RAPID COMMUNICATIONS

Bose-Einstein condensation otv particles and Airy structure in nuclear rainbow scattering

PHYSICAL REVIEW C 70, 041602R) (2004

S. Ohkubd and Y. Hirabayashi
1Department of Applied Science and Environment, Kochi Women’s University, Kochi 780-8515, Japan
2Information Initiative Center, Hokkaido University, Sapporo 060-0810, Japan
(Received 4 December 2003; published 25 October 004

It is shown that the dilute density distribution afparticles in nuclei can be observed in the Airy structure
in nuclear rainbow scattering. We have analyzed“C rainbow scattering to the;q7.65 Me\) state of'°C
in a coupled-channel method with the precise wave functionst¥or It is found that the enhanced Airy
oscillations in the experimental angular distributions for thetate 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 condensatigBEC) has been well known bow scattering involvinga particles and light heavy ions.
for liquid “He and recently in a dilute g4&]. For systems of Among them, it is suggested thafC+'°C(2* 4.44 MeV)
strong interaction, pion condensation and kaon condensatiggtattering shows some similarity to elastic rainbow scattering
have been proposed but have not been confirmed experimef®,10. On the other hand, from the theoretical point of view,
tally. An « particle, which is a boson composed of two pro- inelastic nuclear rainbow scattering has hardly been studied
tons and two neutrons, also plays an important role in undeartly because there is no classical counterpart in meteoro-
standing the structure of nuclei. In fact, the success of théogical rainbow scattering. To reveal the existence, as well as
a-cluster model in light-and medium-weight nucl§2] its mechanism, of inelastic nuclear rainbow scattering has
shows that anx particle behaves as a constituent unit inbeen a challenging subject in nuclear phygis
nuclei. Recentlya-particle condensation in light nuclei, es-  Very recently, Michel and Ohkubfl1] have shown the
pecially in?C and'®0, has been proposéd]. Uegakiet al. ~ existence of an Airy structure in inelastic scattering and its
[4] and Kamimura et al. [5] have shown that the mechanism by studying the+%°Ca system systematically.
0, (7.65 MeV) state of*2C, which is 0.39 MeV above the The existence of Airy minima has been clearly shown in the
threshold, has a well-developedcluster structure with the inelastic ~scattering of a+*Ca(3~3.74 MeV) and «
8B8e® a configuration. Tohsakét al. [3] conjectured that this +*°Ca(0; 3.35 Me\) at the incident energy d&,=50 MeV.
may be a BEC state af particles in that weakly interacting The mechanism was explained in the same way as in the
three « particles are sitting in the lowest single-particle 0 elastic scattering, in terms of barrier-wave and internal-wave
state like a gas with a dilute density distribution obeyingdecomposition. It was shown that the Airy minima in the
Bose statistics. Its calculated rms radius, 4.29 fm, is faangular distributions for inelastic scattering are shifted to
larger than the experimental rms of the ground statelarger angles compared with those for elastic scattering.
2.65 fm. However, the experimental rms radius for this ex-Also, the larger the excitation energy of the state, the more
cited state is unfortunately not available. This dilute propertythe Airy minima are shifted to larger angles. The
has not been experimentally confirmed in a direct way. In0; (0.0 MeV), 0; (3.35 Me\), and 3 (3.74 Me\) states of
this paper we show that the dilute density distribution of the*’Ca have normal density distributions.

0, state can be confirmed in the Airy structure observed in A nucleus behaves like a lens, that is, the trajectories of
a+ 12C rainbow scattering. the incident particles go through the focus of the target
Nuclear rainbow scattering is well known im-particle  nucleus[12]. This is especially clear at the low incident en-

scattering[6] and in some light heavy-ion scattering such asergy region where anomalous large angle scattq¥ig\S)

160 +1%0, 80 +1%C, and**C+*C [7], for which absorption [13] is observed. Recently, it has been shown that the nucleus
is weak. The rainbow scattering and the associated Airys very similar to a Lunenburg lens and the nuclear rainbow
structure can be well described by a deep folding type pois understood to be caused as an astigmatism of thg1dhs
tential. The angular distributions of rainbow scattering areAlso, in the energy region where the effective potential ac-
sensitive to the potential up to very internal region, whichtive in the scattering displays a pocket, the origin of the Airy
made it possible to determine the interaction potentiaktructure is understood in a consistent way in terms of
uniquely and precisely. For example, the equation of state ahternal-wave and barrier-wave decomposition of the scatter-
nuclear matter was concluded to be soft from the study ofng amplitude[14—14. As illustrated in Fig. 1, this suggests
rainbow scattering using a folding model potenfi@). This  that if the density distribution of the;Gstate of*?C is dilute,
shows that the wave function of the nucleus used in derivingts role as a lens should be qualitatively very different from
the folding potential is very sensitive to rainbow scattering. that of the ground state with a normal matter distribution.

Rainbow phenomena are only observed in the limited nuThe size of the lens for the,Gstate would be considerably
clei where absorption is incomplete. Therefore, the existenckarger than that for the ground state. If the two lenses, that is,
of nuclear rainbow in inelastic scattering is rarely expectedthe two potentials for the ground staté &nd the Q are so
In fact, there are only a few measurements of inelastic raindifferent, this difference would be observed in the Airy struc-
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Rainbow scattering TABLE |. The normalization factomNg, volume integral per
nucleon paitdy, rms radiugR?)¥2 of the folding potential, and the
¢ strength of the imaginary potential. The radRg=4.7 fm and dif-
fuseness,=0.7 fm of the imaginary potentials are used.
%
OB | az2a1 B, v = W
= (MeV) Ng Jm (MeV fm3) (fm) (MeV)
Dilute density 0 139 1.23 Q 294 3.484 8.0
(e lens) 2" 291 3.469 10.0
3 327 3.742 14.0
0; 366 4.304 28.0
o 166 126 Q 286 3.499 7.0
= 2+ 283 3.485 10.0
_EA S| A 3 320 3.752 14.0
= . .
,
Nispensl disoity 0; 358 4.310 27.0
(il Tavia) 0 172.5 126 0 292 3.506 7.5
2* 289 3.493 9.0
FIG. 1. lllustration of a+%C rainbow scattering from theIO 3" 327 3.758 12.0
state(with a compact lensand the § state(with a large lengand 0} 367 4.315 250
the Airy structure in the angular distributions. 240 1.42 9 264 3532 75
ture of rainbow scattering involving?C. For the latter, the 2¢ 261 3.519 12.0
number of the Airy minima in the angular distributions 3" 295 3.777 17.0
should certainly increase. According to RE3], the volume 0} 330 4.328 30.0
of the G state is about five times as large as that of the 0
state.

In this respect, inelastic railnbow scattering data involvingpy taking into account simultaneously thg @.0 MeV),
the equtatlon to the })stgte of 2C play an important role in o+ (4.43 MeV), 0} (7.65 MeV), and 3 (9.63 Me\) states of
extracting the structure information about the_unusual behavc The diagonal and coupling potentials for the alpf@-
ior of this state. Fortunatelgzthere are gxper!mental da‘ga °§ystem are calculated by the double-foldifF) model,
rainbow scattering for the+~“C system involving the exci-
tation to the relevantDstate[17—20; to the best our knowl- @ (*%)
edge, these data have not received attention from the view- Vij(R) = f poo (F)py 7 (rJunn(E,p,r 1+ R = r5)drqdry,
point of BEC. We think these data are very useful at this
stage in investigating whether th&C (03) is in a dilute state (1)
or not, considering that there are no direct experimental datﬁ/herep
concerning the rms radius for this state and that all the papers;; o, L
on the BEC of the Dstate published up to noi, 2124 are Rhile -UNN denotes the density d(?pendent M3Y ef(fgcc)tlve in
based on the theoretical conjectures through the elaboratgraction(DDM3Y) usually used in the DF modegp; ~'(r)
analyses of the wave function of th§ State. represents the diagon&i=j) or transition (i #j) nucleon

Elastica+2C scattering was thoroughly measured from adensity of ?C which is calculated in the resonating group
low energy to a high energy region and systematic data aréethod by Kamimuraet al. [5]. This coupled-channel
available. However, the well-known difficulty for this system method was successfully used in the analyses of the reactions
is that there has been no global optical potential which deinvolving *°C [26]. In the calculation of densities 6fC, the
scribes the scattering data from a low energy to a high energghell-like structure of the ground statg, ®* (4.43 MeV),
region consistently. This situation is in contrast to the and 3 (9.63 Me\) states, and the well-developedcluster
+1%0, o+ 15N, anda+1C systems, for which the global po- structure of the D(7.65 Me\) state are simultaneously well
tentials have been uniquely established from systematiceproduced. These wave functions have been checked for
analyses of the elastic scattering data. These global potentiaisany experimental data, including charge form factors, elec-
are essentially similar and well reproduced by a foldingtric transition probabilities, and reactions involving excita-
model potential. This contrast seems to be related to the péion to the § state[5,26]. (Recently, it was shown that this
culiarity of the structure of thé’C nucleus. Although a glo- wave function for the Dis almost completely equivalent to
bal «—1?C potential has been an open problem for manythe Bose condensate wave functi@®].) In the calculation
years, it has been shown that a folding-type deep potentidhe normalization factoNg for the real part of the potential
can reproduce the experimental angular distributions ais introduced. Imaginary potentials with a Wood-Saxon form
higher energy region in the coupled channel metfi. factor are introduced phenomenologically for each channel.

We analyze the elastic and inelastic angular distributiong'he properties of the real folding potential and potential pa-
of a+1C rainbow scattering in the coupled-channel methodrameters used are given in Table I. The energy dependence of

f)%)(r) is the ground state density of alpha nucleus,
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Ref. [11], the first Airy minimumAL(2*) for the 2" state is
FIG. 2. The elastic and inelastic angular distributions of  slightly shifted to a larger angle than that of the elastic scat-
+¥%C scattering calculated in the coupled channel metfsmid  tering due to its excitation energy 4.44 MeV. Similarly, the
lines) are compared with the experimental dgmints [17-20.  A1(3") for the 3 state is a little more shifted to a larger
Airy minimum is indicaded by an arrow. angle than that of theA1(0;) and A1(2*). Likewise, the

the obtained potential parameters is reasonable. Table AL(0z) for the G state corresponds to the minimum at about
shows that the normalization factor increases at higher enef1°. As seen in Table |, this rather large shift to a larger angle
gies. However, the obtained volume integral shows reasoriS due to its very large volume integral as well as its large
able energy dependence that is consistent with the phenorfXcitation energy of this state. Similarly, the Airy minira
enological potentials irv-particle scattering. for E, =166 and 139 MeV are determined in the experimen-
Figure 2 shows the calculated results in comparison wittfél data. Very recent data at 240 Me20] are consistent
the experimental angular distributions of elastic and inelastiavith th_'S assignment.
a-particle scattering fromt?C at the incident energies of  InFig. 3 we see that the positions At for the d, 2*, and
E, =139, 166, 172.5, and 240 MeY17-20. The data of 3 states are shifted to larger angles as the excitation energy
elastic angular distributions show a typical rainbow falloff increases. Since the potential for these three states is almost
followed by the Airy minima in the forward angular region. the sameTable ), this shift is understood to be due to its
Similar structures with maxima and minima, as well as theexcitation energy. A similar trend is typically seen in inelastic
falloff of the angular distributions, are also observed in thea+" Ca scattering to the excited states 5f(3.35 MeV) and
inelastic scattering data. We notice the following points in3” (3.73 Me\V), as recently shown in Refl1]. Interestingly,
the inelastic scattering datgl) The angle that the falloff the position of theA1(03) andA2(03) is not in this line. If the
starts is shifted to a larger angle than that of elastic scattetens for the § state is not very different from the other three
ing. (2) For the § state, the number of the Airy oscillations states, the position of thé&1(0;) and A2(03) should be
is larger than that for thej0 2%, and the 3 states. The char- shifted to larger angles than that of thé &tate and be
acteristic features of the experimental angular distributionsmaller than that of the 3 However, on the contrary, they
are reproduced by the calculations. are more shifted to larger angles than that of thestate.
The first Airy minimumAZL(0;) for elastic scattering can This shows that the refractive effect is much stronger for the
be determined without ambiguity by calculating the farside0; than the 3 state. In other words, the potential is much
cross sections in the optical model that reproduces the exwore attractive for the Dthan the 3 state as well as the]0
perimental data. Also by calculating the deflection functionand 2 states. This consideration is supported further by the
for the real part of the optical potential, the rainbow angle fact that the second Airy minimurA2 is only observed for
therefore, the angle 0kl can be confirmed. As seen in Fig. the G, state in the experimental angular distributions. This
2(c), for example a, =172.5 MeV, the minimum at about increase of the number of the Airy minima can be understood
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reasonably from our theoretical results. As seen in Table ltering supports that the matter distribution is dilute in agree-
the volume integral for the Dis much larger than those for ment for the idea of BEQ3].

the other states and the potential belongs to a deeper family. To summarize, we have investigated the Airy structure of
It is well known that as the volume integral becomes largerglastic and inelastica+°C rainbow scattering in the
the number of the Airy minima increasg®3]. The fact that coupled-channel calculations with the folding potential de-
the number of the Airy minima for the;Gstate is increased rived by using the precise wave functions for thec
shows that the lens is extremely strong compared with thatucleus. It was shown that the nuclear lens for the
for the other states. In fact, as seen in Table I, the calculated, (7.65 Me\) state causes extremely strong refraction,
rms radius of the potential for the; @ very large compared which means the dilute matter distribution of the state and
with that for the @ state. This means that the rms of the supports the idea of Bose-Einstein condensate of the three
density distribution of the Dstate of'?C is extremely large. particles. The present approach may be also applied to rain-
Thus it is shown that the Airy structure in the experimentalbow scattering to thea-particle states of M nuclei near the
angular distributions for thejstate ina+*2C rainbow scat-  threshold such as the four-particle state int°0.
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