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Observation of rainbow scattering in the !2C + !2C system at £, = 508 MeV
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The elastic scattering cross section for 12C + !2C has been measured in the range 6, = 1.5—9°.
Evidence for a nuclear rainbow effect is reported. A value of the reaction cross section is de-

duced from the optical model analysis.

[NUCLEAR REACTIONS 2C + 12C elastic scattering, E,p, = 1016 MeV, op-
tical model analysis, deduced nuclear rainbow angle, reaction cross section.

Studying elastic scattering is the simplest approach
to the nucleus-nucleus (91-9) interaction. This in-
teraction is governed both by the nucleon-nucleon
(N-N) interaction and by the blocking effect due to
the Pauli exclusion principle. The interplay between
these two quantities has been the object of numerous
recent theoretical studies.! From these works one
can conjecture an appreciable energy dependence of
the 91-9 potential over the range 10—200 MeV/
nucleon of incident energy,? thereby providing strong
motivations for heavy ion (HI) elastic scattering mea-
surements covering this energy range and a wide pro-
jectile (target) mass range. Whereas data below 20
MeV/nucleon are currently available, no intermediate
energy measurement could be performed until recent-
ly.3

For light projectiles (4 > 4), the data are generally
analyzed in the optical model using a potential with
Saxon-Woods geometry, generalized from the single
nucleon shell-model potential. Similar potential
shapes have also been extensively used for HI
scattering at low incident energy although this is
much less justified. Alternative methods, such as
using :semimicroscopic folding-model potentials* or
nuclear-matter calculated interactions,’? do exist, but
their use is still rather limited and cannot yet provide
the same systematic view of the problem as is avail-
able from a standard analysis.

A few years ago an experimental study of elastic
scattering measured with projectiles up to 4 =16 at
low incident energy concluded to the existence of a
rapid transition between light (4 < 6) and heavy
(4 > 12) ions.* For projectiles up to SLi, the absorp-
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tion is weak enough to allow refracted projectiles to
populate the elastic channel and typical nuclear rain-
bow effects could be observed in the angular distribu-
tions. For heavier projectiles (4 = 12), the scatter-
ing process is dominated by strong absorption effects
which give rise to strongly diffractive angular distri-
butions. This transition can be expressed quantita-
tively by the ratio of the imaginary well depth to the
real well depth of the optical potential W/V, which is
found to be about % for light projectiles and larger

than 1 for 2C and 0.

In this Brief Report new measurements are report-
ed for the 2C + 12C system at E;,=1016 MeV. The
results show the existence of a nuclear rainbow in the
studied system. It is concluded that this system does
not fit into the classification based on the ratio W/V
as suggested in Ref. 5.

The motivation for the new measurements was
provided by the evident lack of data from the first set
of measurements.> The experiment was performed
under the same experimental conditions as described
in Ref. 3, except that the detector angle was set by
remote control. This angle reading was calibrated
geometrically before the experiment. However,
although the measurement procedure was slightly dif-
ferent, the angular accuracy was not much better
than in the first experiment: The coincidence
between the geometrical axis used for the calibration
and the true beam position is estimated to be within
1 cm, setting a total of 0.15° laboratory maximum
uncertainty on the angle determination. This uncer-
tainty could not be removed by left-right measure-
ments because of the mechanical arrangement.
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The measured angular distribution is shown in Fig.
1. The results are in agreement with those reported
in Ref. 3 but for a small angular shift of 0.1° labora-
tory towards small angles. This angular difference is
close to the upper limit of the uncertainties estimated
for the two experiments. Therefore one can consider
that the true zero angle lies within the two deter-
minations. We shall see below that this implies an
appreciable uncertainty in the reaction cross section.
The elastic data on Ca and Y targets have also been
remeasured (not discussed here), but no such shift
was found for these targets.

First of all, let us consider qualitatively the angular
distribution shown in Fig. 1. In the small angle re-
gion, say 0., < 8—10°, the cross section is dominat-
ed by diffraction and exhibits a typical Fraunhofer
diffraction pattern. Beyond this region the cross sec-
tion exhibits a structureless exponential falloff. Such
a behavior was identified some years ago in ‘He
scattering experiments as being a typical refraction ef-
fect generated by the nuclear rainbow.® Since then,
nuclear rainbow scattering has been observed for SLi
projectiles,’ but despite several attempts it could not
be found for heavier projectiles such as °Be (Ref. 7)
and 2C (Ref. 5). Instead, a rapid onset of a diffrac-
tion dominance due to strong absorption was ob-
served at low incident energies, occurring between
SLi and '’C as already mentioned. No evidence of
rainbow scattering could be seen in the C + '2C sys-
tem studied at low incident energy,® although some
positive indications are reported from a folding model
analysis of data above 10 MeV/nucleon.’ Its appear-
ance at intermediate energy is very likely related to
the considerable surface transparency observed in HI
scattering at this incident energy.> The decrease of
the absorbing area unmasks the inner potential which
can be probed in the scattering process and refraction
effects can then be observed in the angular distribution.

A standard optical model (OM) analysis of the data
has been performed. Good fits to the experimental
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FIG. 1. Experimental angular distribution for 2C +12C
elastic scattering at £, =508 MeV. Error bars are smaller
than 10% when not shown. The curves are optical model
fits discussed in the text. They correspond to parameter sets
a (dashed curve), d (solid curve) and h (dotted curve).

angular distribution could be obtained. Some typical
examples are displayed in Fig. 1. The three curves
shown correspond to real potential depths of 15 MeV
(dashed), 80 MeV (solid), and 200 MeV (dotted)
corresponding to parameter sets a, d, and h in Table
I, respectively. It is seen that the solid curve better
reproduces the falloff in the large angle region. Such
an effect was not unexpected since the experimental
knowledge of the nuclear rainbow region has been
shown to pin down the potential depth,® which can be
related to 6z in a semiclassical theoretical approach.'
This point has been more completely investigated and
a grid search on the real potential depth has been
performed covering the range 15—300 MeV. The

TABLE 1. Optical model parameters obtained for fixed values of the real well depth V. The nu-
clear rainbow angle 8z (4°) and reaction cross section oz values are also given for each search.

Set 14 r a 4 r a' X*/N 0r ag (mb)
a 15 1.24 0.54 39.0 1.03 0.47 11 970
b 40 1.02 0.63 34.0 1.0 0.58 12 -7 1000
c 60 0.90 0.69 39.0 0.96 0.65 5.7 -11 1020
d 80 0.80 0.74 42.0 0.90 0.73 3.8 -11 1026
e 100 0.75 0.83 49.0 0.95 0.59 33 -17 1008
f 120 0.70 0.85 46.8 0.96 0.60 2.7 -16.5 1022
g 140 0.65 0.89 46.0 0.97 0.58 2.9 -17 1000
h 200 0.54 0.95 43.8 1.0 0.54 5.3 -19 1000
i 300 0.41 1.0 51.3 0.97 0.55 59 =21 1005
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results are given in Table I. One can see that the X2
distribution exhibits a broad minimum in the region
of real depth 80—140 MeV. We observe that the rise
of X%/N on the deep side (¥ > 140 MeV) of the
minimum is much less steep than on the shallow side
(V <80 MeV). A few more data points in the rain-
bow region would probably make the effect sharper.
However, we believe that these results already assess
the evidence for a nuclear rainbow effect in this sys-
tem. Note that the angular shift should mostly affect
the imaginary (real) radius of the potential (see Ref.
3) and to a lesser extent the other parameters. Table
I also gives the rainbow angles 0z obtained from the
OM phase shifts according to the classical defini-
tion.®!! These values must be considered as approxi-
mate since the imaginary part of the potential is not
small compared to the real part, at least for real
depths ¥ < 100 MeV. In the region of the minimum
X2, 0 is found in the range 10—17°, covering as ex-
pected the region of the falloff of the cross section.
At this point, it must be noted that for the best fit
parameter sets, say V' =80—140 MeV, the ratio W/V
is found to be around 0.3—0.5, i.e., a value typical of
“light’’ projectiles according to the criterion used in
Ref. 5. Indeed, the geometry of the potential fitting
the present 2C + 12C data is rather close to the best
fit sets of parameters (V27 and R 22) fitting the

SLi + 28Sj scattering data (except for the imaginary
diffuseness), and appreciably different from the best
fit potential for the 2C + 28Si data.’ This suggests
that the transition of the scattering properties with
the projectile mass observed at low incident energies

does not hold at intermediate incident energies. We
must point out however that we have not observed

any indication of rainbow scattering in our 2C +Ca

data at 1.016 GeV in the angular range investigated

0.m. < 8°. This might be due to the smaller angular
range investigated.

Also given in Table I is the reaction cross section
for each set of parameters. Two remarks can be
made about these numbers. First the dependence on
the parameter set is very small. This is at variance
with the analysis of the first set of data previously re-
ported® which were clearly insufficient to pin down
the potential. Second, the average value is markedly
larger than the values reported in Ref. 3. This differ-
ence is essentially due to the small angular shift men-
tioned above. Indeed, the position of the first
minimum at a smaller angle in the present data corre-
sponds to a larger area of the diffracting disc, and
therefore to a larger reaction cross section. Taking
into account the previous considerations on the angu-
lar uncertainty in the two experiments, we are able to
assign the following value to the reaction cross sec-
tion: og=1000%3% mb. This value is in excellent
agreement with the calculations of Peng et al.!?

In conclusion we have reported the first evidence
for a nuclear rainbow observed with 12C projectiles.
The observation of such an effect is clearly associated
with the large surface transparency of the projectile-
target system occurring in this intermediate energy
range. We have also obtained an optical model deter-
mination of the reaction cross section, in good agree-
ment with Glauber calculations.
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