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Abstract 

Values of o R and o- are obtained itom an optical model analysis 

of C - C elastic scattering data between 6 and 85 MeV/A. They confirm 

rhe general trends predicted by DeVries and collaborators but show 

discrepancies at the region of the maxima. The o.m. analysis indicates 

a significant decrease of the real potential strength with energy. 



I. INTRODUCTION 

DeVries and collaborators (DeVries and Peng 1980, Feng et al. 1981) 

have predicted a pronounced energy dependence of the total cross-section 

0_,{E) and the total reaction cross-section o_(E) for heavy ion systems. 

According to their microscopic calculations, o and o„ should rise with 

energy, reach a maximum, and then decrease as- E/A surpasses a few tens 

of MeV/nucleon. This behaviour is assumed to reflect the strong energy 

dependence of the nucleon-nucleon total cross-sections. Independently, 

Schaeffer (1978) has predicted that the transition from coherent to 

incoherent damping processus in heavy ion systems, occuring between 

50 MeV total energy and 40 MeV/A, should manifest itself in the energy 

dependence of the absorption. 

These theoretical estimates have motivated a number of measurements 

(Brandan and Menchaca-Rocha. 1981, Buenerd et al. 1981, Cole et al. 1981, 

Buenerd et al. 1982) of the elastic scatteric differential cross-section 

at bombarding energies above 10 MeV/A. Values of o_ and a are calculated 

from these data, either through an optical model (cm.) analysis or a 

direct parameterization of the scattering matrix elements. 

12 12 We present here the values of a R and a- for the system C - C 

calculated from an o.m. analysis of data between 6 and 85 MeV/A. They 

confirm the predicted strong energy dependence of the cross-sections* 



2 - OPTICAL MODEL ANALYSIS 

He present the results of an o-m. analysis of recently published data 
12 12 

in the system C - • C. The values of o R and cr calculated from this 
analysis are presented in Section 3. The analyzed data include eight bom 

barding energies between 122 and 289 MeV (Cole et al. 1981) and one at 

1016 MeV (Buenerd et al. 1982). 

The work by Stokstad et al. (1979) at energies between 70 and 126 MeV 

showed that a complex optical potential with a Woods Saxon real form factor 

could not account for the elastic scattering differential cross-section 

in this system. A different potential shape is necessary in order to fit 

their data at the most backward angles, between 60° and 90° cm.. Good fits 

could be obtained with a potential consisting of a double-folding real part 

and a ({oods-Saxon imaginary term. This o.m. analysis follous the same prescri; 

tion, assuming a folding real part, 380 MeV deep at the center (Satchler 1930̂  

similar to that of Stokstad et al, (I979). 

The search for parameters was performed with the code HIGENOA, each 

energy being analyzed independently. The four parameters free to vary were N, 

the normalization of the real potential, and W, r., a., the usual depth, 

reduced radius and difuseness parameters of the Hoods Saxon imaginary poten

tial, respectively. Figure 1 presents the data and o.n, fits at soae of the 

energies analyzed. The search showed that rather large values of the imaginar 

difuseness (a. - 0.70 -0.85 fin) were needed to fit the data, particularly 

the rainbow-like structures in the most backward angles at 161 and 289 MeV. 

The 4-parameter searches showed it possible to set r. and a. equal to 0.91 

and 0.80 fmj respectively at all energies but 1016 MeV, which required 

a. • 0.62 fm. Values of N and W from the 2-paramater searches are shown in 



Fig. 2. The two data points at 24 MeV/A shown in fig. 2 correspond to 

different angular distributions measured by Cole et al. (1981);.The solid 

symbols refer to the 289 MeV data in fig. 1. 

As seen in Fig. 2, the real potential changes from a maximum 

value of about 1.1 times its calculated strength at 10 MeV/A, down to 

N = 0.55 at 85 MeV/A. Stokstad et al. (I979) had found a slight increase 

in N from 1,0 at 6, MeV/A up to 1.1 at ]0 MeV/A. At 1016 MeV, Buenerd et 

al. (1982) have fitted their data with Woods Saxon potentials both for 

the real and the imaginary parts, finding for the real radius values 

much smaller than those usually found at lower energies. This result may 

be interpreted, as well as ours, as an indication of a significant decrease 

of the strength of the real potential at high energies. The depth of the 

imaginary potential, for a fixed geometry, increases with energy up to a 

value close to 55 MeV and remains roughly constant above 15 MeV/A. 

Few parameters ambiguities were encountered in the analysis. Different 

features of the angular distributions seemed to be associated with particular 

parameters. The angular location of the first diffractive minima was mostly 

determined by N and a., the overall slope of the angular distribution by W, 

and the strenght of the oscillations beyond the third diffraction minimum, 

by a. . Tliere is a continuous ambiguity between W and r. . Error bars in Fig. 2 

indicate the range of values N giving equivalent fits, in terms of x^/N, at 

each energy. 

As discussed somewhere else (Brandan Ï982, Buenerd et al. 1982) the 

angular distributions at 161, 289 and 1016 MeV present the characteristics 

of a nuclear rainbow in their mosfibackward angular region. The only remarkab 



aspect Of the search at-'these energies vas the forcrcentioned requirement the 

a large difuseness intthe first two'cases. 

Notch perturbation tests as proposed by Cramer and DeVries (1980) to 

localize the regions of the potential to which the data are sensitive, show 

that at 289 HeV the measured angular distribution is mostly sensitive to' 

values of the potential between 4.5 and 7.0 fra. At 1016 MeV,'perturbations in 

the region between 3.0 and 7.0 KeV produce appreciable changes in the calculât 

angular distribution over the measured angular domain. These tests set the 

îimits in the knowledge of the potential from the analysis of these data. 

3 - DETERMINATION OF g ? AND c T 

The determination of <j_ and o_ from o.m. analyses of elastic scattering 

data is subject to uncertainties due to ambiguities in the values of the 

parameters deduced from the data. A correlation found between o R and the 

imaginary difuseness (Brandan and Henchaca-Rocha, 1981) enables the use of 

an averaging method to obtain values of o and an estimate of their 

uncertainty due to o.m. parameter ambiguities. The same relation has been 

found to hold between o- and a^, and ve have extended the method to 

calculate both cross-sections and their uncertainties. The values are shown 

in Fig. 3. Also included are three data points at lower incident energies, 

70.7, 93.8 and 121.6 MeV, obtained by the same procedure applied to data 

previously published by Stokstad et al. (1979). The error bars shown at 

1016 HeV include an estimate of possible inaccuracies due to inconsistencies 

found (Buenerd et al. 1982) between two different sets of elastic scattering 

angular distributions at the same energy. The uncertainties arising solely 

from o.m. parameter ambiguities at 1016 MeV amount to ± 16 and ± 19 rab 

fora- and a„, respectively. 



Cole et al. (1981) quote values of o R and o T from an o.m. fit to 

their data with Woods Saxon geometries for both terms in the potential. 

Those fits are not equivalent to the ones shown in this work since they 

only describe the forward angular region of the distributions, and 

the deduced o R and a-, cannot be compared to ours. Buenerd et al. (1982) 

have also deduced 0- from .an o.m. fit to the 1016 MeV data assuming 

Hoods Saxon form factors for both the real and the imaginary parts, and 

their value is in good agreement with our evaluation. 

Model calculations show that the determination of the cross-sections 

from an o.m* analysis is mostly sensitive to the accurate' knowledge of the 

scattering angle. At 289 MeV, angular shifts of 0.2'c.m. produce changes 

of 5 Z in <jR. Changes of 10 % in the overall normalization of the data 

modify a K in 2 %. In Fig. 3, two values are given at 122 MeV : one obtained 

from data by Stokstad et al. (1979), and the other from Cole et ai. (1981). 

The calculated o R differ in more than three times the quoted uncertainties 

for each of the values as a consequence of an angular shift of about 0.5° 

between the two measurements. 

The strong coupling to inelastic channels (Stokstad et al. 1979) 

suggests that our analysis should include their effect. He performed test 

coupled channel calculations at various energies to estimate the extent of 

the effect in the deduced values of a , and found that the changes in the 

total reaction cross-sections were negligible after the simultaneous fit of 

the elastics and the 4.43 MeV 2 state differential cross-sections. Since 

our interest has been to obtain values of the total cross-section from 

elastic scattering data, «a did not pursue in the analysis of the inelastics. 



4 - DISCUSSION 

4')-Comparison with a phase shift analysis 

The dashed curves in Fig. 3 represent the results obtained from 

a phase shift analysis (Cole et al. 1981) of the same data between 70 and 

289 MeV. The S-matrix elements were parameterized and the values of the 

parameters optimized as to give a good description of the data in the 

forward angle region only. The values obtained for 0-. (dashed curve) are 

systematically lower than our o.m. results. Fig. 4 shows the quantity 

1-|S,|, parameterized as a Fermi functions by Cole et al. (198!), and the 

transmission coefficients l-|si I from which o_ is obtained . -

(oR - 2ir/k2 £(21+1)(I.-|S1|2).) We find that the parameterized l-|si|2 

are all smaller than the results from the o.m. analysis, resulting into 

smaller ov, as seen in Fig. 3. The discrepancy between results from both 

analyses is not as large for «_. as it is for o„. The coefficients that 

enter in the expression for c_, l-ReS„ do differ but the differences 

partially compensate when a_ is evaluated. 

The region of large l's in Fig. 4, where the difference between 

the two methods is greater, may be associated with partial waves leading 

to scattering into small angles. In fact, a deflection function calculated 

from the real part of the potential shows that a 289 MeV, 1 > 40 scatter 

into 0 < 3°, where no experimental data exist. This means that the values 

of the transmission coefficients for large l's depend mostly on the values 

taken at smaller partial waves, optimized to fit the existing data, and 

the chosen parameterization. After comparison of the best fits to the data 

obtained by either method, (Cole et al. (!98I), Fig. 1) and Fig. 1 this 

work, it is clear that the particular S-matrix parameterization chosen 

by Cole et al. is unable to describe the complete angular distributions 



and only the forward diffractive features are well reproduced. From this 

standpoint, the phase shifts obtained from the potential parameterization 

(i.e. the o.m. analysis) give a much better description of the complete 

set of existing data, and «e may expect that they will also give a more 

accurate evaluation of 0 R and o_. 

12 12 A direct measurement of o R in the system C - C has been 

recently reported (Cherkaoui-Tadili 1982) at an incident energy of 112 MeV. 

It gives a value a_ = 1465 t 70 mb, in excellent agreement with the o.">. 

result in Fig. 3. 

4 «-2-Coinparison with microscopic calculations 

The solid curves in Fig. 3 shows the predictions for c_(E) and 

cr-(E) by DiGiacomo et al. (1981a) and Peng et al. (1981), respectively. The 

predicted general trend corresponds well to what is found by our o.m. 

analysis. The maxima of the cross sections occur near 15 or 20 MeV/A, as 

predicted, but the calculation of o_(E) in the region of the maximum falls 

about 15 % lower than our values. For o„(E) the calculated energy dependence 

near its maximum is much stronger than observed. The agreement in the 

magnitude of Oj may be fortuituos since the calculation shown does not 

take into account the effect of Fauli blocking nor Ferrai motion, which 

are known (DiGiacomo et al. I§3lb) to change the magnitude of the calculated 

cross-sections. These effects have been included in the calculation shown 

for 0g(£).> At 85 leV/A the agreement is excellent. 

A priori, a complete success of these microscopic calculations ' 

is not to be expected at-<energies'<.lover than ab.ogt:*100 MeV/A" (IieVries and 

Peng,- 1980) since they maketuse of the'.optical limit of Clauber theory, proce: 



strictly justified only at high energies. This nay explain the deterioration 

of the agreement with o.m. values as the energies diminishes. Besides this, 

Brink and Satchler (1980) have shown that refraction of the trajectories by 

the nuclear potential would change the calculated oR(E) at energies near 

the maximum. This correction might be particularly important for this system, 

due tu the rather large values of the real potential needeû to describe 

the elastic data (Section 2). 

5 - CONCLUSIONS 

We have obtained values of o„ and o_ at several energies between 

6 and 85 MeV/A from an o.o. analysis of elastic scattering data in the system 

12 12 
C - C. The o.m. analysis provided with parameters which show a well 

defined dependence on the Vombarding energy. In particular, a double-folded 

real potential, successful in describing the data up to 25 MeV/A (8 "v 1) 

requires a renorraalization of about 0.6 at 85 MeV/A. 

The comparison of the deduced &.&:. values of o w with others 

obtained from a phase shift analysis of the same data shows a systematic 

discrepancy, which we interpret as arising ;:rom the lack of data at the rsost 

forward angles. Comparison with the only eyisting direct measurement of a„ 

at 9.3 MeV/A indicates an ex client agreement with the value from the o.m. 

analysis. 

The calculations by DeVries and collaborators, while succeeding 

in the prediction of the strong dependence of the cross sections and incident 

energy, fbil la give a good quantitative measure in the intermediate energy 

region, between 6 and 25 MeV/A. 
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12. 

FIGURE CAPTIONS 

Fig. 1 

Elastic scattering angular distributions at some of the energies analyzed. 

Data at 1016 HeV are from Buenerd et al. (1982), at other energies are from 

Cole et al. (1981). The curves are the results of optical model calculations 

with the parameters shown in Fig. 2. 

Is-, 2 

The values of N, the renormalization of the real folding potential, and of U, 

the depth of the imaginary potential. Parameters r. and a. were fixed as 

described in the text. Note the discountinuity in the energy axis. 

rig- 3 
Values of o R and o_ deduced from the optical model analysis, as described 

in Section 3. The microscopic calculations for <JR(E) and o„(E) are from 

DiGiacomo et al. (1981a) and Peng et al. (1981), respectively. The curve 

from a phase shift analysis is taken from Cole et al. (1981). 

Fig. 4 

Coefficients 1~'S.| and 1-|S,| (inset) obtained from the o.m. calculations 

and from a phase shift analysis. They correspond to fits to the 288.6 MeV 

data shown in fig. 1 of this work (solid) and in fig. 1 of Cole et al. (1981) 

(dashed). 
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