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Drastic change of inelastic scattering dependent on the development of dineutron correlations in 10Be
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We investigated the development and breaking of the dineutron correlation in 10Be by analyzing the elastic and
inelastic scatterings with a framework combining the microscopic structure and reaction models. For studying the
structure, the 10Be nucleus was constructed under the assumption of a four-body (α + α + n + n) cluster model.
In this paper, we focused on the change in the inner structure for the 0+

1 , 2+
1 , and 2+

2 states when the strength of the
spin-orbit interaction is varied. The inner structure, including various physical quantities such as energy, radius,
and transition strength, is drastically influenced by the strength of the spin-orbit interaction. In particular, the
development and breaking of the dineutron correlation are governed by the spin-orbit strength. The differences in
the inner structure can be manifested by applying the obtained wave functions to elastic and inelastic scatterings
with a proton target at E/A = 59.4 and 200 MeV. Although the 0+

1 and 2+
1 states are significantly influenced by

the spin-orbit strength of the nuclear structure calculation, the elastic and inelastic cross sections are not much
affected. On the other hand, the inelastic cross section of the 2+

2 state depends greatly on the spin-orbit strength of
the structure calculation. Thus, we discovered a way to measure the degree of the development of the dineutron
cluster structure based on its sensitivity to the inelastic cross section of the 2+

2 state of 10Be.

DOI: 10.1103/PhysRevC.104.034613

I. INTRODUCTION

The cluster structure is one of the key issues in nuclear
physics. In particular, the α cluster plays an important role
in imparting an exotic structure in the ground and excited
states. For light systems, especially for the characteristic ex-
cited states, 8Be, 12C, and 16O nuclei can be well described
with some α clusters. The most popular state composed of α

clusters is the Hoyle state in 12C, which is considered to be a
dilute triple-α cluster structure [1–5]. Most recently, algebraic
cluster models based on discrete symmetry were successfully
applied to describe such nuclear properties [6–9]. By adding
valence neutrons to such nuclei, a neutron-excess nucleus with
a cluster structure can be considered. Many exotic structures
based on α and neutron clusters appear in the ground and
excited states. For example, the halo structure is observed in
11Li [10]. It is suggested that the gluelike role of the valence
neutrons stabilizes the molecular-orbital structure in Be and
C isotopes [11–20]. In neutron-rich nuclei, since the binding
energies of the last neutron are small, neutron-neutron correla-
tion is important. Thus, dineutron correlation is considered as
the clustering factor in unstable nuclei. The dineutron model
was proposed in Ref. [21]; dineutron and diproton structures
in various nuclei have been widely investigated and discussed
[15,22–36].

The 10Be nucleus is a neutron-excess nucleus. 7Be and
10Be nuclei are produced by the nuclear reaction between
cosmic rays and light nuclei (nitrogen and oxygen) in the at-
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mosphere. These nuclei, especially, 10Be with a long lifetime,
are examined to investigate the activity of the Sun. The 10Be
nucleus is often considered the typical neutron-rich nucleus
with the cluster structure, and in this nucleus, two valence
neutrons perform molecular-orbital motions around two α

clusters [11–13,15]. With regard to its 0+ states, the 0+
1 and 0+

3
states are characterized by the π orbit of the valence neutrons
around α−α. On the other hand, the 0+

2 state has a large
α-α distance, which is characterized by the σ orbit. Above
these 0+ states, rotational bands are formed. For example,
the 2+

1 state is a member of the K = 0 band together with
the ground 0+ state and the 2+

2 state is the band head state
of the K = 2 sideband. This 2+

2 state is located close to the
neutron-threshold energy and thus the single-particle motion
of the two neutrons and dineutron correlation compete with
each other. Reference [15] discussed the dineutron correlation
and its breaking because of the spin-orbit interaction. The
persistence of the dineutron cluster is sensitive to the strength
of the spin-orbit interaction, even if the binding energy of
the neutrons from the threshold is kept constant. The weak
spin-orbit interaction favors the dineutron structure. However,
the spin-orbit interaction with realistic strength significantly
breaks the dineutron structure. Exotic features such as the
persistence of a dineutron cluster should be identified with
experimental data obtained through appropriate nuclear reac-
tions. In this paper, we determined the degree of development
of the dineutron correlation in 10Be from inelastic scattering.

To describe the nuclear reaction part of such analy-
sis, the distorted wave Born approximation (DWBA) and
the coupled-channel (CC) calculation are often performed.
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Recently, the microscopic construction of the potentials used
in the DWBA and CC calculations were developed well to in-
vestigate nuclear structures, reactions, and interactions. Many
microscopic descriptions of the nucleon and heavy-ion scat-
terings are based on the folding model [37–53]. By folding the
effective nucleon-nucleon (NN) interaction with the projectile
and/or target densities, the potential between the projectile
and target particles can be obtained. Reliable and precise
information was extracted from experimental data by applying
the folding procedure and effective NN interaction [45,54].
Recently, the characteristic behaviors of the inelastic cross
section attributed to the exotic structure and the property of
the potential were predicted [54–57].

In this paper, we investigated the development and break-
ing of the dineutron correlation in 10Be for elastic and inelastic
scatterings of protons with the framework of the microscopic
structure and reaction models. The present 10Be nucleus was
constructed under the assumption of the four-body (α + α +
n + n) cluster model. The stochastic multiconfiguration mix-
ing method was applied to describe as many exotic cluster
structures as possible [58,59]. The inner structure of 10Be
was artificially modified by changes in the strength of the
spin-orbit interaction. This change in the inner structure re-
sulted in the development of the dineutron correlation and its
breaking in 10Be. We focused on the 0+

1 , 2+
1 , and 2+

2 states.
The energies, nuclear size, and expectation values of 〈L · S〉
and 〈S2〉 were calculated to investigate the change in the
inner structure of the 10Be nucleus. To apply the microscopic
nuclear reaction model, we obtained the transition density
from the wave function. Specifically, the microscopic coupled
channel (MCC) calculation was performed to describe 10Be
elastic and inelastic scatterings by a proton target at E/A =
59.4 and 200 MeV. The present MCC calculation well repro-
duces the experimental data for 0+

1 and 2+
1 states at E/A =

59.4 MeV. Although no experimental data are available for
the 2+

2 state, the inelastic cross section is demonstrated in
the present MCC calculation. We discussed the possibility
of observing the degree of the development of the dineutron
correlation in 10Be and its breaking for the 2+

2 inelastic cross
section.

The reminder of this paper is organized as follows. In
Sec. II, we briefly introduce the present structure and reaction
models. In Sec. III, we present the results of the microscopic
cluster and reaction models. The results clarify the drastic
changes in the energies, nuclear size, and expectation values.
In addition, the transition strength, transition density, and cal-
culated cross section are discussed. Lastly, we summarize this
paper in Sec. IV.

II. FORMALISM

We first constructed several types of the 10Be nu-
cleus within the four-body (α + α + n + n) cluster model
dependent on the strength of the spin-orbit interaction. Subse-
quently, we constructed the transition density from the wave
function. By applying the transition density to the MCC cal-
culation, we obtained the proton elastic and inelastic cross
sections. The details of the structure and reaction are provided

in Refs. [54,60,61]. In this section, we introduce the formal-
ism briefly.

A. Microscopic cluster model

The 10Be nucleus was constructed by the stochastic multi-
configuration mixing method based on the microscopic cluster
model [58,59]. The total wave function �Jπ M is expressed by
the superposition of the basis states �Jπ MK

i as follows:

�Jπ M =
∑

K

∑
i

ci,K�Jπ MK
i . (1)

The eigenstates of the Hamiltonian were obtained by diag-
onalizing the Hamiltonian matrix. Additionally, the coeffi-
cients, ci,K , for the linear combination of Slater determinants
were obtained. We adopted the 500 basis states to obtain the
total wave function. We confirmed that sufficient convergence
was achieved with 500 basis states. In fact, for the four-body
cluster system, even 400 basis states are known to provide
sufficient convergence as shown in Ref. [54].

Next, we introduce various α + α + n + n configurations
for the basis states to describe the 10Be nucleus as follows:

�Jπ MK
i = Pπ PJMKA[φα (r1r2r3r4, R1)φα (r5r6r7r8, R2)

× φn(r9, R3)φn(r10, R4)]i, (2)

where A is the antisymmetrizer and φα and φn are the wave
functions of α and the neutron, respectively. The wave func-
tion of the jth nucleon, the spatial coordinate of which is
r j , is described as a locally shifted Gaussian centered at
R, exp[−ν(r j − R)2]. Here, the positions of the Gaussian-
centered parameter R are randomly generated. The α cluster
is composed of four nucleons: spin-up proton, spin-down pro-
ton, spin-up neutron, and spin-down neutron. These nucleons
shared a common Gaussian-centered parameter, R1 or R2.
However, for simplicity, the spin and isospin of each nucleon
were not explicitly described in this formula. The projection
onto an eigenstate of parity and angular momentum by oper-
ators Pπ and PJMK was performed numerically. For the Euler
angle integral, the number of mesh points was 16 × 24 × 16,
i.e., 6144. The value of M represents the z component of the
angular momentum in the laboratory frame. The energy does
not depend on M; however, it depends on K , which is the z
component of the angular momentum in the body-fixed frame.

The Hamiltonian is the same as in Refs. [54,60]. The two-
body interaction includes the central, spin-orbit, and Coulomb
parts. The Volkov No. 2 effective potential was applied to
the central part [62]. We used the same parameter set includ-
ing ν (ν is the width parameter of the wave function) as in
Refs. [54,60].

Here, we introduce the spin-orbit term of the G3RS poten-
tial [63,64],

V = VLS(e−d1r2 − e−d2r2
)P(3O)L · S, (3)

where operator L represents the relative angular momentum,
and S represents the spin (S1 + S2). P(3O) is the projection
operator onto the triplet odd state. The parameters of d1 and
d2 are the same as in Refs. [54,60]. In this paper, the strength
of the spin-orbit interaction, VLS, is changed by hand. This
value is often fixed at about 2000 MeV to reproduce the data
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of the 10Be nucleus. In this paper we set this value as 0, 500,
1000, 1500, 2000, 2500, 3000, 3500, and 4000 MeV. The
effect of changing the VLS value will be discussed in the next
sections.

To connect the nuclear structure and reaction calculations,
we prepared the diagonal and transition densities in the same
manner as in Ref. [65].

B. MCC model

After calculating the diagonal and transition densities, we
performed the nuclear reaction calculation. We applied the
calculated transition densities to MCC calculations with the
complex G-matrix interaction MPa [66,67]. The MPa inter-
action has been successfully applied for nuclear reactions
[53,61,68,69]. The detailed calculation procedure for the fold-
ing potential is described in literature [50,61,70]; hence, only
the essence of the MCC calculation is briefly introduced in
this paper.

The diagonal and coupling potentials are necessary to
solve the CC calculation. The potentials including the spin-
orbit part are constructed by a folding procedure based on
Refs. [50,61,70]. The central direct U (CE)

D and exchange U (CE)
EX

potentials are simply described as follows:

U (CE)
D (R; E/A) =

∫
ρtr (r)v(CE)

D (s, kF ; E/A)dr, (4)

U (CE)
EX (R; E/A) =

∫ (R

x

)λ

ρtr (x)
3

k(eff)
F s

j1
(
k(eff)

F s
)

× v
(CE)
EX (s, kF ; E/A) j0(ks)dr, (5)

where R is the radial distance between the incident 10Be nu-
cleus and the target proton. E/A is the incident energy per
nucleon. λ indicates the multipolarity; ρtr is the transition
density; s is the radial distance between a nucleon in the
projectile nucleus and the target proton. Further, s = r − R.
x = 1

2 (r + R). kF is the Fermi momentum derived from the
densities of the initial and final states, and j0 and j1 are the
spherical Bessel function of rank 0 and 1, respectively. k(eff)

F
is the effective Fermi momentum defined in Ref. [71], and
v

(CE)
D and v

(CE)
EX are the complex G-matrix interactions for the

central direct and exchange terms, respectively. We note that
the descriptions of Eqs. (4) and (5) are simplified. The proton
and neutron densities are separately folded. The Coulomb
potential is also obtained by folding with the nucleon-nucleon
Coulomb interaction and proton density. After folding cal-
culation, we obtained the central part of the potential by
combining the direct and exchange potentials as follows:

U (CE) = U (CE)
D + U (CE)

EX . (6)

The diagonal and coupling potentials for the spin-orbit
part were obtained in the same manner as described in
Refs. [50,61], as follows:

U (LS)
D (R; E/A) = 1

4R2

∫
R · (R − r)ρtr (r)v(LS)

D (s, kF ; E/A)dr, (7)

U (LS)
EX (R; E/A) = π

∫
dss3

[
2 j0(ks)

R
ρ1(R, s; E/A) + j1(ks)

2k
δ0(R, s; E/A)

]
, (8)

where

δ0(R, s; E/A) = 1

2

∫ +1

−1
dq

v
(LS)
EX (s, kF ; E/A)

X

[
3

keff
F s

j1
(
keff

F s
) d

dx
ρtr (x)

∣∣∣∣
x=X

+ sρtr (X )
d

dx
keff

F (x)

∣∣∣∣
x=X

d

dy

(
3

y
j1(y)

)∣∣∣∣
y=keff

F s

]
, (9)

ρ1(R, s; E/A) = 1

2

∫ +1

−1
dqqv

(LS)
EX (s, kF ; E/A)

3

keff
F s

j1
(
keff

F s
)
ρtr (X ), (10)

where X =
√

R2 + s2/4 + Rsq. v
(LS)
D and v

(LS)
EX are the com-

plex G-matrix interactions for the direct and exchange terms
for the spin-orbit interaction, respectively. The descriptions of
Eqs. (7), (9), and (10) are simplified. In fact, the proton and
neutron densities are separately folded. We also obtained the
spin-orbit part of the potential by combining the direct and
exchange potentials as

U (LS)� · σ = (
U (LS)

D + U (LS)
EX

)
� · σ. (11)

After obtaining the folding potential, we modified the
strength of the imaginary part of the folding potential. Since
the complex G matrix is constructed with infinite nuclear
matter, the strength of the imaginary part is often adjusted for
the finite nucleus because these level densities are quite dif-
ferent. Therefore, we consider the incident-energy-dependent
renormalization factor, NW = 0.5 + (E/A)/1000 [69], for the

imaginary part of the folding model potential. Concretely, the
potentials are modified as

U = U (CE) + U (LS)� · σ (12)

= V (CE) + iW (CE) + (V (LS) + iW (LS))� · σ (13)

→ V (CE) + iNW W (CE) + (V (LS) + iNW W (LS))� · σ, (14)

where V (CE), W (CE), V (LS), and W (LS) are the central real,
central imaginary, spin-orbit real, and spin-orbit imaginary
potentials, respectively. In other words, in this paper, we did
not use any additional parameter to calculate the 10Be scatter-
ings by the proton target.

After fixing the central and spin-orbit potentials, the scat-
tering matrix dependent on the total angular momentum was
obtained from the folded potentials by solving the CC equa-
tion based on the Stormer method. Relativistic kinematics was
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FIG. 1. (a) Binding energy and (b) excitation energy for the 0+
1 ,

2+
1 , and 2+

2 states of 10Be with VLS = 0–4000 MeV. The dotted,
dashed, and dot-dashed lines are the experimental data from [73].

used in the calculation. The cross section was calculated with
the scattering amplitude derived from the scattering matrix as
shown in Ref. [72].

III. RESULTS

The calculation results obtained using the microscopic
nuclear structure and reaction models are described in this
section. First, the results of the microscopic cluster model are
introduced. By changing the strength of the spin-orbit inter-
action, various changes were induced in the inner structures
and physical quantities such as energies, radii, and expecta-
tion values of 〈L · S〉 and 〈S2〉 of the 0+

1 , 2+
1 , and 2+

2 states.
Using these results, we discuss the degree of the development
of the dineutron correlation in 10Be. Next, the effect of the
development of the dineutron correlation on the elastic and
inelastic cross sections is described.

A. Change in structure information

Figure 1 shows the calculated (a) binding and (b) excitation
energies compared with the experimental data. By changing
the strength VLS in the range 0–4000 MeV, the binding energy
of the 0+

1 state was drastically changed. A large VLS value

results in strong binding energy. On the other hand, a small
VLS value results in weak binding energy. The 2+

1 state with
the strong VLS value also gives strong binding energy. The
2+

2 state gains binding energy gently compared to the other
two states because one of the valence neutrons is excited from
the spin-orbit favored orbit to the unfavored one. For better
understanding, we show the excitation energy in Fig. 1. The
excitation energy of the 2+

1 state approaches the experimental
value with increase in the strength of the spin-orbit interaction.
On the other hand, the excitation energy of the 2+

2 state rapidly
jumps up with an increase in the strength of the spin-orbit
interaction. The calculated values were almost identical to the
experimental data around 2000 MeV. The separation between
the 2+

1 and 2+
2 states is caused by the spin-orbit splitting of the

p3/2 and p1/2 single-particle orbits for the last neutron.
Figure 2 shows the calculated root mean squared radii for

the (a) point nucleon matter, (b) point neutron, and (c) point
proton of the 0+

1 , 2+
1 , and 2+

2 states with VLS = 0–4000 MeV.
The dotted, dashed, and dot-dashed curves are the results
for the 0+

1 , 2+
1 , and 2+

2 states, respectively. The experimental
values of the proton and matter radii of the 10Be nucleus were
2.357 ± 0.018 fm [74] and 2.39 ± 0.02 fm [10], respectively.
The calculated data were very close to the experimental data
around VLS = 2500 MeV. The increase in the strength of
the spin-orbit interaction is responsible for the small size for
the point nucleon-matter, neutron, and proton because of the
strong binding, as shown in Fig. 1. The sizes of the 0+

1 and 2+
1

states show behaviors consistent with strong binding. On the
other hand, the 2+

2 state, which is larger than the 0+
1 and 2+

1
states except for very small VLS values, exhibits much gentler
shrinkage behavior with increasing binding energy. This result
implies that the structure of the 2+

2 state is quite different from
that of the ground and 2+

1 states, when the strong spin-orbit
interaction is applied.

For more precise analysis, we investigated other structural
information. Figure 3 shows the expectation values of (a)
〈L · S〉 and (b) 〈S2〉 for the neutron with VLS = 0–4000 MeV.
The expectation values of the proton part are zero because
all protons are in the α cluster. The 0+

1 and 2+
1 states clearly

exhibit similar behaviors during the growth of the expectation
value with changing strength of the spin-orbit interaction.
Thus, the 0+

1 and 2+
1 states have similar inner structures

and undergo similar change with increasing strength of the
spin-orbit interaction. The expectation value of the 2+

2 state
shows different behavior unlike the behavior of the 0+

1 and 2+
1

states. This finding implies that the inner structure of the 2+
2

state is different from the structures of the 0+
1 and 2+

1 states
when the strong spin-orbit interaction is applied.

Now, we describe the structure in the case of weak spin-
orbit interaction. In the range of VLS = 0–1000 MeV, the
expectation values of all states become close to each other.
The sizes of the present states in 10Be are also comparable to
each other with the weak spin-orbit interaction as shown in
Fig. 2. However, the binding and/or excitation energies are
different. 10Be has a 2α+dineutron structure with weak spin-
orbit interaction as mentioned in Ref. [15]. All clusters, two
αs and a dineutron, are spin saturated, and therefore 〈L · S〉
and 〈S2〉 are zero, as shown in Fig. 3. The 0+

1 and 2+
1 states

are composed of the K = 0 component, while the 2+
2 state
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FIG. 2. The root mean squared radius for (a) point nucleon mat-
ter, (b) point neutron, and (c) point proton with VLS = 0–4000 MeV.
The dotted, dashed, and dot-dashed curves are the results for the 0+

1 ,
2+

1 , and 2+
2 states, respectively.

is composed of the K = 2 component. In fact, all the states
have the same inner structure, various physical quantities, and
radii 〈L · S〉 and 〈S2〉, and hence they show the same value as
reconfirmed in this paper.

FIG. 3. Expectation value of 〈L · S〉 and 〈S2〉 with VLS =
0–4000 MeV.

With the strong spin-orbit interaction, the dineutron is bro-
ken and neutrons occupy the molecular orbits, as observed
from the large spin-orbit splitting (Fig. 1) and large expec-
tation values of 〈L · S〉 and 〈S2〉 with the strong spin-orbit
interaction. The excess neutrons in the 0+

1 and 2+
1 states oc-

cupy the (π3/2)2 orbitals around 2α clusters, while the excess
neutrons in the 2+

2 state occupy the (π3/2)(π1/2) orbitals. Be-
cause the π1/2 orbital is a spin-orbit-unfavored one, it tends
to leave from the α clusters. Therefore, the radius of the 2+

2
state is larger than the radii of the 0+

1 and 2+
1 states as shown

in Fig. 2.
Next, we investigated the transition strength and proba-

bility of the ground and excited states. Figure 4 shows the
transition strengths [B(E2) and the transition strength for
the neutron part] from (a) the 2+

1 state and (b) the 2+
2 state to

the 0+
1 state with VLS = 0–4000 MeV. Although similar values

were obtained for the 0+
1 and 2+

1 states as shown in Figs. 2 and
3, the change in the transition strength from the 2+

1 state to the
0+

1 state is not simple. Under weak spin-orbit interaction, the
strengths of the proton and neutron parts are quite different.
On increasing the VLS value, the transition strength of the
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FIG. 4. Transition strength [B(E2) and that for the neutron part]
(a) from the 2+

1 state to the 0+
1 state and (b) from the 2+

2 state to the 0+
1

state with VLS = 0–4000 MeV. The dotted and dashed lines represent
the values for the proton and neutron, respectively.

proton part becomes large. For VLS = 2000–4000 MeV, both
the proton and neutron parts decrease together. This behavior
can be understood by observing the transition density. The
changes in the behaviors of the transition strengths of the
proton and neutron parts from the 2+

2 state to the 0+
1 state with

changes in the strength of the spin-orbit interaction are seen
in Fig. 4. The changes in the transition strength from the 2+

2
state to the ground state for the neutron part are caused by
the sign reversal of the transition density. This finding can be
confirmed from the transition density.

To understand the behavior of the transition strength, we
examine the distribution of the transition density in Fig. 5.
Figure 5 shows the distribution of the transition density (a)
from the 2+

1 state to the 0+
1 state for the neutron part, (b) from

the 2+
1 state to the 0+

1 state for the proton part, (c) from the 2+
2

state to the 0+
1 state for the neutron part, and (d) from the 2+

2
state to the 0+

1 state for the proton part. The transition density
from the 2+

1 state to the 0+
1 state for the proton part evolves

with the strength as VLS varies in the range of 0–2000 MeV.
For VLS = 2000–4000 MeV, the distribution of the transition

FIG. 5. Transition density (a) from the 2+
1 state to the 0+

1 state
for the neutron part, (b) from the 2+

1 state to the 0+
1 state for the

proton part, (c) from the 2+
2 state to the 0+

1 state for the neutron part,
and (d) from the 2+

2 state to the 0+
1 state for the proton part. The

two-dots-dashed, dot-dashed, dashed, dotted, bold-solid, (red) bold-
dotted, (red) bold-dashed, (red) bold-dot-dashed, and (red) bold-two-
dots-dashed curves are the results with VLS = 0, 500, 1000, 1500,
2000, 2500, 3000, 3500, and 4000 MeV, respectively.

density shifts to the inner part. This behavior results in a
change in the transition strength, as shown in Fig. 4. However,
for transition from the 2+

2 state to the 0+
1 state for the neutron

part, the sign of the transition density is reversed with changes
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FIG. 6. (a) Elastic cross section, (b) inelastic cross section for the
2+

1 state, and (c) inelastic cross section for the 2+
2 state of the 10Be +p

system at E/A = 59.4 MeV. The meaning of the curves is the same
as in Fig. 5. The experimental data are taken from Refs. [75–77].

in the strength of the spin-orbit interaction. The sizes of the
0+

1 , 2+
1 , and 2+

2 states exhibit simple behaviors with changes
in the strength of the spin-orbit interaction, as shown in Fig. 2.
However, the transition strength and transition density exhibit
complicated behaviors with changes in the strength of the
spin-orbit interaction. These results indicate that changes in
the transition density are affected by the changes in not only
the nuclear size but also the inner structure.

B. Effect on cross sections

Next, we used the transition density for MCC calculation.
The effect of changes in the inner structure on the elastic
and inelastic cross sections was investigated. The input value
of the excitation energy in the MCC calculation is based on
experimental data.

Figure 6 shows the (a) elastic cross section, (b) inelastic
cross section for the 2+

1 state, and (c) inelastic cross section for

FIG. 7. Same as Fig. 6 but at E/A = 200 MeV.

the 2+
2 state of the 10Be + p system at E/A = 59.4 MeV. The

experimental data are well reproduced in a wide range of VLS

values. The change in the size of the ground state with vary-
ing VLS slightly affects the elastic cross section. The visible
change in the transition strength and transition density from
the 2+

1 state to the 0+
1 state results in a slight change in the in-

elastic cross section. The sum of the proton and neutron parts
of the transition density and B(IS2) (isoscalar component) is
almost independent of VLS. Therefore, the calculated inelastic
cross sections are comparable to each other. On the other
hand, the calculated inelastic cross sections of the 2+

2 state are
greatly dependent on the VLS value adopted in the structure
calculation. The drastic change in the inelastic cross section is
caused by the difference in the transition strength and the form
of the transition density, as shown in Figs. 4 and 5. The behav-
ior of the neutron part, in particular, is important. Because of
the sign reversal for the neutron part, the total transition den-
sity is drastically changed, giving rise to a drastic change in
the inelastic cross section of the 2+

2 state. At E/A = 59.4 MeV,
the multistep effect (0+

1 → 2+
1 → 2+

2 ) on the inelastic cross
section of the 2+

2 state cannot be ignored. Therefore, we also
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calculated elastic and inelastic cross sections at high energy
values at which the multistep effect is considered to be minor.
In fact, we confirmed that the multistep effect arising from the
transition from the 2+

1 state to the 2+
2 state is minor at 200

MeV. Figure 7 shows the calculated (a) elastic cross section,
(b) inelastic cross section for the 2+

1 state, and (c) inelastic
cross section for the 2+

2 state at E/A = 200 MeV. The inelastic
cross section for the 2+

2 state is drastically influenced by the
choice of the spin-orbit strength for the structure calculation,
and this choice affects the inner structure of 10Be. On the other
hand, the elastic cross section and the inelastic cross section
for the 2+

1 state are almost constant. This result implies that
the degree of development of the dineutron correlation in 10Be
can be observed for the 2+

2 inelastic cross section.

IV. SUMMARY AND OUTLOOK

We combined microscopic structure and reaction calcula-
tions and discussed the changes in the cross section of the 10Be
nucleus. For the structure calculations, we used a microscopic
cluster model. For the structure calculation, the inner structure
of 10Be was artificially changed by changing the strength of
the spin-orbit interaction VLS = 0–4000 MeV. During the arti-
ficial control, the 0+

1 and 2+
1 states exhibited similar behaviors

in terms of the size and the expectation values of 〈L · S〉 and
〈S2〉. This result indicates that the 0+

1 and 2+
1 states have

similar structures over all ranges of VLS. However, the 2+
2 state

exhibited different behavior. This difference is explained as
follows: The structure of the 2+

2 state is similar to the struc-
tures of the 0+

1 and 2+
1 states, i.e., the 2α+dineutron structure,

when the spin-orbit interaction is weak. However, the 2+
2 state

tends to have a different structure, i.e., 2α+(π3/2)(π1/2), when
the spin-orbit interaction is strong.

The strength of the spin-orbit interaction drastically affects
the transition strength and the transition density from the
excited state to the ground state. The trends of the change of
the transition density from the 2+

1 or 2+
2 states to the 0+

1 state
are completely different. For the transition density from the 2+

1
state to the 0+

1 state, the behaviors of the proton and neutron
parts are different. On the other hand, the proton and neutron
components of the transition density from the 2+

2 state to the
0+

1 state evolve from the negative sign to the positive sign
together. However, compared to the proton part, the neutron
part shows an earlier sign reversal.

We applied the present wave functions to the elastic and
inelastic scatterings by the proton target at E/A = 59.4 and
200 MeV in the MCC calculation. The change in the inner
structure of the 0+

1 and 2+
1 states has a minor effect on the

elastic cross section and the inelastic cross sections of the
2+

1 state. On the other hand, for the 2+
2 state, the inelastic

cross section underwent a drastic change. Thus, we discovered
the possibility of observing the degree of the development of
the dineutron correlation in 10Be and its breaking for the 2+

2
inelastic cross section.

In this paper, we adopted the Volkov No. 2 potential for the
central part and the G3RS potential for the spin-orbit part to
construct the 10Be nucleus with the four-body α + α + n + n
cluster model. However, we did not examine the dependence
on the choice of the effective interaction, especially for the
central part. The Minnesota and Gogny D1S interactions were
also applied to construct the 10Be nucleus [78,79]. They repro-
duced the properties of the 10Be nucleus well. Therefore, we
consider that the drastic change in the inelastic cross section
depends on the development of the dineutron correlation even
if the effective interaction is replaced. In future work, we
will further develop our models and confirm that the relation
between the observable cross section and dineutron corre-
lation discussed herein holds in the cases of other effective
interactions for structure calculation.

In this paper, we investigated the dineutron correlation and
its relation to the spin-orbit potential. We changed the strength
of the spin-orbit interaction, which in turn changed the to-
tal binding energy; in Ref. [15], the strength of the central
potential was also adjusted to maintain a constant binding
energy of the ground state. Even after adjusting the binding
energy, there was a drastic change in the transition from the
0+

1 state to the 2+
2 state. In other words, the transition property

between the 0+
1 and 2+

2 states is mainly governed by the spin-
orbit interaction and is rather independent of the total binding
energy. Therefore, we conclude that the development of the
dineutron correlation in 10Be is sensitive to changes in the
spin-orbit contribution, thereby resulting in drastic changes in
the inelastic scattering of the 2+

2 state. We expect that more
detailed analysis will confirm our results.
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