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It is shown that the dilute density distribution ofa particles in nuclei can be observed in the Airy structure
in nuclear rainbow scattering. We have analyzeda+12C rainbow scattering to the 02

+ s7.65 MeVd state of12C
in a coupled-channel method with the precise wave functions for12C. It is found that the enhanced Airy
oscillations in the experimental angular distributions for the 02

+ state is caused by the dilute density distribution
of this state in agreement for the idea of Bose-Einstein condensation of the three alpha particles.
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Bose-Einstein condensation(BEC) has been well known
for liquid 4He and recently in a dilute gas[1]. For systems of
strong interaction, pion condensation and kaon condensation
have been proposed but have not been confirmed experimen-
tally. An a particle, which is a boson composed of two pro-
tons and two neutrons, also plays an important role in under-
standing the structure of nuclei. In fact, the success of the
a-cluster model in light-and medium-weight nuclei[2]
shows that ana particle behaves as a constituent unit in
nuclei. Recently,a-particle condensation in light nuclei, es-
pecially in 12C and16O, has been proposed[3]. Uegakiet al.
[4] and Kamimura et al. [5] have shown that the
02

+ s7.65 MeVd state of12C, which is 0.39 MeV above thea
threshold, has a well-developeda-cluster structure with the
8Be^ a configuration. Tohsakiet al. [3] conjectured that this
may be a BEC state ofa particles in that weakly interacting
threea particles are sitting in the lowest single-particle 0s
state like a gas with a dilute density distribution obeying
Bose statistics. Its calculated rms radius, 4.29 fm, is far
larger than the experimental rms of the ground state,
2.65 fm. However, the experimental rms radius for this ex-
cited state is unfortunately not available. This dilute property
has not been experimentally confirmed in a direct way. In
this paper we show that the dilute density distribution of the
02

+ state can be confirmed in the Airy structure observed in
a+ 12C rainbow scattering.

Nuclear rainbow scattering is well known ina-particle
scattering[6] and in some light heavy-ion scattering such as
16O+16O, 16O+12C, and12C+12C [7], for which absorption
is weak. The rainbow scattering and the associated Airy
structure can be well described by a deep folding type po-
tential. The angular distributions of rainbow scattering are
sensitive to the potential up to very internal region, which
made it possible to determine the interaction potential
uniquely and precisely. For example, the equation of state of
nuclear matter was concluded to be soft from the study of
rainbow scattering using a folding model potential[8]. This
shows that the wave function of the nucleus used in deriving
the folding potential is very sensitive to rainbow scattering.

Rainbow phenomena are only observed in the limited nu-
clei where absorption is incomplete. Therefore, the existence
of nuclear rainbow in inelastic scattering is rarely expected.
In fact, there are only a few measurements of inelastic rain-

bow scattering involvinga particles and light heavy ions.
Among them, it is suggested that12C+12Cs2+ 4.44 MeVd
scattering shows some similarity to elastic rainbow scattering
[9,10]. On the other hand, from the theoretical point of view,
inelastic nuclear rainbow scattering has hardly been studied
partly because there is no classical counterpart in meteoro-
logical rainbow scattering. To reveal the existence, as well as
its mechanism, of inelastic nuclear rainbow scattering has
been a challenging subject in nuclear physics[9].

Very recently, Michel and Ohkubo[11] have shown the
existence of an Airy structure in inelastic scattering and its
mechanism by studying thea+40Ca system systematically.
The existence of Airy minima has been clearly shown in the
inelastic scattering of a+40Cas3− 3.74 MeVd and a
+40Cas02

+ 3.35 MeVd at the incident energy ofEa=50 MeV.
The mechanism was explained in the same way as in the
elastic scattering, in terms of barrier-wave and internal-wave
decomposition. It was shown that the Airy minima in the
angular distributions for inelastic scattering are shifted to
larger angles compared with those for elastic scattering.
Also, the larger the excitation energy of the state, the more
the Airy minima are shifted to larger angles. The
01

+ s0.0 MeVd, 02
+ s3.35 MeVd, and 3− s3.74 MeVd states of

40Ca have normal density distributions.
A nucleus behaves like a lens, that is, the trajectories of

the incident particles go through the focus of the target
nucleus[12]. This is especially clear at the low incident en-
ergy region where anomalous large angle scattering(ALAS)
[13] is observed. Recently, it has been shown that the nucleus
is very similar to a Lunenburg lens and the nuclear rainbow
is understood to be caused as an astigmatism of the lens[14].
Also, in the energy region where the effective potential ac-
tive in the scattering displays a pocket, the origin of the Airy
structure is understood in a consistent way in terms of
internal-wave and barrier-wave decomposition of the scatter-
ing amplitude[14–16]. As illustrated in Fig. 1, this suggests
that if the density distribution of the 02

+ state of12C is dilute,
its role as a lens should be qualitatively very different from
that of the ground state with a normal matter distribution.
The size of the lens for the 02

+ state would be considerably
larger than that for the ground state. If the two lenses, that is,
the two potentials for the ground state 01

+ and the 02
+ are so

different, this difference would be observed in the Airy struc-
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ture of rainbow scattering involving12C. For the latter, the
number of the Airy minima in the angular distributions
should certainly increase. According to Ref.[3], the volume
of the 02

+ state is about five times as large as that of the 01
+

state.
In this respect, inelastic rainbow scattering data involving

the excitation to the 02
+ state of12C play an important role in

extracting the structure information about the unusual behav-
ior of this state. Fortunately there are experimental data of
rainbow scattering for thea+12C system involving the exci-
tation to the relevant 02

+ state[17–20]; to the best our knowl-
edge, these data have not received attention from the view-
point of BEC. We think these data are very useful at this
stage in investigating whether the12C s02

+d is in a dilute state
or not, considering that there are no direct experimental data
concerning the rms radius for this state and that all the papers
on the BEC of the 02

+ state published up to now[3,21–24] are
based on the theoretical conjectures through the elaborate
analyses of the wave function of the 02

+ state.
Elastica+12C scattering was thoroughly measured from a

low energy to a high energy region and systematic data are
available. However, the well-known difficulty for this system
is that there has been no global optical potential which de-
scribes the scattering data from a low energy to a high energy
region consistently. This situation is in contrast to thea
+16O, a+15N, anda+14C systems, for which the global po-
tentials have been uniquely established from systematic
analyses of the elastic scattering data. These global potentials
are essentially similar and well reproduced by a folding
model potential. This contrast seems to be related to the pe-
culiarity of the structure of the12C nucleus. Although a glo-
bal a−12C potential has been an open problem for many
years, it has been shown that a folding-type deep potential
can reproduce the experimental angular distributions at
higher energy region in the coupled channel method[25].

We analyze the elastic and inelastic angular distributions
of a+12C rainbow scattering in the coupled-channel method

by taking into account simultaneously the 01
+ s0.0 MeVd,

2+ s4.43 MeVd, 02
+ s7.65 MeVd, and 3− s9.63 MeVd states of

12C. The diagonal and coupling potentials for the alpha-12C
system are calculated by the double-folding(DF) model,

VijsRd =E r00
sadsr 1dri j

s12Cdsr 2dvNNsE,r,r 1 + R − r 2ddr 1dr 2,

s1d

where r00
sadsr d is the ground state density of alpha nucleus,

while vNN denotes the density-dependent M3Y effective in-

teraction(DDM3Y) usually used in the DF model.ri j
s12Cdsr d

represents the diagonalsi = jd or transition si Þ jd nucleon
density of 12C which is calculated in the resonating group
method by Kamimuraet al. [5]. This coupled-channel
method was successfully used in the analyses of the reactions
involving 12C [26]. In the calculation of densities of12C, the
shell-like structure of the ground state 01

+, 2+ s4.43 MeVd,
and 3− s9.63 MeVd states, and the well-developeda-cluster
structure of the 02

+ s7.65 MeVd state are simultaneously well
reproduced. These wave functions have been checked for
many experimental data, including charge form factors, elec-
tric transition probabilities, and reactions involving excita-
tion to the 02

+ state[5,26]. (Recently, it was shown that this
wave function for the 02

+ is almost completely equivalent to
the Bose condensate wave function[22].) In the calculation
the normalization factorNR for the real part of the potential
is introduced. Imaginary potentials with a Wood-Saxon form
factor are introduced phenomenologically for each channel.
The properties of the real folding potential and potential pa-
rameters used are given in Table I. The energy dependence of

FIG. 1. Illustration ofa+12C rainbow scattering from the 01
+

state(with a compact lens) and the 02
+ state(with a large lens) and

the Airy structure in the angular distributions.

TABLE I. The normalization factorNR, volume integral per
nucleon pairJV, rms radiuskR2l1/2, of the folding potential, and the
strength of the imaginary potential. The radiusRW=4.7 fm and dif-
fusenessaW=0.7 fm of the imaginary potentials are used.

EL

(MeV) NR Jp
JV

sMeV fm3d
kR2l1/2

(fm)
W

(MeV)

139 1.23 01
+ 294 3.484 8.0

2+ 291 3.469 10.0

3− 327 3.742 14.0

02
+ 366 4.304 28.0

166 1.26 01
+ 286 3.499 7.0

2+ 283 3.485 10.0

3− 320 3.752 14.0

02
+ 358 4.310 27.0

172.5 1.26 01
+ 292 3.506 7.5

2+ 289 3.493 9.0

3− 327 3.758 12.0

02
+ 367 4.315 25.0

240 1.42 01
+ 264 3.532 7.5

2+ 261 3.519 12.0

3− 295 3.777 17.0

02
+ 330 4.328 30.0
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the obtained potential parameters is reasonable. Table I
shows that the normalization factor increases at higher ener-
gies. However, the obtained volume integral shows reason-
able energy dependence that is consistent with the phenom-
enological potentials ina-particle scattering.

Figure 2 shows the calculated results in comparison with
the experimental angular distributions of elastic and inelastic
a-particle scattering from12C at the incident energies of
EL=139, 166, 172.5, and 240 MeV[17–20]. The data of
elastic angular distributions show a typical rainbow falloff
followed by the Airy minima in the forward angular region.
Similar structures with maxima and minima, as well as the
falloff of the angular distributions, are also observed in the
inelastic scattering data. We notice the following points in
the inelastic scattering data:(1) The angle that the falloff
starts is shifted to a larger angle than that of elastic scatter-
ing. (2) For the 02

+ state, the number of the Airy oscillations
is larger than that for the 01

+, 2+, and the 3− states. The char-
acteristic features of the experimental angular distributions
are reproduced by the calculations.

The first Airy minimumA1s01
+d for elastic scattering can

be determined without ambiguity by calculating the farside
cross sections in the optical model that reproduces the ex-
perimental data. Also by calculating the deflection function
for the real part of the optical potential, the rainbow angle,
therefore, the angle ofA1 can be confirmed. As seen in Fig.
2(c), for example atEL=172.5 MeV, the minimum at about

u=20° is due to far side scattering, which is consistent with
the other calculation from the deflection angle[27] and can
be labeled as the first Airy minimumA1s01

+d. As shown in
Ref. [11], the first Airy minimumA1s2+d for the 2+ state is
slightly shifted to a larger angle than that of the elastic scat-
tering due to its excitation energy 4.44 MeV. Similarly, the
A1s3−d for the 3− state is a little more shifted to a larger
angle than that of theA1s01

+d and A1s2+d. Likewise, the
A1s02

+d for the 02
+ state corresponds to the minimum at about

31°. As seen in Table I, this rather large shift to a larger angle
is due to its very large volume integral as well as its large
excitation energy of this state. Similarly, the Airy minimaA1
for EL=166 and 139 MeV are determined in the experimen-
tal data. Very recent data at 240 MeV[20] are consistent
with this assignment.

In Fig. 3 we see that the positions ofA1 for the 01
+, 2+, and

3− states are shifted to larger angles as the excitation energy
increases. Since the potential for these three states is almost
the same(Table I), this shift is understood to be due to its
excitation energy. A similar trend is typically seen in inelastic
a+40Ca scattering to the excited states of 02

+ s3.35 MeVd and
3− s3.73 MeVd, as recently shown in Ref.[11]. Interestingly,
the position of theA1s02

+d andA2s02
+d is not in this line. If the

lens for the 02
+ state is not very different from the other three

states, the position of theA1s02
+d and A2s02

+d should be
shifted to larger angles than that of the 2+ state and be
smaller than that of the 3−. However, on the contrary, they
are more shifted to larger angles than that of the 3− state.
This shows that the refractive effect is much stronger for the
02

+ than the 3− state. In other words, the potential is much
more attractive for the 02

+ than the 3− state as well as the 01
+

and 2+ states. This consideration is supported further by the
fact that the second Airy minimumA2 is only observed for
the 02

+ state in the experimental angular distributions. This
increase of the number of the Airy minima can be understood

FIG. 2. The elastic and inelastic angular distributions ofa
+12C scattering calculated in the coupled channel method(solid
lines) are compared with the experimental data(points) [17–20].
Airy minimum is indicaded by an arrow.

FIG. 3. (Color online) Angular position of the first(filled sym-
bols) and second(open squares) Airy minimum for the 01

+, 2+

s4.44 MeVd, 3− s9.63 MeVd, and 02
+ s7.65 MeVd states of12C in

a+12C scattering versus the incident energy. The lines are only to
guide the eye.
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reasonably from our theoretical results. As seen in Table I,
the volume integral for the 02

+ is much larger than those for
the other states and the potential belongs to a deeper family.
It is well known that as the volume integral becomes larger,
the number of the Airy minima increases[28]. The fact that
the number of the Airy minima for the 02

+ state is increased
shows that the lens is extremely strong compared with that
for the other states. In fact, as seen in Table I, the calculated
rms radius of the potential for the 02

+ is very large compared
with that for the 01

+ state. This means that the rms of the
density distribution of the 02

+ state of12C is extremely large.
Thus it is shown that the Airy structure in the experimental
angular distributions for the 02

+ state ina+12C rainbow scat-

tering supports that the matter distribution is dilute in agree-
ment for the idea of BEC[3].

To summarize, we have investigated the Airy structure of
elastic and inelastica+12C rainbow scattering in the
coupled-channel calculations with the folding potential de-
rived by using the precise wave functions for the12C
nucleus. It was shown that the nuclear lens for the
02

+ s7.65 MeVd state causes extremely strong refraction,
which means the dilute matter distribution of the state and
supports the idea of Bose-Einstein condensate of the threea
particles. The present approach may be also applied to rain-
bow scattering to thena-particle states of 4N nuclei near the
threshold such as the foura-particle state in16O.
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