the Q-moments

for 17C and 19C are opposite.
The shell model values of the Q-moments are obtained

by the admixture among these configurations, and their
magnitudes are usually enhanced compared to those of
the simple configurations. Nevertheless, the difference of
the signs between 17C and 19C can be understood from
those of the simple configurations.

Calculated values for the magnetic (µ) moments are
shown in fig. 3(b). Here, geffs /gfrees = 0.9 is used for
neutron. The values of the µ-moments are found to be
sensitive to the configurations as in the case for the
Q-moments, which is useful to find out the spin-parities
and the deformations of the ground states of these nuclei.
Especially, the spin assignments of 17C and 19C are quite
consistent between the deformed HF and the shell model
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Fig. 3. Q-moments and magnetic moments for the odd C iso-
topes. (a) Open triangles denote Q-moments of single-particle
or -hole values, while filled triangles give the results of the
0d±2

5/21s1/2 configuration. These values include the effects of

the polarization charges, epol in eq. (2). (b) Open circles denote
the results of the magnetic g-factors of shell model calculations
obtained with the use of WBP interaction and geffs = 0.9gs,
while the HF results are obtained by using deformed HF wave
functions and shown by open boxes. The filled circles are the
experimental values taken from refs. [17,18,19,12,20].

results. The 5/2
+
state is excluded from the ground state

by the β-decay experiment.

Let us now discuss the E2 transitions in the even C
and Ne isotopes. Calculated and experimental B(E2) val-
ues for the 2+1 → 0+g.s. transitions are shown in fig. 4. The
shell model values obtained with the use of epol are larger
than the experimental values except for 10C, for which
larger effective charges of eqs. (2) and (3) epeff = 1.38 and
eneff = 0.71 are needed. For 12–16C, the isotope depen-
dence of the observed values [20,4] is well explained by
that of epol, but their magnitudes are smaller than the
calculations. In particular, the observed B(E2) value is
quite small for 16C–[4], which suggests some exotic struc-
ture yet unknown in the isotopes, for example, the shape
coexistence of prolate and oblate deformations expected
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Fig. 4. B(E2) values of the 2+1 → 0g.s. transitions; (a) C iso-
topes and (b) Ne isotopes. Filled and open squares show the
results of the shell model calculations with the use of the con-
stant effective charges eeffp = 1.3, eeffn = 0.5 and the harmonic-
oscillator wave functions with b = 1.64 fm for C isotopes and
b = 1.83 fm for Ne isotopes. The WBP and MK interactions
are used to calculate the shell model wave functions for the
filled and open squares, respectively. Filled (WBP) and open
(MK) diamonds are obtained with the use of HF wave func-
tions and the isotope-dependent polarization charges epol given
by eq. (2). Filled circles show experimental values [20,4].

from the deformed HF calculations. It would be also in-
teresting to find out if the B(E2) value increases for 18C
as the calculation predicts. This increase comes from that
of the neutron contribution.

4 Summary

We have studied the isotope dependence of deformation
in C and Ne isotopes by using the deformed HF calcula-
tions with BCS approximation. We found clear isotope
dependence of the deformation change as a manifesta-
tion of the dynamical evolution of nuclear deformation.

The configuration dependence of the Q-moments and
µ-moments in the odd C isotopes, which can be attributed
to the deformation effects, is also pointed out by using the
shell model wave functions. This dependence can be used
to determine the spin-parities as well as the deformation
properties of the ground states of the isotopes. The iso-
tope dependence of the B(E2) values in even C and Ne
isotopes is reproduced well by the calculations, while the
experimental values are found to be smaller in 12–16C, in
particular, in 16C where the observed B(E2) value almost
vanishes. This suggests an exotic structure of 16C still to
be found out.
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