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Abstract. The microscopic coupled-channels calculations (MCC), which is based on precise internal wave
functions and a realistic nucleon-nucleon interaction, is performed for the α + 12C inelastic scattering in the
energy range of Eα = 80 to 400 MeV. The MCC calculations nicely reproduce the observed differential cross
sections for the elastic and inelastic scattering, which goes to the 2+1 , 3−1 , 0+2 states. The partial wave analysis for
the differential cross sections has also performed. From the partial wave analysis, the nuclear radius of three α
rotational state in 12C with a life time of 10−21 second, which has been expected to have much more extended
radius than the ground 12C nucleus, is speculated. Present analysis predicts about 1.0 fm enhancement in the
matter radius of the three α rotational state in comparison to the normal radius of the ground state, which is
known to be proportional to the mass number to the one third. The spatial extension of the three α rotational
state is comparable to the extended radius observed in the neutron halo phenomena. Constraint on the recent
ab-initio calculation for the 3α states in 12C is also discussed.

1 Introduction
Cluster structures, in which a nucleus is decomposed into
several sub-units, are realized in the low excited states of
light mass nuclei [1]. In the cluster structure, the sub-units
are weakly coupled each other, and their matter radius is
prominently extended in comparison to the radius of the
ground state, which obeys the law of ∝ A1/3. In particular,
such the enhancement of the matter radius is extensive in
the 3α structure of the 12C nucleus [2, 3]. The ground state
of 12C has a radius of 2.40 fm [2] with the spin-parity of 0+

(0+1 ), while the excited 0+2 state at Ex = 7.65 MeV, which
is called the Hoyle state, is considered to have a radius of
3.47 fm with the well developed 3α cluster structure [2].
The radius of the Hoyle state was evaluated by the bound
state approximation, in which the resonant wave function
is expanded by the finite basis set although the Hoyle state
is a resonant state, which has a infinite extension in the
wave function. The extension of the radius in 0+2 is pre-
dicted to be about 1 fm, which is comparable to the ex-
tension of the neutron halos discussed in 11Li [4]. In this
article, we propose a new method to obtain a signature of
the enhanced matter radius of the 3α cluster state.

Unfortunately, a direct measurement of the radius of
the Hoyle 0+2 states with the developed 3α cluster struc-
ture is impossible due to its short life time, but there are
several attempts to get an evidence of the enhanced matter
radius of the 3α Hoyle states from the inelastic scattering
of 12C, which excites the Hoyle 0+2 state as a final state.
In the inelastic scattering of light ions by 12C, which ex-
cites the 12C(0+2 ) state in a final state, an oscillating pattern
in the differential cross section of the scattered ion is dis-
cussed in connection to the enhanced radius of the final 0+2
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state with the 3α structure [5–9]. However, the relation of
the extended radius and the oscillating pattern of the cross
section of the 12C inelastic scattering still remains unclear
[10, 11].

In the coupled-channel approaches [7–9], for example,
nuclear interactions for the system of the 12C target plus a
projectile are constructed from the double folding model,
which employs the internal wave function of 12C, obtained
from the 3α resonating group method (3αRGM) [2] and
from an effective density-dependent nucleon-nucleon in-
teraction. This coupled-channel calculation is called mi-
croscopic coupled-channels (MCC) [14]. Since the 3α
RGM wave function can precisely describe the 3α struc-
ture in 0+2 , the constructed nuclear interaction in the 0+2
channel is more attractive at a surface region than the in-
teraction in the ground channel.

The MCC calculations employing the long-range 3α
folding interaction have been applied to the α+12C [7] and
3He+12C [8, 9] systems, and the calculation nicely repro-
duces the angular distributions of various exit channels.
In the differential cross section for the 0+2 channel, a scat-
tering angle for the first Airy minimum is shifted to the
larger angle region, and the number of the Airly minima
increases in a comparison to other inelastic channels, go-
ing to the rotational and vibrational states such as the 2+1
and 3−1 states. From this result, the authors have claimed
that the evolution of the Airy structure originated from the
spatial extension of the nuclear interaction in the final 0+2
channel [7–9].

In the nuclear reaction, the final 3α states can be as-
sessed through the transition from the incident ground
channel, and the 3α state is observed as the final state in the
reaction process. Therefore, a coupling potential, which
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induces a transition from the initial channel to the final
channel, is expected as a main ingredient for the angular
distribution of the inelastic scattering, and the distortion
potential or the density distribution in the exit channel may
be not so effective in comparison to the effect of the cou-
pling potential. In fact, a dominance of the coupling po-
tential in the inelastic scattering has been already pointed
out by Takashina et al. [10, 11]. By employing the MCC
calculation, which is the same method as in Refs. [7–9],
the authors have clearly demonstrated that the Airy struc-
ture in the angular distribution is dominated by not the size
of the 0+2 state, but by a spatial distribution of the coupling
potential for the 0+1 → 0+2 transition.

There is another problem in the relation of the
monopole 0+1 → 0+2 transition and the spatial size of the
final 0+2 state. If an anomalous feature or an enhancement
factor appears in the differential cross section in the fi-
nal 0+2 channel, such the anomalous feature should be dis-
cussed in comparison to a cross section of a "reference
channel", which should reveal normal behavior without
the extension of the spatial size. However, there is no ap-
propriate reference channels available to compare with the
0+2 channel in other inelastic channels. For example, the
ground 0+1 channel with a normal radius corresponds to
the elastic scattering, which is completely different from
the inelastic scattering going to the 0+2 channel. Further-
more, other collective channels, such as the 2+1 and 3−1
channels, are also inappropriate to compare with the 0+2
channel because of the finite spins in the 2+1 and 3−1 chan-
nels. The finite spin generate the reorientation coupling,
in which the direction of the intrinsic spins rotates with
respect to the orbital angular momentum in the relative
motion of the colliding nuclei. Such the reorientation cou-
pling strongly affects on the shape of the differential cross
sections. Therefore, the collective compact channels, such
as 0+1 , 2+1 and 3−1 , are considered to be invalid to compare
with the 0+2 channel.

In order to overcome these problems, we introduce a
new viewpoint in considering the relation of the enhanced
matter radius of the 3α state and the inelastic scattering. In
the present analysis, we focus on the inelastic scattering,
going to two kinds of the 2+ states: the 2+1 and 2+2 states.
The former state is a normal rotational state of the ground
0+1 state, while the latter state corresponds to the 3α rota-
tional state of the Hoyle 0+2 state [2, 3] with a life of 10−21

sec. (width of Γ ∼ 1 MeV). In a modern theory, the Hoyle
rotational 2+2 state, which has been recently identified in
experiment [12], is interpreted in terms of an α halo state
with a dilute 3α structure [3]. We compare the differential
cross section of α + 12C(0+1 )→ α + 12C(2+2 ) with the ref-
erence reaction of α + 12C(0+1 ) → α + 12C(2+1 ). Both of
these 2+1,2states have the same spin-parity and are excited
as a final state in the inelastic scattering. The reaction pro-
cess is completely common, and only the difference is the
spatial size: a compact size in 2+1 and an extended size in
2+2 . Therefore, we consider that the comparison of the dif-
ferential cross section going to these two kinds of 2+ states
gives a clear sign relevant to the difference of the nuclear
radius.

As pointed out in Refs [10, 11], the potential or den-
sity distribution in the final 3α channel itself may play a
minor role in inelastic scattering but a coupling potential
contains an important information about the matter radius
of the final 3α state. This is because the coupling potential
is determined by an overlap of the wave function between
the initial ground state and the final 3α state. Therefore,
an extended structure of the 3α state is indirectly reflected
in the inelastic scattering to the 3α final state through a
size of the coupling potential. We believe that it is still
important to consider a relation between an inelastic scat-
tering and the size of the coupling potential. Recently, we
have formulated the method of scattering radius, which
can characterize a spatial size of the reaction area or a size
of the coupling potential for the individual exit channels
in a general exclusive reactions [13]. In this method, the
angle-integrated cross section decomposed into each of the
incident partial wave are used to measure the spatial size
for the production area of the final channel. By applying
the method of the scattering radius to the inelastic scatter-
ing going to the 2+1,2 channels, we will demonstrate that
a direct evidence of the enhanced matter radius in the 2+2
state clearly appears in the α + 12C inelastic scattering.

Organization of this article is the following. The
framework of MCC is explained in Sec. 2. Nucmerical
calculations are compared with the experiment in Sec. 3.
In this section, the anomalous feature in 2+2 in the differ-
ential cross section is clearly pointed out. From the partial
wave analysis, the lower bound of the matter radius of 2+2
is speculated. The final section is devoted to summary and
discussion.

2 Theoretical framework

In this section, we explain the framework of the micro-
scopic coupled-channels (MCC) calculation. In the MCC
framework, the nuclear interactions of colliding nuclei are
constructed by the double folding (DF) model, in which
the reliable nucleon-nucleon interaction and the internal
wave functions calculated from the microscopic cluster
model are employed.

2.1 Coupled-channels equations

We calculate the differential cross sections of an α particle
scattered by 12C in the formulation of MCC [7, 8, 14]. In
MCC framework, we solve a set of the coupled-channels
equation for the α–12C system, which is given in the sym-
bolic form
(
T f (R) + Vf , f (R) − E f

)
χ f (R) = −

∑
i� f

V f ,i(R)χi(R) .

(1)
Here the subscripts of f or i design a channel. In Eq. (1),
T f (R) represents the kinetic energy of the relative motion
of the α–12C system with a relative coordinate R, while
Vf ,i(R) denotes the coupling potential for the transition
from channel i to channel f . The total energy in the chan-
nel f , E f , is given by the relation of E f = E − ϵ f with
the α incident energy E and the 12C internal energy of ϵ f .
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scattered by 12C in the formulation of MCC [7, 8, 14]. In
MCC framework, we solve a set of the coupled-channels
equation for the α–12C system, which is given in the sym-
bolic form
(
T f (R) + Vf , f (R) − E f

)
χ f (R) = −

∑
i� f

V f ,i(R)χi(R) .

(1)
Here the subscripts of f or i design a channel. In Eq. (1),
T f (R) represents the kinetic energy of the relative motion
of the α–12C system with a relative coordinate R, while
Vf ,i(R) denotes the coupling potential for the transition
from channel i to channel f . The total energy in the chan-
nel f , E f , is given by the relation of E f = E − ϵ f with
the α incident energy E and the 12C internal energy of ϵ f .

χ f (R) is the α–12C relative wave function for the channel
f , which should be solved in the coupled-channels equa-
tion.

In the pragmatic calculation of MCC, the equation is
expanded in terms of the total spin J, and the individual
equations for a fixed J are solved. Thus, the cross sections
are calculated for each of J, which are called the partial
cross section. The distribution of the partial cross sections
are used to characterize the spatial size for the final state
production [13].

2.2 Double folding potential

In Eq. (1), Vf ,i(R) denotes the coupling potential for the
transition of i → f in 12C, which is calculated from the
double folding model. The coupling potential calculated
from the double folding procedure is symbolically written
as

Vf ,i(R) = NR

∫ ∫
ρ(12C)

f ,i (r1)ρ(α)(r2)vDDM3Y
NN (s) dr1dr2

(2)
with s = r2 − r1 − R. Here r1 (r2) denotes a coordi-
nate measured from the center of mass in the 12C (α ) nu-
cleus. ρ f ,i(r) represents the diagonal ( f = i) or transition
( f � i) densities of 12C, which are calculated by the micro-
scopic 3α cluster model, resonating group method (RGM)
[2], while ρ(α)(r) denotes the density of α particle, which
reproduce the charge form factor of the electron scatter-
ing. In Eq. (2), vDDM3Y

NN represents the effective nucleon-
nucleon (NN) interaction which acts between a pair of nu-
cleon contained in the 12C nucleus and the α particle. In
the present calculation, we adopt the DDM3Y (Density
Dependent Michigan 3-range Yukawa) interaction [15].

The normalization factor NR is introduced because
the folding potential contains ambiguity in its strength.
This ambiguity arises from the neglection of the anti-
symmetrization effect between the projectile and the target
except for the knockon exchange [16]. Here this factor is
set to NR = 1.42 over all the α incident energy, which is
consistent to the previous MCC calculation in Ref. [7, 8].
In the α scattering, the double folding potential needs a
considerably large NR, say about 1.3 as pointed out in the
first application of DDM3Y to the α scattering [15]. This
modification in the potential strength is originated from
the violation of density saturation of an α particle. The
improvement of the double folding potential for the α scat-
tering has recently been discussed in Ref. [17].

In addition to the folding potential, we introduce the
absorptive potential with the Saxon-Woods form factor in
the diagonal ( f = i) transition in order to simulate other
reaction process, and the parameter set of Saxon-Woods
is tuned so as to reproduce all of the observed differential
cross sections as much as possible. As for the internal ex-
citation of 12C, we include the low-lying collective states
(2+1 and 3−1 ) and the 3α cluster states (0+2 , 0+3 , 2+2 ) in addi-
tion to the ground 0+1 state. The coupling of all the excited
states is included, and the multi-polarity λ =

���I f − Ii

��� for
the internal transition of 12C(Ii → I f ) is considered up to
λ = 3

3 Results
3.1 Calculation of differential cross sections

We have solved the coupled-channels equation, which is
given in Eq. (1), for the α + 12C scattering at Eα = 386
MeV [12] with the nuclear interaction in Eq. (2). The
MCC calculations reproduce the differential cross sections
of the scattering to 0+1 , 2+1 , 3−1 states. Furthermore, the the-
oretical calculation nicely reproduce the inelastic scatter-
ing to the excited state observed at Ex ∼ 10 MeV by taking
the summation of the differential cross sections of the 0+3
and 2+2 states.
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Figure 1. Comparison of observed differential cross section at
Ex ∼ 10 MeV (open circles) with theoretical calculation (solid
curve). The data is taken from Ref. [12].
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Figure 2. Theoretical differential cross sections of the final state
of 2+1 (dashed curve) and 2+2 (solid curve) in the α + 12C inelastic
scattering. The magnitudes of both the cross sections are normal-
ized by the maximum value around θc.m. ∼ 5◦.

The comparison of the observed cross section of Ex ∼
10 MeV and the theoretical calculation is shown in Fig. 1.
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The experimental strength is considered to be the incoher-
ent mixture of the 2+2 and 0+3 states because these two res-
onant states are overlapped each other, which have a broad
width with a close energy spacing. The theoretical calcula-
tion (solid curve), which is obtained by the the incoherent
summation of these two states, nicely reproduce the global
behavior of the distribution, such as the gradual oscillation
with the shallow valleys. This behavior in the experiment
can never be reproduced by either the strength of 2+2 or
that of 0+3 . The incoherent summation of these two states
is essential for the reproduction of the differential cross
section.

In Fig. 2, the component of the 2+2 differential cross
section in Fig. 1 is compared with the cross section of the
2+1 state, which also reproduces the observed cross section.
The peak position of the 2+2 cross section (solid curve)
shifts to the forward angular region in comparison to the
2+1 cross section (dashed curve), and its angular distribu-
tion has the shrunk and rapid fall-down structure. The shift
and shrinkage features are completely consistent to the re-
sult of the multi-pole decomposition analysis (MDA) of
the experimental cross section, which is performed in the
range of θc.m. < 15◦ [12].

3.2 Partial wave analysis

In order to analyze the difference of the differential cross
sections shown in Fig. 2 more deeply, we have performed
the partial wave analysis, in which the angle-integrated
cross sections in Fig. 2 are decomposed into the individual
components of the total spin J. The partial wave expansion
for the transition of i→ f is defined as

∫
dΩ

dσ
dΩ

(i→ f ) =
∑

J

σ(J, f ). (3)

The individual components of the angle integrated cross
sections for the transition from the initial 0+1 state to the
final state ( f ) are called the partial cross section, σ(J, f ).
Since the incident channel of α + 12C(0+1 ) is spinless, the
total spin J is equal to the incident orbital spin L between
α and 12C and hence, σ(J = L, f ).

The results of the partial wave decomposition are
shown in Fig. 3. The crosses show the partial wave dis-
tribution (L-distribution) of the angle-integrated 2+1 cross
section (σ(L, 2+1 )), while the L-distribution of 2+2 is plot-
ted by the solid circles (σ(L, 2+2 )). In the comparison of
σ(L, 2+1 ) with σ(L, 2+2 ), we can clearly see the extended L-
distribution of 2+2 to the higher L region. This extension of
2+2 in the L-space (Fig. 3) is just opposite to the shrinkage
in the θ-space, the differential cross section (Fig. 2). This
is nothing but the uncertainty relation of ∆L·∆θ ∼ 1, which
can be hold in the diffraction scattering. According to the
classical relation of L = kb, where k and b denote the inci-
dent wave number and the impact parameter, respectively,
the extension of the L-distribution in Fig. 3 clearly means
that the production area of the 2+2 state is more extended
than the area of the 2+1 production.

The distribution in the L-space can be transformed into
a size of the production area of the final state by applying
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Figure 3. Partial wave decomposition of the angle integrated
cross sections calculated as the function of the incident orbital
spin L (L-distribution). The crosses with the dotted curve and the
solid circles with the solid curve show the partial cross sections
of the 2+1 and 2+2 final states, respectively. The magnitudes of all
the partical cross section is normalized by the total cross section,
which is the summations of the partial cross sections.

the method of the scattering radius [13]. In this method,
the effective orbital spin L̄ for the transition of 0+ → 2+1,2
is derived according to the following expression:

L̄(2+i ) =

√∑
L L̂4σ(L, 2+i )
∑

L L̂2σ(L, 2+)
(i = 1, 2) (4)

with a definition of L̂ =
√

L(L + 1). The radius of the
final-state production, which is called the scattering radius
(RS C), is simply obtained according to the classical rela-
tion of L̄ = kRS C . RS C naturally goes to the matter radius
of a target nucleus in the high energy limit of the proton
elastic scattering [6, 13, 18].

Table 1. Effective orbital spins L̄ and the scattering radius RS C

calculated from the definition in Eq. (4). The theoretical mean
radius of the density distribution (r̄) for the 2+1 (Ex = 4.44 MeV)

and 2+2 (Ex = 10.30 MeV) states are also shown in the
right-most column [2].

State Ex ( MeV ) L̄ RS C ( fm ) r̄ ( fm )

2+1 4.44 29.67 4.58 2.38

2+2 10.3 33.69 5.20 4.00

The results of L̄ and RS C for the 2+1 and 2+2 states are
summarized in table 1. The calculated effective orbital
spin L̄ is slightly shifted to the higher value than the peak
position of the L-distribution in Fig. 3 because of the finite
width in their distribution. The resultant scattering radius
for 2+1 is RS C(2+1 ) = 4.58 fm, while the radius for 2+2 is
RS C(2+2 ) = 5.20 fm. The obtained RS C are larger than the
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the extension of the L-distribution in Fig. 3 clearly means
that the production area of the 2+2 state is more extended
than the area of the 2+1 production.

The distribution in the L-space can be transformed into
a size of the production area of the final state by applying
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Figure 3. Partial wave decomposition of the angle integrated
cross sections calculated as the function of the incident orbital
spin L (L-distribution). The crosses with the dotted curve and the
solid circles with the solid curve show the partial cross sections
of the 2+1 and 2+2 final states, respectively. The magnitudes of all
the partical cross section is normalized by the total cross section,
which is the summations of the partial cross sections.

the method of the scattering radius [13]. In this method,
the effective orbital spin L̄ for the transition of 0+ → 2+1,2
is derived according to the following expression:

L̄(2+i ) =

√∑
L L̂4σ(L, 2+i )
∑

L L̂2σ(L, 2+)
(i = 1, 2) (4)

with a definition of L̂ =
√

L(L + 1). The radius of the
final-state production, which is called the scattering radius
(RS C), is simply obtained according to the classical rela-
tion of L̄ = kRS C . RS C naturally goes to the matter radius
of a target nucleus in the high energy limit of the proton
elastic scattering [6, 13, 18].

Table 1. Effective orbital spins L̄ and the scattering radius RS C

calculated from the definition in Eq. (4). The theoretical mean
radius of the density distribution (r̄) for the 2+1 (Ex = 4.44 MeV)

and 2+2 (Ex = 10.30 MeV) states are also shown in the
right-most column [2].

State Ex ( MeV ) L̄ RS C ( fm ) r̄ ( fm )

2+1 4.44 29.67 4.58 2.38

2+2 10.3 33.69 5.20 4.00

The results of L̄ and RS C for the 2+1 and 2+2 states are
summarized in table 1. The calculated effective orbital
spin L̄ is slightly shifted to the higher value than the peak
position of the L-distribution in Fig. 3 because of the finite
width in their distribution. The resultant scattering radius
for 2+1 is RS C(2+1 ) = 4.58 fm, while the radius for 2+2 is
RS C(2+2 ) = 5.20 fm. The obtained RS C are larger than the

root-mean-squared radius (r̄) of the 2+1 and 2+2 states (2.38
fm and 4.00 fm) [2]. The magnitude correlation in RS C

seems to correspond to that in r̄ but the correspondence
of RS C to r̄ is non trivial because the magnitude of RS C

strongly depends on the definition of L̄ in Eq. (4). There-
fore, we should focus on the relative difference of RS C be-
tween 2+1 and 2+2 in the present analysis.

The difference of the scattering radius is ∆RS C =

RS C(2+2 ) − RS C(2+1 ) = 0.62 fm, while the difference of r̄
in the structure calculation is ∆r = r̄(2+2 ) − r̄(2+1 ) = 1.62
fm. The enhancement in RS C is smaller than that in r̄, and
this reduction of ∆RS C is attributed to the property of the
inelastic scattering, which is induced by the coupling po-
tential from the initial ground state to the final 3α states.
This point will be discussed in the last section.

3.3 Energy systematics and radius of 2+2 state

We have extended the MCC calculation with the method
of the scattering radius to the lower α incident energy of
Eα ≤ 240 MeV. In the lower energy region, unfortunately,
there is no experimental data on the excited state at Ex ∼
10 MeV, which contains the 2+2 component. Therefore,
the parameters of the absorptive potential of the 3α cluster
states (0+2 , 0+3 , 2+2 ) are set to a common value, and the pa-
rameters are tuned so as to reproduce the cross section of
0+2 (and 0+3 ) as much as possible. The energy systematics
of the RS C(2+2 ) and RS C(2+1 ) is shown in Fig. 4. In all the
energy region considered, RS C(2+2 ) (solid line with solid
circles) is larger than RS C(2+1 ) (dotted line with crosses) by
about 1 fm over the entire incident energy. The enhance-
ment of ∆RS C = RS C(2+2 )−RS C(2+1 ) ∼ 1 fm is equivalent to
the fact that the differential cross section of the 2+2 state is
more shrunk than that of the 2+1 state. The reason why the
∆RS C in the lower energy region is more enhanced than
that in the higher energy, Eα = 386 MeV, is expected to be
the distortion of the final state. In the lower energy region,
the α particle can feel the extended distortion potential in
the final 2+2 channel, which leads to the shrinkage of the
angular distribution and the enhancement of RS C .

From the systematic values of ∆RS C , we can speculate
the lower bound of the matter radius of the 2+2 state. In
a naive consideration, we can image the relation of ∆RS C

and the matter radius r̄, such as

r̄(2+2 ) ≥ r̄(2+1 ) + ∆RS C . (5)

In this relation, the inequality means the fact that ∆RS C

speculated from the inelastic scattering does not necessar-
ily identify a true enhancement of the matter radius, ∆r̄. In
the present analysis, ∆RS C ∼ 1 fm is predicted in the lower
energy region of Eα ≤ 240 MeV. The matter radius of 2+1
is still unknown but we can safely assume r̄(2+1 ) ∼ r̄(0+1 ).
This assumption is because the 2+1 state is the first excited
state of the ground 0+1 state and hence, we can expect that
the spatial size of 2+1 is not drastically changed from the
size of the ground 0+1 . This assumption is also supported
by the 3α RGM calculation [2]. Therefore, the matter ra-
dius of the Hoyle rotational state is speculated to r̄(2+2 ) ≥
3.3 fm if we employ the experimental value of r̄(0+1 ) = 2.3
fm [19].
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Figure 4. Energy systematics of the scattering radius of RS C(2+2 )
(solid line with solid circles) and RS C(2+1 ) (dotted line with
crosses). The abscissa represent the incident α energy in the lab-
oratory system.

4 Summary and discussion

In summary, we have performed the MCC calculation with
3α RGM + DDM3Y and shown that the enhanced radius
of the 2+2 state can be probed via the differential cross sec-
tion by comparing with the respective cross section of the
2+1 state. The inelastic differential cross section of the 2+2
state is more shrunk than that of the 2+1 state, and this
shrinkage is a first evidence of the extended matter ra-
dius of the final 2+2 state in the inelastic scattering of α
+ 12C(0+1 ) → α + 12C(2+2 ). According to the prescription
of the partial wave decomposition, the partial wave com-
ponents of the cross sections are converted into the scat-
tering radius, which characterizes a size of the reaction
area for the final state production. According to the eval-
uation of the scattering radius, the shrunk structure of the
differential cross section corresponds to about 0.6 ∼ 1 fm
enhancement in the size of the production area of the final
2+2 state.

Enhancement of RS C (∆RS C ∼ 1 fm) is smaller than
the difference of the respective root-mean-squared radius
(∆r̄ ∼ 1.6 fm), which is predicted by the structure calcula-
tion [2]. This is because of the feature peculiar in the in-
elastic scattering, in which the size of the final wave func-
tion is filtered by the size of the initial wave function. As
pointed out in Refs [10, 11], the inelastic scattering go-
ing to the excited states are dominated by the size of the
coupling potential, which induces the transition from the
incident 0+1 state to the final 2+1,2 state. Since the coupling
potential is determined by the overlap of the initial and
final wave function, the size of the coupling potential is
restricted by the distribution of the initial wave function.
Thus, the inelastic scattering cannot necessarily probe a
whole size of the density (or potential) in the final state,
and the ∆RS C values obtained from the inelastic scatter-
ing is considered to underestimate the true enhancement
of the matter radius in the final state. However, we believe

EPJ Web of Conferences 163, 00026 (2017) DOI: 10.1051/epjconf/201716300026
FUSION17

5



that about 1 fm in the difference of RS C is still meaningful
enhancement.

Furthermore, the identification of 1 fm enhancement
imposes a strong constraint on the recent ab-initio calcu-
lation which seems to reproduce the excitation energy of
the Hoyle 0+2 and 2+2 states [20]. In this structure calcu-
lation, the matter radius of the Hoyle rotational 2+2 state is
almost same as the radius of the ground state (2.4 fm) [20],
which is much smaller than the prediction by the 3α clus-
ter model (∼ 4.0 fm) [2, 3]. In previous studies, there was
no information about the matter radius of the excited states
that should be compared with the theoretical calculation.
Therefore, the speculation of the lower bound of the matter
radius of the Hoyle rotational 2+2 state from the experimen-
tal observables is quite important in future studies. Since
the experimental information of the differential cross sec-
tion of the 2+2 state is still insufficient, the measurement of
the differential cross section of the excited state at Ex ∼
10 MeV and careful MDA to separate the 2+2 component
should be extended over a wide angle and energy region.

It is quite meaningful to reproduce the differential
cross section by the MCC calculation because MCC is
based on the internal wave function obtained from the mi-
croscopic 3α cluster model. The reproduction of the ex-
perimental data strongly support that the size enhancement
induced by the transition to the 3α structure is a realis-
tic picture in the reaction process. In the more stringent
check of the present result, however, we should apply an-
other kind of the reaction calculation without the presup-
position of the size difference of the 2+1 and 2+2 state. For
example, one should assume a standard form factor for the
coupling potential, such as the normal rotational or vibra-
tional excitation, and the optimal range of the coupling po-
tential should be searched so as to reproduce the observed
cross section. The comparison to the calculation without
the cluster assumption is important in future studies.

Finally, let us stress the new insight in the present ap-
proach. The comparison of the yrast 2+1 state and the Hoyle
rotational 2+2 state is a new insight in the discussion of the
inelastic scattering of 12C, which was absent in the pre-
vious studies about relation of the matter radius and the
inelastic scattering to the Hoyle 0+2 state [5–8, 10, 11]. In
the case of 0+2 excitation, the enhancement of the matter ra-
dius of the final 0+2 state may be reflected in the differential
cross section but it is difficult to extract an evidence only
from the cross section of the 0+2 state. The anomalous fea-
ture in the 0+2 cross section should be identified from the
comparison with a certain kind of "reference reactions".
Such the reference reaction should be set to the other 0+

state, which has non α cluster structure. In the vicinity of
the 0+2 state, there is no such the excited 0+ state with the
spatially compact structure. On the contrary, in the case of
the inelastic scattering to the 2+ state, there is a pair of the
2+ channels, such as the compact 2+1 state and the excited
2+2 one, which can be compared directly.

The comparison of the same (finite) spin-parity states
excited by the inelastic scattering is essential in the present
analysis. The similar comparison of the yrast state and the
cluster state can be generalized to other nuclei because a
cluster state with a finite spin always appear above the re-

spective yrast state with a compact shell model like struc-
ture. One of such the interesting applications is the 10Be
nucleus. In this nucleus, the intrinsic structure can be
nicely described by the covalent (or molecular) orbit struc-
ture of two valence neutron around the two center cores of
8Be = α + α [21]. The yrast 2+1 and the exited 2+2 state
have the spatially compact structure, while the 2+3 state is
considered to have the well developed structure of α + α +
N + N, in which two neutrons form the covalent σ+ orbital
[21]. σ+ orbital. The calculation of the α + 10Be inelastic
scattering is now underway.
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