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The energy dependence of both the strong absorption radius, Rg,, and the rainbow distance, Ry, in the elastic scattering
of a dozen pairs of heavy ions is studied. R, decreases with energy linearly in £1/3 while R, increases linearly in £~ %2,
The rainbow effect appears to prevail (R; > Rgy) above a certain energy which is proportional to the product Z1Z,.

The cross section for heavy ion elastic scattering, as
a function of the scattering angle, very frequently
shows a series of oscillations about the Rutherford
value with increasing amplitude up to a maximum fol-
lowed by a quasiexponential fall. Such a characteristic
pattern can be described either as Fresnel diffraction
[1] or as a Coulomb rainbow [2].

In order to elucidate whether absorptive diffraction
or rainbow refraction is the physical mechanism respon-
sible for that behaviour we compare in each case the
strong absorption radius, R,, with the rainbow dis-
tance, R,. R, is defined here as the distance of closest
approach of the Rutherford trajectory with 50% ab-
sorption:

I, +1/2\21/2
R (o [o(=57) |

with k =A/2mEjR,n=ZZ, e?/hv. And I, such that
Tr,=1— |Slsa|2 = 0.5, is interpolated after an optical
model calculation has yielded the values of the scatter-
ing matrix S; for integer I’s. R, depends on both the
real and imaginary parts of the optical potential. Simi-
larly R, is the distance of closest approach of the
Rutherford orbit corresponding to the highest momen-
tum Z, for which the classical deflection function @ (7)
has a maximum. R, is determined by only the real part
of the potential.

If Ry, > R,, the rainbow trajectory is strongly
damped and the sharp boundary of the absorptive re-
gion can produce diffraction. If, on the contrary, R,
> R, , then the rainbow effect takes place before a sig-
nificant absorption operates.
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Vaz et al. [3] find with a given optical potential for
the pair 100 + 208Pb that R, decreases and R, in-
creases with increasing energy, so that they cross at a
certain energy: near 90 MeV projectile energy if an
optimum imaginary radius, ; = 1.32, is supposed; or
about 170 MeV if a possible r; = 1.42 is taken.

We have undertaken a systematic search of the ener-
gy dependence of the strong absorption radius, R,
and the rainbow distance, R, for as many pairs as pos-
sible. Unfortunately there are not many pairs for which
good experimental data over a sufficiently wide range
of energies is available — at least not until very recently.
Moreover the well known ambiguity of the optical po-
tential also implies a certain degree of indeterminacy
in the values of R, and R|. For example, different
Woods—Saxon (WS) potentials which fit the experi-
mental data on elastic scattering 160 + 208Pb at 192
MeV to a minimum x2 within 10% give values of R,
which differ by +0.1 fm [4] . Also the value of R,
seems to be more sensitive to changes in the potential
radius R than to modifications in the central depth V;
but Igo noted long ago [5] that Vj and R can be simul-
taneously changed keeping the quantity VOeR/ 2 ¢con-
stant. So the systematics of the £ dependence of R,

- and R, can be obscured by the aforementioned ambi-

guities unless the fits to data at different energies are
done with “homogeneous” criteria.

Nevertheless we think that our preliminary results
support meaningful conclusions. Figs. 1 and 2 show
some of them: black symbols refer to Ry, and open
ones to R_. The fits to 13C + 40Ca are taken from
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Fig. 1. Strong absorption radius (black. symbols) and rainbow
distance (open symbols) as a function of the projectile energy
for different pairs of heavy ions. The curves are least square
fits described in the text.

Bond et al. [6]. They have fitted the same WS poten-
tial to data at 40, 48, 60 and 68 MeV. In this case we
have computed Ry, and R, with their potential at 15
energies between 25 and 500 MeV (only up to 200
MeV are shown in the figure): R, turns out to be lin-
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Fig. 2. Strong absorption radius (black symbols) and rainbow
distance (open symbols) as a function of the projectile energy
for different pairs of heavy ions. The curves are least square
fits described in the text.
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ear in £—1/3 with a correlation coefficient #2 = 0.9995
and R_ linear in £~3/2 with r2 = 0.9973. (This behav-
iour remains to be interpreted, and of course one and
the same potential is not expected to fit data at very
different energies.)

In view of this fact we have plotted the experimen-
tal values of R, and R, versus £~1/3 and drawn the
curves R, =a + bE~13 and R, = ¢ — dE =32 fitted
by the least squares method to the points for each pair.
The correlation coefficients are almost always very
close to 1 at least when the fits at different energies
are with the same potential or with a smooth energy
dependence,

The WS fits for 20Ne + 40Ca are from Van Sen et al.
[7] with energy dependent geometry. The other cases

61 +40Ca; 160 + 28si, 40Ca, 59Co, and 208Pb; and
0Ca + 40Ca) are taken from a paper by Satchler and
Love [8] on the folding potentials. Except that we
have approximated their real folding potential by the
analytical expression.

V(r) = —Vos”e—s/", if s 2 na,
Vir)=—-Vyna)te™", ifs<na
with

s=r—C1—C2, Ci=Ri—Ri_1’

R;=(1.13+0.0002 4,) 4}/3,

The validity of this approximation in the relevant re-
gion (s > 1) is pointed out in ref, [8] and described in
detail elsewhere [9]. Data for 160 + 208Pp from
Videbaek et al. [10] have also been used.

Of similar appearance, though not shown in the
figures, are the R, (£) and R (£") values deduced from
WS energy-dependent fits recently published by
Fortune et al. [11] for the pairs 160 + 26Mg and 160
+ 30,288 at four energies from 35 to 50 MeV, and
three sets of WS fits to 9Be + 28Sj at seven energies
from 12 to 30 MeV published by Bodek et al. [12] ..

In all the cases the crossing point of the curves
R, (£) and R (E) corresponding to the same pair can
be interpolated or extrapolated from the experimental
points. We have obtained it by equating the fits 2
+bE-13=c_dE-3/2,

This crossing energy, as measured in the center of
mass system, £X . has been plotted versus the product

cm?
Z,Z, in fig. 3. In order to have a more convenient spac
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Fig. 3. The crossing energy, where R ga = Rp, measured in the
c.m. system, as a function of Z,Z,.

ing of the points a log—log scale has been chosen. The
highest point comes from the pair 84Kr + 209Bi, We
have fits at two energies only [13], but they fall at
either side of the crossing point and permit a good de-
termination of it.

The values plotted in fig. 3 follow a proportionality
law

EX, =0.165Z,Z,, (1)

with a rms deviation of 5%.
In contrast the two reactions with “light” heavy
projectiles, not included in fig. 3, deviate from this law
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by 80% (°Be + 28Si) and 70% (6 Li + 40Ca). If our sam-
ple is meaningful this would be another instance where
Li and Be do not fully behave like heavy ions.

In summary, our work suggests that rainbow scatter-
ing dominates over absorptive diffraction at sufficient-
ly high energy and the limit energy is proportional to
the Coulomb repulsion according to eq. (1). Also a lin-
ear dependence of Ry, on E~1/3 and of R, on E —3/2
is found with the available data.

We are grateful to G.R. Satchler for communicating
to us valuable data and to the Instituto de Estudios
Nucleares, Madrid, for financial help.
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