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Nuclei close to the drip line often exhibit novel fea-
tures that do not appear in stable nuclei. An exam-
ple is dineutron correlation, which is the strong spa-
tial correlation between two neutrons of a Cooper pair.
The pair excitation into continuum states (continuum
effect) plays a key role to create the strong correla-
tion. Dineutron correlation has been extensively inves-
tigated both experimentally and theoretically in light-
mass nuclei such as 11Li. We also expect dineutron cor-
relation in medium-heavy neutron-rich nuclei, for ex-
ample, around 40Mg,1) which are accessible in RIKEN
RIBF. However, no evidence has been obtained thus
far. In this study, we discuss Kπ = 0+ isoscalar
quadrupole excitations in neutron-rich Mg isotopes as
a probe of dineutron correlation. We emphasize the
continuum effect for the collectivity of excitations.

At first, we solve the Hartree-Fock-Bogoliubov
(HFB) equation by using the Fourier-series expansion
method. The Skyrme SkM* parametrization and the
mixed-type density-dependent zero-range pairing force
are employed. The pairing correlation is active among
single-particle states with the energies εk satisfying
|εk − λ| < Ecut. Here, λ is the chemical potential and
Ecut is the cut-off energy. On top of the HFB states,
we solve the quasiparticle random phase approxima-
tion (QRPA) equation in the matrix form.2)

The ground states of 34,36,38,40Mg have quadrupole
deformations β2 = 0.243, 0.262, 0.265, and 0.259,
and neutron pairing gaps ∆n = 2.13, 2.05, 2.02,
and 2.04 MeV in our calculation. Figure 1 (upper)
shows the excitation energies E of the Kπ = 0+

isoscalar quadrupole excited states |ν⟩. Figure 2 shows
the transition strength of quadruple-pair excitations

B(P
(ad)
20 ) = | ⟨ν|P †

20 |0⟩ |2 with the quadrupole-pair ad-

ditional operator P †
20. The results with Ecut = 6, 8,

10, and 12 MeV are compared. Here, Ecut = 6 is a typ-
ical value in stable nuclei. A larger Ecut increases the
coupling to continuum states. We found the large en-

hancement of B(P
(ad)
20 ) as a function of Ecut in

38,40Mg,
the neutron chemical potentials of which λn = −1.57

and −0.77 MeV satisfy |λn| < ∆n. Here, the B(P
(ad)
20 )

with Ecut = 12 MeV is small at approximately 10% in
40Mg from the converged value of 215 fm4 from extrap-
olation with the exponential-type function of Ecut.
Figure 1 (lower) shows the isoscalar transition

strength B(IS2) = | ⟨ν| r2Y20 |0⟩ |2. This vibration
of matter density is induced by the fluctuation of
neutron-pair occupation among Nilsson orbits with dif-
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ferent spatial shapes. In 34Mg, the prolate-type or-
bits [330]1/2 and [321]3/2 and the oblate-type orbit
[202]3/2 are involved. In 38,40Mg, the prolate-type or-
bits [310]1/2 and [301]1/2 and the oblate-type orbit
[303]7/2 are the main contributors. The large pairing
fluctuation enhances the B(IS2) around 40Mg. Actu-
ally, the ratio of B(IS2) in 40Mg and 34Mg is 1.32 with
Ecut = 12 MeV, while 1.01 with Ecut = 6 MeV.

In conclusion, we discussed the pairing fluctuation
and the induced B(IS2) values of Kπ = 0+ isoscalar
quadruple excitations in neutron-rich Mg isotopes. We

predicted the enhancement of B(P
(ad)
20 ) by the contin-

uum effect in 38,40Mg. This phenomenon suggests the
presence of dineutron correlation and can be observed
by a two-neutron transfer experiment. The B(IS2)
values also contain indispensable information about
the shell structure and pairing properties.

Fig. 1. Excitation energies E and B(IS2) values of the

Kπ = 0+ excitations in neutron-rich Mg isotopes.

Fig. 2. Transition strength of quadruple-pair excitations

B(P
(ad)
20 ) of the Kπ = 0+ excitations. The results with

Ecut = 6, 8, 10, and 12 MeV are compared.
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Role of deformation in odd-even staggering in reaction cross sections
for 30,31,32Ne and 36,37,38Mg isotopes†
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We discuss the role of the pairing anti-halo effect
in the observed odd-even staggering in reaction cross
sections for 30,31,32Ne and 36,37,38Mg isotopes by tak-
ing into account the ground state deformation of these
nuclei. We construct the ground state density for
the 30,31Ne and 36,37Mg nuclei based on a deformed
Woods-Saxon potential, while for the 32Ne and 38Mg
nuclei we also take into account the pairing correlation
using the Hartree-Fock-Bogoliubov (HFB) method.

We consider the collision of a deformed projectile
nucleus with a spherical target nucleus and compute
the reaction cross sections, σR. To this end, we em-
ploy the Glauber theory, which is based on the eikonal
approximation and the adiabatic approximation to the
rotational motion of a deformed nucleus. That is, we
first fix the orientation angle of the deformed nucleus
and then take an average of the resultant cross section
over all the orientation angles:1)

σR =
1

4π

∫
dΩσR(Ω), (1)

where Ω is the angle of the symmetric axis of the de-
formed nucleus in the laboratory frame, and σR(Ω) is
the reaction cross section for a fixed Ω.

We analyze the experimental data at an incident en-
ergy E = 240 MeV/nucleon with a 12C target. We use
the same density for 12C as that given in Ref. 2), while
we use the same parameters given in Ref. 3) for the
profile function, ΓNN in the Glauber model calcula-
tions.

The reaction cross sections for the 30,31,32Ne nuclei
evaluated at Sn(

31Ne) = 0.3 MeV are shown in Fig. 1,
along with a comparison to the experimental interac-
tion cross sections.4) We also show the result of a pre-
vious analysis based on the spherical density distribu-
tions at a similar one neutron separation energy.5) One
can see that the odd-even staggering can still be repro-
duced by taking into account the nuclear deformation.
Notice that the degree of the staggering is lower in the
present calculation compared to the previous spherical
calculation because the valence neutron in 31Ne fully
occupies the 1p3/2 level in the spherical case, while the
occupation probability for the p3/2 level decreases from
unity in the deformed case. We also checked the effect
of pairing correlations on the odd-even staggering with
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Fig. 1. Reaction cross sections for the 30,31,32Ne + 12C re-

action at E = 240 MeV/nucleon evaluated at the one

neutron separation energy of 31Ne of Sn = 0.3 MeV.

The filled circles with error bars indicate the experi-

mental interaction cross sections taken from Ref. 4).

For comparison, the result of the previous analysis in

Ref. 5) based on the spherical density distributions is

also shown by the dashed line.

the deformed wave functions. We found that the reac-
tion cross section for 32Ne is not sensitive to the value
of the average pairing gap as long as it is large enough.

We have also investigated the role of nuclear defor-
mation in the odd-even staggering observed in reaction
cross sections for Mg isotopes. We have shown that the
deformation mainly decreases the degree of odd-even
staggering, as in the Ne isotopes, because of the ad-
mixture of several angular momentum states in a de-
formed single-particle wave function. Despite this, the
odd-even staggering persists even with finite deforma-
tion when the one neutron separation energy is small
enough. These results strongly indicate that the pair-
ing anti-halo effect indeed contributes to the observed
odd-even staggering in reaction cross sections.
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