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Forward Glory Effects in the Elastic Scattering of '2C+i2C
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It is shown that the elastic scattering of ' C+ ' C in the center-of-mass energy range
6 ( E ( 31 MeV exhibits forward glory enhancement. Semiclassical analysis of the quan-
tity

R& th el
dO dO

indicates that the best candidate for a ' C+ ' C interaction potential is a small-radius,
deep Woods-Saxon potential, in qualitative agreement with the results obtained from re-
cent analyses of do~ &/d9 done at higher energies.

PACS numbers: 25.70.Cd

Recently several analyses of elastic and inelas-
tic scattering data of light-heavy-ion systems at
intermediate energies have been reported. ' The
main conclusion reached has been the removal
of some of the major ambiguities attached to the
ion-ion optical potential usually extracted from
data taken at lower energies. This is accom-
plished at intermediate energies because of the
incipient dominance of the far-side amplitude
over the near-side one, ' thus leading to a greater
degree of sensitivity to the details of the ion-ion
interaction at shorter separation distances.

In a parallel theoretical development, ' the ob-
servation has been made that the extraction and
analysis of the forward glory contribution to the
elastic scattering would also furnish further
constraints on the interaction potential. It has
been suggested in Ref. 3 that a careful study of
the quantity

g d&RUth

d0 dA

where o~ is the total reaction cross section, do/
d the elastic differential cross section, and
doR„,h/dQ the differential Rutherford cross sec-
tion, can supply the above mentioned constraint.
This comes about as a consequence of the optical
theorem which relates &a~, which is the differ-
ence between the total cross section and the total
Rutherford cross section, to the imaginary part
of the forward nuclear" scattering amplitude,
vlZ, ~

b.vr =(4~/0) lm[f(0) -fR„h(0)I,

where f and fR«h are the total and Rutherford
scattering amplitudes, respectively, and & is the
asymptotic wave number of relative motion. The
occurrence of forward glory, a refractive effect,
leads to a major enhancement in &0~.

0 SOD
da, er
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where do M/d& is the Mott cross section. The
total reaction cross section 0& is obtained from
the summed contribution of the complete fusion
cross section, a~, and the total, angle-integrat-
ed, cross section of direct processes aD.

Recently Kolata et ~l.' measured the total n
yield in the ' C+ C fusion. The contributipn tp
a~ arising from the 3& evaporation, not taken in-
to account in previous fusion measurements,
was determined. An anomaLous & yield, whi~h
seems to be a direct process, was included in OD.

We used o& from Ref. 5, and calculated the 0&
from pther fusion measurements, ' summing tp
them the 3& evaporation, and considered oD as
composed of the total angle-integrated inelastic
cross section" and the anomalous & yield. '

The quantity osoD was constructed by Treu
et al.' and more recently by Ledoux et al."from
the measured elastic scattering angular distribu-
tions. The quantity of interest in this Letter,
ba» was then evaluated, as indicated in Eq. (l),
namely &0~ =0& —o soD.

Because of the dispersion inherent in both o&
and aso» we present our &0~ as a band, whose
width is much smaller than its mean value. This
band of points representing «~ is plotted in Fig.
1 versus the center-of-mass energy. One sees
clearly the beginning of the large-period oscilla-

In this Letter, we present evidence for the for-
ward glory enhancement in &02 for the scattering
of ' C on '2C in the energy range 6&E,.~ &31

, MeV.
We have determined the quantity &o ~ from ex-

isting experimental data on the total reaction
cross section, 0&, and published values of the
sum-of-differences cross section,
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where o
& is the C'oulomb phase shift of the 1th

partial wave and ~, is the sharp-cutoff angular
momentum that specifies the value of the total re-
action cross section through vs = (&/k')(&, + i)'.
We consider as a criterion for the refractive en-
hancement in &a~ due to forward glory scattering
the following:
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FlG. 1. The quantity &0& for the C+ C system,
calculated with the Yale potential @=14MeV, &„=1.35
fm, g„=0.35 fm (dotted curve); with the small-radius,
deep interaction, +=250 MeV, &„=0.66 fm, g„=0.63
fm (full curve); and with the sharp-cutoff limit, Eq. (3)
(dashed curve). The data points were extracted from
Ref. 5 (open triangles), Ref. 6 (open circles), Ref. 7
(full circles), and Ref. 8 (full triangles), with use of
0&oD from Refs. 10 and 11. The sizes of the vertical
bars indicate the overall error in the derived data
points.

tory behavior expected from the theoretical study
of Ref. 3. To ascertain the refractive nature of
&o&, we show in the figure ~o2 calculated in the
sharp- cutoff approximation":

&c

acr"' = —,Q (21+1)cos2(z, , (3)
&=o

which is clearly satisfied by the "C+"C &0~
data shown in Fig. 1.

It has been pointed out in Ref. 3 that different
optical potentials that give similar reasonable
fits to the ratio to Rutherford scattering at small
angles may give quite different &0~'s. Thus
through the confrontation of the calculated &a~
with the experimental one, a less ambiguous opti-
cal potential may be deduced. " We have tested
this idea on our "C+"C case. We have con-
sidered two optical potentials that both generate
forward glory scattering, that is, the correspond-
ing classical deflection function g(1) passes
through zero at a finite value of l, lg~.

The first optical potential we considered in our
analysis is the one suggested by Reilly et al."
This Woods-Saxon potential, whose parameters
are V=14 MeV, a„=0.35 fm, r„=1.35 fm, 5'
= 0.4 MeV+0. 1E,. „, a =0.35 fm, r =1.40 fm,
reproduces reasonably well the elastic scattering
angular distributions of "C+"C and accounts for
the structure seen in the excitation function at
90 . We calculated &&& using the Ford-Wheeler, "
stationary-phase approximation, which gives

"X/2

! sin 2(v) )+ 5) ) ) ——

!of &a~ comes out right; however, there is a ma-
jor discrepancy in the phase. We have also cal-
culated &~~ for a potential tailored according to
that obtained from the analysis of the intermedi-
ate-energy data; a rather small-radius deep
Woods-Saxon interaction. We have takeo V=250
MeV, r„=0.66 fm, and a„=0.63 fm." The result
is presented in Fig. 1 as the full curve. The
agreement with the general trend of the data is
striking. This agreement with the behavior of
the data is made meaningful by the fact that the
elastic scattering angular distribution with this
real potential and with 8'=0.4 MeV+ 0.3E, r
=0.93 fm, a =0.35 fm, is coming out as reason-
able as the one obtained with the Yale potential,
as clearly seen in Fig. 2.

The fact that &a~ is acting as a filter to the ap-

(de/di), „
where ~g q is the nuclear phase shift evaluated at
the forward glory angular momentum lg ~, and

S~g,
" is the reflection coefficient at &g ~. We have

found that the reflection coefficient I ~)g &
I for

the Yale potential is very close to unity in the en-
ergy range of interest. Further, the effect of ab-
sorption on Ig ~ was found to be small too. This
convinced us that the use of a classical deflection
function is more than adequate. The nuclear phase
shift ~," is a rapidly varying function of ~ in the
forward glory region. However, its value at l&~,

is quite smal I as our optical —model calcula-
tion has shown us.

The result of our calculation of d'or, Eq. (5),
for the Yale potential, using ()(l) and lg, generated
classically from the real part alone and setting

~ ~gg,
"

~
=1 and &, ,

"=0, is shown in Fig. 1 as the
dotted curve. We see clearly that the magnitude
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that exactly this type of potenital is seen to
emerge f|.om the analysis of intermediate-energy
data. At these higher energies a remnant of a
nuclear rainbow scattering (scattering to negative
angles) is seen to occur. At the low energies
considered in this Letter, our deep potential gen-
erates a strong orbiting situation, which would
persist up to a critical energy given approximate-
ly by"

i, =2katir —arctan(lV/V)]

if an etlual geometry for 8'(r) and V(~) is as-
sumed. Therefore the two equations above fur-
nish two invariants for do (&)/d& and &o» supply-

ing, thus, important constraints on the parame-
ters of the ion-ion interaction, as our calcula-
tions clearly indicate (see Figs. 1 and 2). Though
not quite applicable at the low energies we are
considering, Eels. (6) and (7) do supply two rea-
sonable qualitative constraints.

In connection with the deep potential that gave
the best account of &o~, it is important to stress

Z„= ' " + [(a„-2a„)'+2a„'],V(R) V

V V

where V, (&„) is the Coulomb interaction at the
nuclear potential radius &„. Using the parame-
ters of our potential, V=250 MeV, r„=0.66 fm,
a„=0.63 fm, we obtain E„=72 MeV, well above
the energy at which our collected data points end.
It would be quite interesting to extend the pres-
ent study to energies higher than E„,where both
nuclear rainbow and forward glory would be act-
1n ge

In conclusion, we have presented in this Let-
ter strong evidence for the forward glory scatter-
ing phenomenon in the "C+"C system, as ex-
emplified by the enhancement and oscillation in

&0~. To our knowledge, this is the first time
that such a phenomenon has been seen" in nucle-
ar heavy-ion scattering. " We have clearly shown
that a joint analysis of both do'/d& and b.or re-
veals a less ambiguous interaction potential. The
"C+"C potential we obtained from our analysis
is quite deep and resembles closely the interac-
tion potential deduced from analysis done on the
elastic scattering of "C+"C at intermediate en-
ergies (& —15 MeV/nucleon) and that calculated
from the double folding model. "
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FIG. 2. The elastic scattering angular distribution
for ' C+ ' C at three center-of-mass energies (Ref. 11).
The theoretical curves were obtained with the Yale
potential (see caption to Fig. 1) with @=0.4 MeV
+ 0.1 Rc ~, ~ =1.40 fm, a =0.35 fm (dashed curve),
and with the small-radius, deep potential of Fig. 1
with 8'=0.4 MeV+ 0.3 Ec ~ . , g~ =0.93 fm, and a~
=0.35 fm (full curve). The total reaction cross section
obtained with the latter potential is slightly smaller
than the experimental value. The values of iS,

&
i in

hagi
both cases come out close to unity.

propriate optical potential that best represents the interacting system would be understood easily by
the fact that do(0)/dQ probes a certain combination of the optical-potential parameters, whereas Scar
tests a different combination. This situation becomes quite clear at higher energies where the forward
glory impact parameter, bgi =lgi/k, becomes independent of energy":

(6)

and the slope of d&x(9)/d& in the drop-off region
(the region of the iluarter-point angle) is deter-

ed basically by, xs
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Note added. Because of the difficulty inherent
in evaluating jdQ(do/dQ —dvR„, h jdQ) [C. Marty,
Z. Phys. A 309, 261 (1983)], we suggest that a
more precise analysis of the forward glory ef-
fects should follow the method used by Jappesen
et al. [Phys. Rev. C 2V, 697 (1982)] in their ef-
fort to extract the forward pion-nucleus ampli-
tude.
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