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Static and dynamic quadrupole moments of C and Ne isotopes are investigated by using the deformed
Skyrme Hartree-Fock model and also shell model wave functions with isospin-dependent core polarization
charges. We point out that the deformations of C and Ne isotopes have a strong isotope dependence as a
manifestation of spontaneous symmetry breaking effect in nuclear physics. The effect of spontaneous symme-
try breaking is a general phenomenon known in many fields of physics. It is shown at the same time that the
quadrupole momentsQ and the magnetic momentsm of the odd C and odd Ne isotopes depend clearly on
assigned configurations, and their experimental data will be useful to determine the deformations of the ground
states of nuclei near the neutron drip line. Electric quadrupolesE2d transitions in even C and Ne isotopes are
also studied using the polarization charges obtained by the particle vibration coupling model with shell model
wave functions. Although the observed isotope dependence of theE2 transition strength is reproduced properly
in both C and Ne isotopes, the calculated strength overestimates an extremely small observed value in16C.
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I. INTRODUCTION

Nuclei far from the stability lines open a new test ground
for nuclear models. Recently, many experimental and theo-
retical efforts have been paid to study structure and reaction
mechanism in nuclei near drip lines. Modern radioactive
nuclear beams and experimental detectors reveal several un-
expected structure of light nuclei with the mass numberA
,10–24 such as the existence of halo and skins[1], modi-
fications of shell closures[2], and Pigmy resonances in elec-
tric dipole transitions[3]. One of the current topics is a large
quenching of the electric quadrupolesE2d transition between
the first excited 2+ state and the ground state in16C [4,5].
The physical mechanism of these phenomena might origi-
nated from a large asymmetry of mean fields between pro-
tons and neutrons as well as the large extension of the wave
functions.

Electromagnetic observables will provide useful informa-
tion to study the structure of nuclei, not only ground states
but also excited states. Namely, these observables are ex-
pected to pin down precise information of deformations and
unknown spin parities of both stable and unstable nuclei
since the deformation is intimately related to observables
such asQ moments andE2 transitions. The magnetic mo-
ments will also give empirical information of deformation in
comparison with the single-particle value(Schmidt value) in
the spherical limit. The isotope dependence of the deforma-
tion is an interesting subject to study in relation to a mani-

festation of the spontaneous symmetry breaking effect from
the beginning of one closed shell to the next closed shell. To
this end, carbon and neon might be promising in future ex-
periments within the next few years. The effect of spontane-
ous symmetry breaking effect is a general phenomenon
known in many fields of physics. In molecular physics, spon-
taneous symmetry breaking was discovered by Jahn and
Teller in 1937 [6]. There is a very similar fundamental
mechanism in nuclear physics and molecular physics, which
is responsible for causing deformations in the ground state.
The coupling to the quadrupole vibration is the main origin
of the static deformation in 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
Jahn-Teller effect in atomic nuclei will manifest itself in the
competiton between the deformations derived from particle-
vibration coupling and the pairing correlations[8].

Until now, the isotope dependence of the deformation has
been discussed mainly in rare earth nuclei. However, it is
rather difficult in heavy nuclei to study the deformation
changes systematically between two closed shells. Thus the-
oretical and experimental studies of the isotope dependence
of deformations in light nuclei is quite an interesting subject
in the context of the nuclear Jahn-Teller effect. Thus, we
perform deformed Skyrme Hartree-Fock(HF) calculations
with density-dependent pairing interactions in light nuclei
with A,10–30. We will study deformations of C and Ne
isotopes as typical light open shell nuclei. CalculatedQ mo-
ments and magnetic moments are compared with empirical
data to establish the isotope dependence of deformations in
these nuclei.

In light and medium mass nuclei, the shell model has
been known as one of the most successful models in describ-
ing the nuclear structure in both the ground state and the
excited state[9]. From a theoretical point of view, it is inter-
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esting to see how many differences and similarities will ap-
pear between the results of standard shell model calculations
and those of the mean field theories. Thus we perform shell
model calculations of electromagnetic moments in order to
compare with those of deformed HF calculations.

The effective charges have been used commonly in the
shell model calculations to studyQ moments andE2 transi-
tions. The microscopic origin has been traced back to the
coupling between single-particle states and collective giant
resonances[10]. This physical mechanism gives rise to the
core polarization charges, which are predicted to have a
strong isospin dependence in light nuclei[11,12]. Namely,
the core polarization charges are larger in proton-rich nuclei
and smaller in neutron-rich nuclei. A strong isospin depen-
dence of the core polarization charges is confirmed experi-
mentally in the study ofQ moments of B isotopes[13]. In
this paper, shell model calculations are performed with two
effective interactions: Millener-Kurath(MK ) [14] and
Warburton-Brown(WBP) [15] interactions. Then, we apply
the isospin-dependent core polarization charges with HF
wave functions to studyQ moments of odd C and Ne iso-
topes andE2 transitions in even C and Ne isotopes. These
results are compared with those obtained by a standard shell
model calculation with harmonic oscillator(HO) wave func-
tions and constant effective charges. For C isotopes,Q mo-
ments and magnetic moments mainly for the ground states as
well as the electric dipole transition strength were studied
[16] by shell model calculations with the use of the WBP
interaction. Here, we extend our investigation to both C and
Ne isotopes including excited states also, and compare with
the deformed HF calculations. The effects ofdg,

IV in the
magnetic momemts due to the meson-exchange currents are
also investigated.

This paper is organized as follows. The deformed HF cal-
culations of C and Ne isotopes with Skyrme and density-
dependent pairing interactions are presented in Sec. II. The
HF wave functions are applied to predict the spin parity of C
isotopes far from the stability line with study of theQ mo-
ments and the magnetic momentsm in Sec. III. The electro-
magnetic moments are also studied by using the shell model
wave functions with the isospin-dependent effective charges
and compared with the results with deformed HF wave func-
tions in Sec. III. TheE2 transitions are calculated by using
shell model wave functions with effective charges in Sec. IV.
We adopt two different models with shell model wave func-
tions in the calculations ofQ moments andE2 transitions.
The first one is commonly used constant effective charge
with the HO wave functions. The second one is a model with
HF wave functions with core polarization charges obtained
by the particle-vibration(PV) coupling model. A summary is
given in Sec. V.

II. DEFORMED HF CALCULATIONS WITH SKYRME
INTERACTIONS

We investigate the neutron number dependence of defor-
mation properties along the chain of C and Ne isotopes. To
this end, we perform deformed HF+BCS calculations with
two Skyrme interactions SGII and SIII to see the interaction

dependence of the results. Both interactions are commonly
used in mean field calculations and also random phase ap-
proximations for the excited states. Essential differences of
the two interactions are nuclear incompressibility and spin
properties. We expect some differences in the results of the
two interactions in the magnitude and sign of deformations,
especially, in odd nuclei. However, we found that the two
interactions give essentially the same results as far as the
deformations are concerned. Therefore we will mainly dis-
cuss the results of the SGII interaction hereafter. The axial
symmetry is assumed for the HF deformed potential. The
pairing interaction is taken to be a density-dependent pairing
interaction in the BCS approximation:

Vsr 1,r 2d = V08S1 −
rsrd
r0

Ddsr 1 − r 2d, s1d

wherersrd is the HF density atr =sr 1+r 2d /2 andr0 is cho-
sen to be 0.16 fm−3. The pairing strength is taken to beV08
=−410 MeV fm3 for both neutrons and protons[17]. A
smooth energy cutoff is employed in the BCS calculations
[18].

In Fig. 1, the energy surfaces of12C are shown multiply-
ing a factor(0.5–1.2) by the original spin-orbit interaction.
Since an interplay between the single-particle energy differ-
ence around the Fermi surface and the quadrupole vibration
energy plays an essential role for driving the deformation,
the smaller spin-orbit splitting gives a clear deformation
minimum on the oblate side. The original spin-orbit interac-
tions of SGII and SIII give the energy minima at a spherical
shape for12C. In the case of Ne isotopes, the original spin-
orbit interaction works to predict well the isotope depen-
dence of the deformation in comparison with emirical data.
This is due to the fact that the 1d5/2 and 2s1/2 states are rather
close in energy in the spherical HF results in Ne isotopes,
while 1p1/2 and 1p3/2 states are not close enough to drive the
deformation in12C for the HF results of C isotopes. In order
to make a realistic deforamation minima in C isotopes, we
reduce the spin-orbit interaction of SGII to be 60% of the
original strength, while the original one is used in Ne iso-
topes. Since our main aim of this study is the isotope depen-

FIG. 1. Deformed HF+BCS calculations for12C with the SGII
interaction. The density-dependent pairing interaction(1) is adopted
in the calculations. The strength of spin-orbit force is modified mul-
tiplying a factor(0.5–1.2) by the original one in the HF calculations
in C isotopes. See text for details.
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dence of the deformation, the HF results should give a proper
deformation in a known case like12C, while the smaller spin-
orbit interaction may give poorer results than the original one
for the total binding energies. This is the reason why we
adopt the smaller spin-orbit force in C isotopes.

Figure 2 shows the binding energy surfaces for even-mass
C and Ne isotopes as a function of the quadrupole deforma-
tion parameterb2 with SGII interaction. The deformations at
the energy minima are tabulated in Table I for C isotopes and
Table II for Ne isotopes with SGII interaction.

The energy minimum in12C appears at an oblate defor-
mation with b2=−0.32 in Fig. 2(a). The energy minimum
becomes spherical in14C because of the neutron closed shell
effect. For heavier C isotopes,16C shows a large prolate
minimum, while in18C, two minima appear both in the pro-
late and oblate sides having almost the same energies.
Namely, the ground state has a minimum with a large prolate
deformation atb2=0.36, while a local minimum appears at
the oblate side atb2,−0.3 within an energy difference of
0.1 MeV. The deformation becomes oblate in20C and22C.
The HF calculations with the original spin-orbit strength
gives a spherical shape for12C and22C.

The deformation of Ne isotopes are shown in Fig. 2(b)
and Table II. In general, the energy surface is shallow in even
Ne isotopes. The energy minimum of18Ne is very close to
spherical shape as is expected due toN=8 shell closure. The
prolate deformations are found in20Ne and22Ne and then the
deformation minimum is oblate in24Ne. The spherical and

oblate energy minima are almost degenerate in energy in
26Ne. The energy minimum of28Ne 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 nucleus30Ne is found to show a
spherical shape due to another shell closure atN=20. Then,
32Ne becomes prolate again as a typical nucleus next to the
closed shell nucleus.

A deformed Skyrme HF+ blocked BCS calculation are
performed for odd C and Ne isotopes and the results are
shown in Fig. 3 for C isotopes and Fig. 4 for Ne isotope. The
deformation and the intrinsicQ0 moments are tabulated in
Table I for C isotopes and in Table II for Ne isotopes with the
SGII interaction. In15C, having one extra neutron outside of
the neutron closed shellN=8, the spin parity of the ground
state is given to beJp=1/2+ with a prolate deformation by
the deformed HF calculation, while a simple shell model
configuration isJp=5/2+ and theQ moment has a negative
value (an oblate shape in the intrinsic moment). The experi-
mental assignment of the spin parity isJp=1/2+ in the
ground state of15C. This is also a typical example of the
deformation effect in the nuclear system.

The results shows that the ground state of17C is prolate
with Jp= 3

2
+ while that of 19C is oblate withJp= 3

2
+. In 19C,

the energy minimum ofJp= 1
2

+ is almost degenerate with that
of Jp= 3

2
+ with almost the same oblate deformationb2,

−0.36. These spin parities of the ground states are consistent
with the shell model calculations[17]. The spin of the
ground state of17C has been assigned as 3/2+ in the mag-
netic moment measurement[19] as will be discussed later.
The spin of19C is assigned as 1/2+ in the Coulomb breakup
reactions[20], while there is still controversy about the ex-
perimental assignment in Ref.[21]. The HF results of odd Ne
isotopes are shown in Fig. 4. In19Ne, with one neutron out-
side of theN=8 neutron core, one can see again a prolate
deformation in the ground state withJp= 1

2
+ as a clear sign of

the isotope dependence of the deformation expected from the
nuclear Jahn-Teller effect. The prolate deformation becomes
larger in21Ne having three neutrons outside of theN=8 neu-
tron core than that of19Ne. The spin parities of the ground
states in19–23Ne agree with the experimental data, while the
spin parity of the ground state in25Ne is not yet determined
experimentally.

The isotope dependence of the energy minima is shown in
Fig. 5 as a function of neutron numberN. The oblate defor-
mation is obtained in12C as is expected from the two hole
configurations to the closed shellN=Z=8. The shape be-
comes spherical inN=8 isotones14C and 18Ne due to the
neutron closed shell effect. Then two isotopes show large
prolate deformations in nuclei with 11ùN.8. While a na-
ive shell model givesJp=5

2
+ with negativeQ moments for

N=9 isotones15C and19Ne, the deformed HF gives the pro-
late shape, i.e., positive intrinsicQ0 moments and also posi-
tive Q moments at the band head withJp=1/2. There is a
sharp change of the deformation minima from prolate to ob-
late betweenN=12 and 14 for both C and Ne isotopes. The
shape becomes close to spherical in very heavier Ne isotopes
nearN=20. In this way, the two isotopes show a clear mani-
festation of the the nuclear deformation effect in the de-

FIG. 2. Deformed HF+BCS calculations with the SGII interac-
tion (a) for C isotopes and(b) for Ne isotopes. The density-
dependent pairing interaction(1) is adopted in the calculations. The
strength of spin-orbit force is modified to be 60% of the original
one in the HF calculations in C isotopes. See the text for details.
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formed HF calculations as a spontaneous spherical symmetry
breaking of the spherical shape induced by the driving 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 the sense that both prolate and oblate deformations
appear clearly in the beginning of the closed shell and at the
end of the closed shell. The isotope dependence of deforma-

tion in C isotopes was studied by using the antisymmetrized
molecular dynamics(AMD ) model in Ref.[22]. The AMD
model predicts an isotope dependence of neutron deforma-
tions very similar to the present results, while the proton
shapes stay always at the oblate side in the AMD model. It
should be noticed that the triaxiality is discarded in the
present deformed HF model. However, the present model has

TABLE I. Energies, deformations, and intrinsicQ0 moments in Eqs.(4) and(5) in carbon isotopes with the Skyrme interaction SGII. The
intrinsic gK factor in Eq.(10), the decoupling parameterb in Eq. (12), and the magnetic momentsm in Eqs.(8) and(11) are also listed. The
spin-orbit interaction is multiplied by a factor 0.6 to induce clear deformation minima in C isotopes.

Nucleus Kp
Energy
(MeV) b2p b2n b2

Q0p

sfm2d
Q0n

sfm2d gk b m

9C 1/2− 0.0 0.273 0.251 0.269 16.260 10.148 −3.619 1.039 1.103

3/2− 0.98 −0.293 −0.196 −0.279 −17.181 −5.743 −1.273 0.0 −0.746
10C 0+ 0.0 −0.277 −0.283 −0.279 −13.830 −7.923

0+ 0.04 0.285 0.476 0.355 14.839 14.262
11C 1/2− 0.0 −0.360 −0.358 −0.359 −18.777 −14.233 3.375 −0.117 0.855

3/2− 0.58 0.210 0.395 0.277 8.913 7.521 −1.273 0.0 −0.818

3/2− 1.09 −0.332 −0.318 −0.327 −17.170 −13.311 −1.273 0.0 −0.818
12C 0+ 0.0 −0.319 −0.317 −0.318 −15.630 −15.316

0+ 0.99 0.090 0.089 0.090 4.107 4.019
13C 1/2− 0.0 0.058 0.057 0.057 2.630 1.919 1.973 −0.589 0.779

5/2+ 5.97 −0.420 −0.419 −0.420 −22.492 −30.642 −0.764 0.0 −1.035

1/2+ 6.15 0.378 0.376 0.377 19.001 35.287 −3.456 1.070 0.975

1/2+ 6.95 −0.405 −0.404 −0.405 −21.399 −27.791 −3.518 1.033 0.938
14C 0+ 0.0 0.013 0.005 0.008 0.591 0.333
15C 1/2+ 0.0 0.247 0.166 0.199 11.938 27.246 −3.221 −1.107 −1.739

5/2+ 1.35 −0.217 −0.117 −0.158 −10.381 −15.732 −0.764 0.0 −1.079

1/2+ 2.26 −0.153 −0.08 −0.11 −7.2 −13.580 −3.114 −1.087 −1.659

3/2+ 2.38 0.079 0.043 0.058 3.684 5.997 −0.989 0.0 −0.650
16C 0+ 0.0 0.279 0.371 0.341 13.822 38.805

0+ 0.61 −0.240 −0.207 −0.217 −11.822 −21.473
17C 3/2+ 0.0 0.330 0.422 0.392 16.751 50.712 −1.187 0.0 −0.856

1/2+ 0.46 −0.326 −0.264 −0.285 −16.708 −36.162 −3.425 −1.046 −1.770

1/2+ 0.75 0.303 0.258 0.273 15.415 43.283 −3.340 −1.085 −1.775

3/2+ 1.19 −0.327 −0.267 −0.287 −16.674 −35.161 0.841 0.0 0.969

5/2+ 1.23 −0.316 −0.262 −0.279 −16.209 −36.810 −0.764 0.0 −1.112

5/2+ 2.3 0.161 0.233 0.210 7.802 16.942 −0.764 0.0 −1.112
18C 0+ 0.0 0.315 0.372 0.356 16.203 51.637

0+ 0.1 −0.316 −0.286 −0.294 −16.444 −40.669
19C 3/2+ 0.0 −0.385 −0.353 −0.362 −21.012 −59.909 0.980 0.0 1.071

1/2+ 0.35 −0.387 −0.337 −0.351 −21.255 −57.435 −3.493 −1.038 −1.795

5/2+ 1.56 −0.376 −0.337 −0.348 −20.484 −59.018 −0.764 0.0 −1.138

1/2+ 2.05 0.353 0.409 0.394 18.482 65.388 2.630 0.235 0.362

5/2+ 2.28 0.243 0.310 0.292 12.211 35.644 −0.764 0.0 −1.138

1/2+ 3.17 −0.229 −0.219 −0.222 −11.501 −22.367 0.106 −10.282 −0.597

3/2+ 3.56 0.222 0.203 0.208 11.211 34.580 −1.116 0.0 −0.815
20C 0+ 0.0 −0.371 −0.342 −0.349 −20.373 −61.980

0+ 3.45 0.250 0.238 0.241 12.980 42.915
22C 0+ 0.0 −0.330 −0.241 −0.258 −18.265 −54.249

0+ 0.84 0.060 0.031 0.037 3.088 6.679
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a reasonable predicting power for such observables asQ mo-
ments and magnetic moments, which will be discussed in
Sec. III.

III. Q MOMENTS AND MAGNETIC MOMENTS IN C
AND Ne ISOTOPES

A. Q moments

We study in this sectionQ moments and magnetic mo-
ments in C and Ne isotopes using the deformed HF wave
functions and the shell model calculations[15]. We first dis-
cuss theQ moments. In the shell model calculations, two
effective interactions, WBP and MK interactions, are
adopted within the 0"v configurations inp-sd model space
as they have been among those commonly and often used
and well studied. The WBP Hamiltonian is designed to re-
produce systematically the energies of the ground and ex-
cited states of stablep- andsd-shell nuclei. The MK Hamil-
tonian is also constructed for stablep- and sd-shell nuclei,

especially forp-shell nuclei including states withp−1sd con-
figurations within thep-sd space.

Two kinds of effective charges are compared in the cal-
culations. The first one is the standard constant effective
charges,eef f

p =1.3 andeef f
n =0.5, with the harmonic oscillator

wave functions. This prescription has been known to explain
successfullyQ moments andBsE2d transitions in many
stable p- and sd-shell nuclei [9]. The second one is the
isospin-dependent polarization charges,epol [10,11], derived
from the microscopic PV coupling model based the on the
HF+random phase approximation. The calculated polariza-
tion chargeepolsPVd is parametrized as

epolsPVd/e= a
Z

A
+ b

N − Z

A
+ Sc + d

Z

A

N − Z

A
Dtz,

tz = 1 s− 1d for nspd, s2d

with a=0.82,b=−0.25,c=0.12, andd=−0.36 to reproduce
the calculated values ofepol for 12C and 16C by the HF

TABLE II. Energies, deformations, and intrinsicQ moments in Eqs.(4) and(5) in neon isotopes with the Skyrme interaction SGII. The
intrinsic gK factor in Eq.(10), the decoupling parameterb in Eq. (12), and the magnetic momentsm in Eqs.(8) and(11) are also listed. The
original spin-orbit interaction is used.

Nucleus Kp
Energy
(MeV) b2p b2n b2

Q0p

sfm2d
Q0n

sfm2d gk b m

18Ne 0+ 0.0 −0.011 −0.007 −0.009 −1.084 −0.479
19Ne 1/2+ 0.0 0.403 0.238 0.336 42.712 32.888 −3.063 −1.141 −1.700

5/2+ 1.74 −0.167 −0.1 −0.14 −16.845 −13.844 −0.764 0.0 −0.988

3/2+ 2.67 0.06 0.029 0.047 5.944 3.971 −0.870 0.0 −0.467
20Ne 0+ 0.0 0.405 0.403 0.404 42.512 41.350

0+ 2.70 −0.157 −0.156 −0.157 −15.692 −15.206
21Ne 3/2+ 0.0 0.432 0.428 0.430 45.876 50.126 −1.140 0.0 −0.741

1/2+ 1.84 0.377 0.273 0.325 39.399 42.450 −2.923 −1.168 −1.652

5/2+ 3.29 0.334 0.332 0.333 34.162 27.898 −0.764 0.0 −1.024

3/2+ 3.68 −0.169 −0.180 −0.174 −16.823 −18.527 −0.405 0.0 −0.079

1/2+ 3.76 −0.222 −0.225 −0.223 −22.419 −27.835 −2.355 −1.234 −1.398

5/2+ 3.99 −0.144 −0.102 −0.123 −14.318 −16.742 −0.764 0.0 −1.024
22Ne 0+ 0.0 0.410 0.403 0.406 43.098 53.259

0+ 3.61 −0.183 −0.185 −0.184 −18.378 −23.482
23Ne 5/2+ 0.0 0.344 0.340 0.342 35.311 38.561 −0.764 0.0 −1.053

1/2+ 1.66 −0.227 −0.222 −0.224 −23.041 −34.039 −2.393 −1.230 −1.414

3/2+ 2.0 −0.220 −0.236 −0.229 −22.282 −32.548 −0.193 0.0 0.088

3/2+ 2.67 0.223 0.146 0.180 22.497 21.959 −1.018 0.0 −0.655

5/2+ 3.19 −0.160 −0.129 −0.143 −16.012 −23.350 −0.764 0.0 −1.054
24Ne 0+ 0.0 −0.212 −0.214 −0.213 −21.511 −33.62

0+ 0.32 0.267 0.194 0.223 27.23 30.27
25Ne 5/2+ 0.0 0.314 0.286 0.297 32.823 42.450 −0.764 0.0 −1.078

1/2+ 1.38 −0.104 −0.082 −0.091 −10.568 −12.990 −1.001 −1.97 −0.954

3/2+ 1.62 −0.055 −0.042 −0.047 −5.579 −5.995 −0.708 0.0 −0.398
26Ne 0+ 0.0 0.178 0.113 0.135 18.232 21.741

0+ 0.03 0.001 −0.001 −0.001 0.111 −0.253
28Ne 0+ 0.0 0.201 0.121 0.146 21.357 28.565

0+ 0.1 −0.158 −0.132 −0.140 −16.706 −31.012
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+PV model[12]. Both the neutronsnd and protonspd polar-
ization charges decrease as the neutron excess increases. The
effective charges are defined by using the polarization
charges(2) as

eef f
p sPVd/e= 1 +epol

p sPVd/e,

eef f
n sPVd/e= epol

n sPVd/e. s3d

The Q moments obtained by using the polarization
charges(3) are shown in Fig. 6 and Table III. In Table III, the
proton and the neutron componentsQp andQn are also tabu-
lated. The single particle and shell modelQ moments of odd
C isotopes are shown in Fig. 6(a) together with deformed HF
ones. Open circles denote results of the shell model calcula-
tions with the use ofeef f

n sPVd. Single-particle or -hole values
with the use ofeef f

n sPVd are given by open triangles. Namely,
the configurations for9C and11C arenp3/2 andnp3/2

−1 , respec-
tively. The single-particle configurations for17C and19C are
nd5/21s1/2

2 sJ=0d andnd5/2
−1 , respectively, for the 5/2+ state. A

single-particle configurationnd3/2 is taken as the 3/2+ state
of 17C. Filled triangles denote the configurations of the se-
niority 3 states with two particles(holes) in nd5/2 orbit,
namely, nd5/2

±2 sJ=2d1s1/2 configuration for Jp=3/2+ and
5/2+. The nd5/2

2 sJ=2d1s1/2 and nd5/2
−2 sJ=2d1s1/2 are possible

simple configurations for17C and19C, respectively, to give
nonzero values ofQ moments, since thend5/2

3 or nd5/2
3 1s1/2

2

configuration corresponding to the middle of thed5/2 shell
results in the vanishing of theQ moments.

The Q moments are analytically obtained to be
7

2
5eef f

n Qspsd5/2d for 3/2+ and7
4
7eef f

n Qspsd5/2d for 5/2+ in the
case of thend5/2

±2 sJ=2d1s1/2 configuration. Here,Qspsd5/2d de-
notes the single particle value of theQ moment for thed5/2
orbit. Note that the signs of theQ moments for17C and19C
are opposite. The shell model values of theQ moments are
obtained by the admixture among these configurations, and
their magnitudes are enhanced a few times larger than those
of the simple configurations. Nevertheless, the difference of
the signs between17C and19C can be understood from those
of the simple configurations.

Let us now discuss theQ moments of C and Ne isotopes
with the deformed HF calculations. In Tables I and II the
deformations and the intrinsicQ0 moments at the energy
minima of deformed HF calculations are summarized both
for C and Ne isotopes. The intrinsicQ0p and Q0n moments
are calculated by using HF wave functionuKl,

Q0p =KKUE r̂psx,y,zds2z2 − x2 − y2ddrUKL , s4d

FIG. 4. Deformed HF+blocked BCS calculations with the SGII
interaction for odd Ne isotopes. See the caption to Fig. 2 and text
for details.

FIG. 5. (Color online) Isotope dependence of deformations of C
and Ne isotopes with SGII interaction. The points with error bars
show the cases in which two deformation minima are found within
the energy difference of 0.1 MeV.

FIG. 3. Deformed HF+blocked BCS calculations with SGII in-
teraction for odd C isotopes. See the caption to Fig. 2 and text for
details.
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Q0n =KKUE r̂nsx,y,zds2z2 − x2 − y2ddrUKL , s5d

where r̂p and r̂n are the proton and the neutron density op-
erators, respectively. The quadrupole deformationsb2p, b2n
are proton and neutron deformations at the minimum points
of neutron and proton energy surfaces, while the valueb2 is
obtained at the minimum point of total energy surface. The
sign of deformation is always the same for protons and neu-
trons, while the magnitude is largely different in several con-
figurations, for example, theb2p of the ground state of15C is
much larger than theb2n, while theb2n values are larger than
those of theb2p in 16–18C.

TheQ moment in the laboratory system can be expressed
as

Q = eQ0p
3K2 − JsJ + 1d
s2J + 3dsJ + 1d

. s6d

We always consider the state withK=J in Eq. (6) for the
states in odd nuclei. CalculatedQ moments by using the
deformed HF wave functions are tabulated in Table III to-
gether with the shell model results. For C isotopes, the de-
formed HF results with SGII interaction are shown in Fig.
6(a) by the open boxes. In C isotopes, it is remarkable that
the HF results are very close to the shell model ones in most
of the cases except 5/2+ state in19C. Although the two re-
sults are surprisingly consistent quantitatively in several
cases, the shell model wave functions with the isospin-
dependent effective charges give somewhat better agreement
with available experimental data inQ moments.

In Table III, we see that theQ moments of19C s5/2+d,
23Ne s5/2+d, and 25Ne s5/2+d obtained by the shell model
calculations with the WBP and MK interactions have oppo-

site signs. In these cases, the second 5/22
+ states near the

ground 5/21
+ states in one interaction correspond to the 5/21

+

states in the other interaction. CalculatedQ moments of the
5/22

+ states in19C, 23Ne, and25Ne areQ=−0.19, −11.81, and
8.73e fm2 (Q=3.07, 13.63, and −6.12e fm2), respectively,
for the WBP(MK ) case. In theQ moments of23Ne and25Ne,
the contribution from thesd mixing part is comparable or
larger than that from thed-orbit part, and in particular for the
Q moment of25Ne s5/21

+d obtained by the WBP they have
opposite signs and the net sign is determined by thesd mix-
ing part.

The MK interaction has been modified by enhancing the
spin-isospin part of the interaction and shell gap between the
0p1/2 and 0p3/2 orbits [23]. These modifications were found
to be important for shell evolution and can affect the observ-
ables near the drip-line nuclei. We comment on the depen-
dence of the calculatedQ moments of the C isotopes on the
shell model Hamiltonians. Using the modified MK(denoted
as OFU*) Hamiltonian[23], which is to be applied within the
0"v space,Qp and Qn are calculated and compared with
the values obtained by the MK Hamiltonian. Calculated
Q moments are found to be modified by 0.46(10.9%),
−0.08s−1.8%d, −0.10s−3.3%d, and −0.23(−7.2% for the
3/2+ state) e fm2 in 9C s3/2−d, 11C s3/2−d, 17C s3/2+d, and
19C s3/2+,5/2+d states, respectively. The effects are rather
small except for9C.

B. Magnetic moments

Magnetic moments are useful observables to find out the
spin parities and the deformations of the ground state of nu-
clei and also those of the excited states. We study the mag-
netic moments of the ground and excited states of C and Ne
isotopes performing the deformed HF and the shell model

TABLE III. Q moments in C and Ne isotopes. The shell model calculations are performed by using the isospin-dependent effective
charges(3), while the HF results are obtained by using Skyrme interactions SGII and SIII. We takeK=J in odd isotopes and the valuesK=0
andJ=2 are used in20Ne and22Ne. The experimental data are taken from Ref.[24]. The data sandwiched by bars are known only in the
absolute magnitudes. The numbers in parentheses show experimental uncertainties.

WBP MK SGII SIII

Nucleus Jp
Qp

sfm2d
Qn

sfm2d
Q

se fm2d
Qp

sfm2d
Qn

sfm2d
Q

se fm2d
Q

se fm2d
Q

se fm2d
Q (expt)
se fm2d

9C 3/2− −1.32 −2.40 −3.88 −1.94 −2.24 −4.63 −3.44 −3.40 ——
11C 3/2− 2.76 0.983 4.27 2.90 1.47 4.76 1.79 1.94 u3.426u
17C 3/2+ 0.57 5.84 2.39 0.94 6.10 2.89 3.35 3.27 ——
19C 3/2+ −1.29 −6.50 −3.00 −1.51 −6.40 −3.21 −4.20 −4.00 ——
19C 5/2+ 1.37 6.67 3.13 0.083 −0.578 −0.051 −7.31 −6.65 ——

20Ne 2+ −8.43 −8.43 −15.34 −8.62 −8.62 −15.69 −12.3 −11.3 −23s3d
21Ne 3/2+ 5.62 6.75 10.43 5.83 7.02 10.82 9.18 8.64 +10.3s8d
22Ne 2+ −7.57 −9.88 −13.92 −8.25 −10.44 −15.02 −12.61 −11.33 −19s4d
23Ne 5/2+ 8.02 10.04 14.07 −6.55 −7.96 −11.51 12.31 10.87 ——
25Ne 3/2+ −4.86 −4.94 −7.59 −4.96 −7.47 −8.65 −1.12 −1.02 ——
25Ne 5/2+ −3.37 1.49 −3.45 7.21 9.26 11.98 11.72 9.91 ——
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calculations. Slightly quenched spings
ef f factors

gs
ef f = 0.9gs s7d

are used in the shell model calculations withgs
n=−3.82 and

gs
p=5.58 in unit of the nuclear magnetonmN=e" /2mpc. The

quenching factor 0.9 is somewhat different to the commonly
adopted valuess0.7–0.8dgs. This difference might be due to
smaller second-order core polarization effects in light
neutron-rich nuclei[26].

For deformed HF wave functionsuKl, the magnetic mo-
ment can be written, for a band withK.

1
2, as

m = gRJ + sgK − gRd
K2

J + 1
, s8d

wheregR is the effectiveg factor for the rotational motion,

gR =
Z

A
, s9d

andgK is the intrinsicg factor,

gK = kKugll3 + gss3uKl. s10d

For aK= 1
2 state, the magnetic moment contains an additional

contribution from theDK=1 term in the intrinsic moment,

msK = 1/2,Jd = gRJ +
gK − gR

4sJ + 1d
f1 + 2sJ + 1ds− 1dJ+1/2bg,

s11d

whereb is the magnetic decoupling parameter defined as

bsgK − gRd = kK = 1/2usgl − gRdl+ + sgs − gRds+uK = 1/2l.

s12d

The calculated valuesgK andb are tabulated in Tables I and
II.

The calculated magnetic moments of C and Ne isotopes
are tabulated in Table IV together with available experimen-
tal data. Results of the shell model calculations with an ef-
fective orbitalg factor in the isovector part,dg,

IV =0.10, due
to the meson-exchange current contributions[28] are also
shown. The inclusion ofdg,

IV improves the agreement of the
calculated values with the experimental ones for the MK
interaction. The root mean square(rms) deviations of the
calculated magnetic moments from the experimental ones for

FIG. 6. Q moments and magnetic moments for the odd C iso-
topes.(a) Open triangles denoteQ moments of single-particle or
-hole values, while filled triangles give results of the 0d5/2

±2 1s1/2

configuration. These values include the effects of the polarization
charges,eef fsPVd in Eq. (3). (b) Open circles denote the results of
the magneticg factors of shell model calculations obtained with the
use of WBP interaction andgs

ef f=0.9gs, while the HF results are
obtained by using Eqs.(8) and(11) and shown by open boxes. The
filled circles are the experimental values taken from Refs.
[19,25,27,30].

FIG. 7. (Color online) The excitation energies of the first 2+

states:(a) C isotopes and(b) Ne isotopes. Shell model calculations
are performed in 0"v model space in thesp-sdd configurations
with Warburton-Brown WBP interaction and Millener-Kurath(MK )
interaction. Experimental data are taken from Ref.[29].
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C isotopes are 0.093mN s0.147mNd and 0.125mN s0.121mNd
for the WBP(MK ) interaction with and without the inclusion
of dg,

IV, respectively. When the OFU* Hamiltonian is used,
the difference of the calculated magnetic moments from
those of the MK Hamiltonian amounts to bedm=
−0.01 to 0.01mN, −0.07 to −0.01mN, and −0.08
to 0.04mN for 15C, 17C, and 19C, respectively, which is
rather minor as the rms deviation changes from 0.055mN
(MK ) to 0.058mN (OFU*) for these neutron-rich isotopes.

For 23Ne s5/21
+d, the two shell model interactions, WBP

and MK, give rather different results since, as was stated in
Sec. III A, the second 5/22

+ state atEx=0.249 MeV for the
MK case corresponds to the ground 5/21

+ state of the WBP
case. The calculated magnetic moment for the WBP case is
consistent with the experimental data, which supports that
the Q moment should be positive, which is consistent with
the HF result. The difference of the sign of the calculated
magnetic moment of the 5/21

+ state of25Ne between the two
shell model interactions also originates from the same rea-
son.

The rms deviations of the calculated values from the ob-
served ones for the Ne isotopes are 0.078mN s0.15mNd and
0.085mN s0.16mNd for the WBP(MK ) case with and without
the effects ofdg,

IV, respectively. Here, the experimental value
for 25Ne s5/2+d is taken to be the average of the two ob-

served data, and23Ne s5/2+d is excluded from the account
for the MK case because of the reason mentioned above.

The two HF interactions give always similar results in the
sign and also in the magnitude of the magnetic moments. In
general, the two models, the shell model and the HF model,
give close results each other in most of the cases listed in
Table IV and give good account of experimental data, espe-
cially in case of the shell model. Substantial differences are
found only in a few cases, 3/2− state in9C and 5/2+ states in
15C, 19Ne, and21Ne.

The calculatedg factors defined byg=m /J are shown in
Fig. 6(b) for C isotopes together with experimental data. In
17C, there has been controversial argument on the spin parity
of the ground state. The calculated magneticg factors are
essentially the same for the two configurations 3/2+ and
5/2+ both in the shell model and the deformed HF model.
These calculatedg factors of the two states are both close to
the experimental value. The calculatedQ moments, however,
are very different in the two configurations in magnitude and
even in sign, reflecting the different deformation of the two
configurations. The neutron and the proton contributions for
theQ moment by the shell model with WBP are 17.4 mb and
6.5 mb, respectively, in the 3/2+ state, while they are
−5.0 mb and −3.8 mb, respectively, in the 5/2+ state. It
should be noticed that the magnetic moment andQ moment

TABLE IV. Magnetic momentsm (in unit of nuclear magnetone" /2mpc) in C and Ne isotopes. The shell model calculations are
performed by using the effective spingssef fd factor gssef fd=0.9gssbared. The shell model values with the inclusion ofdg,

IV are given with
in the brackets. The HF results are obtained by using Eqs.(8) and (11) with Skyrme interactions SGII and SIII. We takeK=J in all
configurations in the table. The experimental data are taken from Ref.[25] for 9C, from Ref.[24] for 11C, 13C, and Ne isotopes, from Ref.
[27] for 15C, and from Ref.[19] for 9C. The data sandwiched by bars are known only in the absolute magnitudes. The numbers in parentheses
show experimental uncertainties.

Nucleus Jp WBPs+dg,
IVd MK s+dg,

IVd SGII SIII Experiment

9C 3/2− −1.483s−1.553d −1.404s−1.472d −0.746 −0.746 u1.3914(5)u
11C 3/2− −0.991s−1.069d −0.691s−0.759d −0.818 −0.818 −0.965s2d
13C 1/2− 0.554(0.482) 0.634(0.592) 0.779 0.780 +0.7024
13C 5/2+ −1.277(1.457) −1.394s−1.574d −1.035 −1.035 u1.395(38)u
15C 1/2+ −1.721(1.724) −1.627(1.631) −1.739 −1.587 u1.720(9)u
15C 5/2+ −1.633s−1.824d −1.546s−1.736d −1.079 −1.079 −1.758s30d
17C 1/2+ −1.408s−1.414d −1.394s−1.574d −1.770 −1.743 ——
17C 3/2+ −0.767s−0.881d −0.623s−0.735d −0.856 −0.843 u0.7581(38)u
17C 5/2+ −1.257s−1.454d −1.302s−1.494d −1.112 −1.112
19C 1/2+ −1.305s−1.323d −1.374s−1.387d −1.795 −1.780 ——
19C 3/2+ 0.284(0.137) 0.421(0.273) 1.071 0.975 ——
19C 5/2+ −1.126s−1.319d −0.831s−1.024d −1.138 −1.138 ——

19Ne 1/2+ −1.870s−1.911d −1.828s−1.865d −1.700 −1.605 −1.88542s8d
5/2+ −0.618s−0.639d −0.476s−0.475d −0.988 −0.988 −0.740s8d

21Ne 3/2+ −0.718s−0.791d −0.775s−0.847d −0.741 −0.726 −0.661797s5d
5/2+ −0.522s−0.621d −0.527s−0.611d −1.024 −1.024 u0.49(35)u, u0.70(8)u

23Ne 5/2+ −0.996s−1.166d −0.360s−0.429d −1.053 −1.053 −1.08s1d
25Ne 1/2+ −0.680s−0.712d −0.556s−0.605d −0.954 −0.954 ——

3/2+ 1.334(1.313) 0.692(0.629) −0.398 −0.398 ——

5/2+ 0.678(0.680) −0.384s−0.553d −1.078 −1.078 ——
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of the 3/2+ state in 17C show large deviations from the
single-particle (s.p.) values, g (Schmidt) and, Qss.p.d=
−37.7eef fsnd mb for the pure 0d3/2 state, i.e., even the signs
of the moments between the two calculations are different.
The single-particleQ moment for the pure 0d5/2

+ state is
Qss.p.d=−53.9eef fsnd mb, which is much larger than the shell
model predictionQ=−8.9 mb(Notice the standard value for
eef fsnd=0.5 and the presently adopted value for17C is
eef fsnd=0.33) with the interaction WBP. It is interesting to
mention that the shell modelQ moments suggest the prolate
deformation for the 3/2+ state and the oblate deformation for
the 5/2+ state, which are consistent with the deformed HF
results in Table I. The measurement of theQ moment will be
the most decisive experiment to assign the spin and the par-
ity of the ground state of17C and will provide experimental
justification of the shell model and the deformed HF predic-
tions.

The magnetic moments and theQ moment of 19C are
given in Tables IV and III. It is still under dispute whether

the spin and the parity of the ground state of19C is 1/2+ or
5/2+ [20]. According to the shell model and the deformed
HF calculations, the lowest 3/2+ state is also close to the
lowest 1/2+ and 5/2+ states in energy. The neutron and the
proton contributions to theQ moments are −15.9 mb and
−14.0 mb in the 3/2+ state, while they are 16.3 mb for neu-
trons and 14.9 mb for protons in the 5/2+ state of19C. Notice
that the proton and neutron contributions are very different
from the single-particle value of the pure 0d5/2

+ state. These
results suggest the large configuration mixing in the lowest
5/2+ state of19C. Since the magnetic moment andQ moment
are very different for the three configurations in19C, mea-
surements of these moments will give decisive information
on the spin assignment of the ground state of19C.

For 25Ne, the spin and the parity of the ground state are
either 1/2+ or 3/2+ [29] and are not determined yet. As the
magnetic moment for 1/2+ and 3/2+ are quite different, the
measurement of the magnetic moment as well as theQ mo-
ment is useful for the spin assignment of the ground state of
25Ne.

IV. E2 TRANSITIONS IN C AND Ne ISOTOPES

We discuss in this section the excitation energies andE2
transitions of the first 21

+ states in the even C and Ne iso-

FIG. 8. (Color online) BsE2d values of the 21
+→0g.s. transitions

for (a) C isotopes and(b) Ne isotopes. Filled and open squares
show the results of the shell model calculation with the use of the
constant effective chargesep

ef f=1.3, en
ef f=0.5 and the harmonic os-

cillator wave functions withb=1.64 fm for C isotopes andb
=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 functions and the isotope depen-
dent polarization chargesepolsPVd given by Eq.(2). Filled circles
show experimental values[4,30,31].

FIG. 9. (Color online) Energy weightedBsE2d values of the
21

+→0g.s. transitions for(a) C isotopes and(b) Ne isotopes. The
formulas of Grodzins and Raman systematics are given in Eqs.(14)
and (15), respectively. See caption to Fig. 8 for details.

SAGAWA et al. PHYSICAL REVIEW C 70, 054316(2004)

054316-10



topes. The excitation energies of the first 2+ excited states are
given in Fig. 7(a) for C isotopes and in Fig. 7(b) for Ne
isotopes. The shell model calculations are performed by us-
ing two effective interactions WBP and MK. The calcula-
tions with WBP and MK give good account of the observed
excitation energies quantitatively in both C and Ne isotopes.
The higher energy of 21

+ state in14C is due to the shell clo-
sure effect atN=8. In general, the WBP interaction predicts
slightly higher excitation energies than the experimental
ones, while the MK interaction gives somewhat lower exci-
tation energies.

Calculated and experimentalBsE2d values for the 21
+

→0g.s
+ transitions are shown in Fig. 8(a) for C isotopes and in

Fig. 8(b) for Ne isotopes. The proton and neutron transition
matrix elements are tabulated in Table V for C isotopes and
in Table VI for Ne isotopes. We adopt two models with dif-
ferent kinds of effective charges and single-particle wave
functions to calculate the transition strength. The first one is
the constant effective chargesep=1.3e anden=0.5e with HO
wave functions. The second one is the isospin-dependent ef-
fective charges(3) with HF wave functions. The transition
strengthBsE2d is calculated by using a formula

BsE2:I i → I fd =
1

2I i + 1
ueef f

n Mn + eef f
p Mpu2. s13d

In a proton rich-nucleus10C, Eq. (3) gives eef f
p sPVd=1.38

and eef f
n sPVd=0.71, which are substantially larger than the

standard values. Additionally, the protonp-shell wave func-
tions are extended because of a shallower proton mean field
potential than that of neutrons. Combining the two effects,
the BsE2d value by HF+PV model is enhanced by about
50% compared with that of HO+constant effective charges
and shows a good account of the experimental value. A simi-
lar enhancement of the effective charges is also pointed out
in the experimental result ofQ moment of 8B [13]. The
standard shell model and the present HF+PV model give
almost the same results in nuclei12C and14C. On the other
hand, in neutron-rich nuclei16C and18C, the HF+PV model
gives much smallerBsE2d values than those of the standard
HO calculations because of the quenching of effective
charges(3). The experimental data of C isotopes are decreas-
ing constantly as a function of mass numberA. This trend is
qualitatively reproduced by the HF+PV model, although the
calculated values are about 4e2 fm4 larger than the observed
ones in nuclei12–16C. In particular, the observedBsE2d value
is quite smaller in16C [4] than theoretical predictions. Re-
cently, the208Pb+16C inelastic scattering was performed to
determine the ratio of neutron to proton matrix element of
the transition from the ground state to 21

+ state[5]. The ob-
served valuesMn/Mpd / sN/Zd=4.6±1.0 can be compared
with the calculated valuesMn/Mpd / sN/Zd=3.42s3.62d by the
HF (HO) wave functions. Both experimental and theoretical
values show an unusually large contribution from neutron
excitations for the 21

+ state in16C compared to the ratioN/Z.
In Ref. [33], it was pointed out that a proton transition matrix

TABLE V. Transition strengthBsE2d from the 21
+ states to the ground states in C isotopes. Shell model

calculations are performed in a 0"v model space in(psd) shell configuration with the Millener-Kurath(MK )
interaction. The harmonic oscillator parameter is taken to beb=1.64 fm to calculate the transition matrix in
the HO model. The HF wave functions for the HF+PV model are obtained by the using a Skyrme SIII
interaction. TheBsE2d value of the shell model is calculated by using Eq.(13), while that with the deformed
HF wave function is calculated from Eq.(16). ExperimentalBsE2d values are taken from Refs.[4,30].

Shell model Deformed HF

Expt.(HO) sHF+PVd SGII

10C Mn sfm2d −4.28 −4.43

Mp sfm2d −3.33 −3.58

BsE2d se2 fm4d 8.36 13.0 3.81 12.4±2.0
12C Mn sfm2d −4.31 −4.70

Mp sfm2d −4.31 −4.70

BsE2d se2 fm4d 12.1 14.7 4.86 8.2±1.0
14C Mn sfm2d 0.167 0.207

Mp sfm2d 4.68 5.12

BsE2d se2 fm4d 7.61 7.99 0.0 3.74±0.50
16C Mn sfm2d 8.20 9.82

Mp sfm2d 1.35 1.72

BsE2d se2 fm4d 6.85 4.91 3.80 0.63±0.27
18C Mn sfm2d 9.85 12.02

Mp sfm2d 1.71 1.86

BsE2d se2 fm4d 10.2 5.63 5.22 ——
20C Mn sfm2d 10.32 15.74

Mp sfm2d 2.97 3.38

BsE2d se2 fm4d 16.3 10.1 8.25 ——
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element is strongly suppressed compared to the neutron one
by a shell model calculation. The AMD model[22] predicts
also a large ratioMn/Mp, but quantitatively fails to repro-
duce the abnormally quenchedBsE2d value in16C. A consis-
tent understanding of the two experimental data in16C is still
an interesting open question. It would be also interesting to
find out experimentally whether theBsE2d value increases
for 18C, as the calculation predicts since this increase comes
from a larger neutron contribution than that in18C.

The calculatedBsE2d values of Ne isotopes are compared
with experimental data in Fig. 8(b) and Table VI. In Ne
isotopes, we can see again that the enhancedBsE2d value in
a proton-rich nucleus18Ne and the quenchedBsE2d values in
neutron-rich nuclei22–28Ne in the HF+PV model compared
with the standard HO model. The values calculated in HF
+PV model reproduce the experimental ones better than
those with HO wave functions with the constant effective
charges.

In Figs. 9(a) and 9(b), the observed energy weighted tran-
sition strengthExBsE2d is compared with the present shell
model results and the empirical systematics, Grodzins for-
mula [32],

ExBsE2d = s25 ± 8d
Z2

A
s14d

and the formula based on the liquid drop model,

ExBsE2d = 6.53
Z2

A0.69 s15d

in Ref. [30]. It is interesting to see in C isotopes that the two
shell model results with the HF+PV model and HO model
show a peak at14C due to the neutron shell effect atN=8,
while the empirical data and the systematics formulas show a
monotonic decrease of the productExBsE2d. In Ne isotopes,
the calculated values with HF+PV model show a peak at
20Ne which is consistent with the empirical results. On the
other hand, the formulas(14) and (15) show a slow smooth
decrease as a function of massA.

BsE2d in the laboratory system can be expressed as

BsE2;KIi → KI fd =
5

16p
seQ0pd2kI iK20uI fKl s16d

with the intrinsicQ0p moment of deformed HF results. The
BsE2;K=0,I i =2→K=0,I f =0d values are tabulated in Table
V for C isotopes and in Table VI for Ne isotopes. In general,
the deformed HF wave functions give smallerBsE2d values
compared with those of shell model calculations, especially,
in the neutron closed shell nuclei14C and18Ne. On the other
hand, for the well-deformed nuclei20Ne and22Ne, the HF
results are comparable with both the shell model and experi-
mental data.

Finally, we comment that considerable enhancements of
theBsE2d values as well as reductions of the energies of the
21

+ states compared to thesd-shell model calculations were
found for very neutron-rich isotopes,28–34Ne, by the Monte

TABLE VI. Transition strength from the 21
+ states to the ground states in Ne isotopes. The harmonic

oscillator parameter is taken to beb=1.83 fm to calculate the transition matrix in the HO model. Experi-
mentalBsE2d values are taken from Ref.[30]. See the captions of Table V for details.

Shell model Deformed HF

Expt.(HO) sHF+PVd SGII

18Ne Mn sfm2d 0.0 0.0

Mp sfm2d 9.79 10.04

BsE2d se2 fm4d 32.4 36.3 0.02 51.6±4.4
20Ne Mn sfm2d −9.38 −10.49

Mp sfm2d −9.38 −10.49

BsE2d se2 fm4d 57.0 73.0 35.9 66.8±3.8
22Ne Mn sfm2d −11.45 −11.59

Mp sfm2d −9.02 −9.17

BsE2d se2 fm4d 60.9 56.4 37.0 46.4±0.6
24Ne Mn sfm2d 11.41 12.06

Mp sfm2d 7.93 8.19

BsE2d se2 fm4d 51.3 43.4 9.20 28.2±6.4
26Ne Mn sfm2d −5.66 −6.63

Mp sfm2d −9.62 −10.0

BsE2d se2 fm4d 47.1 39.3 6.60 45.6±8.2
28Ne Mn sfm2d −5.18 −6.14

Mp sfm2d −9.16 −9.66

BsE2d se2 fm4d 42.0 33.5 11.4 53.8±27.2
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Carlo shell model method with a modified USD-KB-MK
Hamiltonian within the sd-0f7/21p3/2 configuration space
[34].

V. SUMMARY

We pointed out the strong isotope dependence of defor-
mation of C and Ne isotopes as a clear manifestation of
deformation-driving mechanism in atomic nuclei, the so-
called nuclear Jahn-Teller effect by using the deformed HF
calculations. The effect in light nuclei is unique compared
with that in rare-earth nuclei in the sense that the prolate and
the oblate deformations appear clearly in the ground states of
the two isotopes. We have studied the isotope dependence of
Q moments andBsE2d values of C and Ne isotopes using the
deformed HF wave functions and also the shell model wave
functions with polarization charges obtained by the HF
+PV coupling model. It is shown that the HF model is
equally successful to describe observedQ moments and
magnetic moments of the two isotopes as the shell model
with the effective operators. The configuration dependence
of the Q moments in the odd C isotopes, which can be at-
tributed to the shell effects, is pointed out by using both the

HF and the shell model wave functions. This dependence can
be used to determine unknown spin parities as well as the
deformation properties of the ground states of neutron-rich C
and Ne isotopes. The isotope dependence of theBsE2d val-
ues in even C and Ne isotopes are reproduced well by the
shell model calculations with the isospin-dependent polariza-
tion charges, while the standard shell model calculations
with HO wave functions and the constant effective charges
fail to reproduce the isotope dependence ofBsE2d values.
There is still an open question whether the extremely
quenched experimentalBsE2d value in 16C is attributed to
further quenching of neutron polarization charge or exotic
shapes of proton and neutron density distributions.
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