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OPTICAL MODEL ANALYSIS OF N + C AND C + C ELASTIC SCATTERING*

George DelicA‘;

Nuclear Physics Labbratory, Oxford, England,

Institut fiir Kernphysik, Technische Hochschule Dafmétadt, Darmstédt,Germany,'

. *%
and Lawrence Berkeley Laborsatory, Berkeley, California, U.S.A.

- Abstract:,

Two direct search methods have been applied to extract the optimum

optical model parameters for the elastic scattering of luN by 12’13’140,

13,1k 13

lZC by C and C by th for centre of mass energies in thebrange

7.8 to 12.6 MeV. The success of the analysis suggests that it is possible

to interpret these data in terms of an optical model potential alone, in-

dicating that such experiments do‘pot provide unambiguous evidence for in-
terference betﬁeen the e;astic scattering and elastic transfer’modes.

* Work performed under the auspices of the Atomic'Ehergy Commission.

*¥ Present address.



Experiments 1-k) which have measured the elastic scattering of a'heavy
ion projectile A by a target nucleus a throughout most of the observable
angular rahge have revealed the characteristic-feature that, at energies
above the Coulomb barrier, the ratio-to-Rutherford cross.section, for syé—
tems wpere g and A differ by the order of a few nucleons, decreases relati-
vely sld%ly with increasing centre of mass angle and displays regular oscilla-
tions which increase in amplitdae on passing into the backward hemisphere,
with an increase at the extreme backward angles in some cases. In é quan-
tal description it.is not possible to distinguish expéfimentally elastic
scattering, a(A,A)a, observed at a centre of mass angle 6 from the "elastic"
(or Q=0) transfer reaction a(A,a)A observed at the centre of mass éngle
71-6. Therefore, it has been suggested 1,5) that since the differential créss
section for elastic scattefing usually deéreases rapidly with increasing o,
and reaction cross sectiqns are uSually peaked at forward angles, a plau-
sible model for such cases would be one which summed coherently an elastic
scattering amplitude calculated at 6 and an amplitude for the reaction
calculated at n-6 (the analogy is Mott scattering of idenfical particles
where both the amplitude at © and x-9 is the one for elastic scattering).
Such a model makes the implicit assﬁmption that there is a large probabi-
lity of the two nuclei reentering the elastic channel after the traﬁsfer
reaction, Since experimentally the two processes are not distinguishable
the testing of this model hagirested on comparisons of similar.systems,,e.g.

observed angular distributions of elastic scattering of th'by 12C and by

130 112), or 120 by 130 and 130 by th 3,%,5) at similar centre of mass



energies. Oﬁ.the basis of such comparisons the experimental resuité have
been interpreted as unambiguous evidenge for the interference between e~
lastic scattering and eélastic transfer processes. It was furthermore Sug-
gested tﬁat only by inclusion of the elastic transféf mode is it possible
to obtain reasonable agreement with éiperiﬁent, whence the hypothesis

that the observed oscillagtory structures in the angular distributions

are due to ihe»exchange of the mass difference of the two colliding nu-
cleiz). The present study shows that this data finds abconsistent interpfe—
tation in terms of the optical model glone andfconsequently such.data does -
not provide unéMbiguoﬁs évidence_for the need to inciude the eléstic trans-
=fér mode.explicitly. ;

The two search codes utilized in the present énalysis differ in the
method which they use to optimize the quality of fit parameter A 6). The
Hooke and Jeeves (HJ) algorithm in an n parameter search always makes trial
6))

moves along a fixed set of n orthogonal vectors (PAMINA code , Whereas

the Davies, Swann and Campey (DSC) method relies upon generating a new set
of n orthogonal vectors at the end of each iteration (SOPHIE code 7)). In
the present application the HJ algorithm was found to be extremely effi-
cient in its ability to follow an n-dimensional valley into a minimgm, how-
ever in tefms of the percentage deérease of A vs the number of times A is
evaluated, the DSC algorithm is superior.

The data analysed in the present work was as follpws:(all energies aré
quoted in centre of mass unless otherwise indicated) elastic scattering of'v‘

lLLN by lzc at 9.230, 9.922, 10.8%, 11.54 and 12.60 MeV, Lk

ey, N by ¥ at 10.00 and 12.50 Mev, L2c by L3¢ at 7.801 and 9.881 MeV,

e vy 0 gt 7.778 and 9.852 Mev, and 12 b

N by 3¢ at 9.649

C by T'C at 8.078, 9.694 and



10.77 MeV. In table I the data is arranged in increasing order of n

(the Sommerfeld parameter), and asymptotic wave number k; R = A 1/3 +
: a

AA1/3, A, OA(total absorption or reaction cross section) are also tabu-
‘lated. Table I shows a selection of some of the optical model parameter
sets which were found; those cases where the data did not cover a suffi-
ciéntly broadirange in angle were not searched upon. The definition of
the optical model potential was the same as that of Ref. ©) with a sur-
face type absorbing potential. For the searches all six optical model
parameters weré.varied simultaneously. In the SOO—Qdd searches performed
in the present work the absolute normalization was not varied and a rela-
tive error of 5%_ﬁas set on each data point. The comparison betwéen experi-
mental and theoretical ratio -to-Rutherford cross sections is shown in Fig.
1 (a) and (b) for the parameters of table I. The potential found fér the

scattering of 12¢ by th at 9.694% MeV (18 MeV lab), which also gives a

satisfactory description of the same system at 10.77 MeV (20 MeV lab) was
used to show how the structures observed in the angular distributions e-
volve as a function of energy (cf. Fig. 1 (c)). The optical modei predicts
that such structures change relatively rapidly for the extreme backwérd
angles ( >1ZOO) for energies above the Coulomb barrier. Another feature is
that the optical modei predictions (especially in the backward hemisphere)
are sensitive to the choice of the Coulomb radius r,. The Coulqmb radius
used throughout the searches was 1l.45 fm, and the effects of changing this
radius to 1.225 fm and 1.0 fm are shown in Fig. 1 (b) by the solid and dot-

ted curves, respectively, for lb"l\l + lzC at 12.60 MeV, with the case corre-

sponding to rc=l.45 fm shown in Fig. 1 (a).



o

COUVO0A4206 258

Fig. l(a) and (b) together show fifteen experimental angular distributions;
a careful comparison of this data reveals why it is important to classify
heavy ion elastic scattering data (and optical model potentials derived there-
from) according to-the>Sommerfeld parameter n ; the asymptotic wave number.k,
'and-possibly éome interaction radius, e.g. R = Aal/3 + AA1/3’ defined by the
systemvunder consideration. In the following discussion the notation:labelI
vs. label__; 6n, 6k, &R, is used where the labels are those of table I, and

1T
. 6n is n_-n expressed as a percentage of nI, etc. A variation of N alone

I IT
produces a shift bf the strucfu:es in the experimental angular distributions
toward small angles (for a decrease in n } or toward large angles (fqr an in-
crease in n) - compare C232 vs C243:-2.7,-0.8,-1.3, or C2N1 vs C3Nl:-3.6,
-0.7,-1.3, or CZhé ve C341:-4,1,-0.3,1.3, or C3NL vs'C342:15.2,-l;0,0 or
cah3 VS'CZNl:-l_S.3;-l.2,O, or C2NO vs (232:18.6,-1.7,1.3. A variation of k
alone produces‘a shift toward small angles (for an increase in k) or toward
large angies (for a decrease in k) - compare C243 vs C342:-1.3,-2.9,-1.3,
or €231 vs C242:0,-3.5,-1.3, or C3NL vs C2NO:-0.1,%.3,1.3, or C341 vs
C2Nl:-1.1,-10.5,1.3, or C342 vé c2Nb4:-1.0,-10.7,1.3, or C2k42 _vs' C2N2:-0.7,
-15.9,0. A variation in n alone produces either a compression or decompres-
sion of the structures in the experimental angular distribution, while g
yariation of k alone produces a difference in phase of the observed angular
distributions, which changes as 6 approaches 1800. The periodicity of thié
phase difference increases with increasing variation of k (cf. &k ~ 10)
until (for Sk ~ 16) the angular distributions are'%n phase throughout the
méasured angular range. An example where the variation of nvand k act on
the experimental angular distributions in an opposite senée to'produce
apparently little change in the positions of maxima and minima over the

energy range 9.230 to 12.60 MeV is the data for th scattered by lzC where



Sn =lk.4 and &=16.8. That the optical model is succéssful in reproducing
such effects, qualitatively, is demonstrated by the four éases of table I
for which no searches were performed and another parameter set was used,

as well as the dotted curve for th + 130 at 9.649 MeV in which the optical

model parameters were the same as those used for lAN + lzC at 9.922 MeV

' '(cf. Fig. 1 (a)).

The optical model has proved to be successful in its ability to re-
produce the qualitative features of the fifteen experimental angular di-
stributions_shown in Fig. 1 (a) and (b)..Therefore, such expefimentai angu-~
lar distfibutibns do not find a unique interpretation in terms 6f a-model
which requires the explicit inclusion of the elast%c transfer channel. The
potentials of table I should not be interpreted too literally, however, as
~the experimental angular distfibutions analyzed are nét of uniform quality:
e.g. excepting luN + lzC at 11.54 and 12.60 MeV, the points measured at
forward angles are too sparse, or llLN + 12C at 10.84% MeV where there seem"
to be problems of absolute normalization of the data. A more thorough ana-
lysis should await more detailed me.a.surements. An impdrtant qualitative re-
sult would seem clear however: fhe heavy i§n optical model potential for
such systems has an imaginary part which produces sufficient reflected flux
to allow for the possibility of intefference.with flux refracted by the
real potential; this phenomenon provides a plausiblevinterpretation for the

structures observed in the experimental angular distributions in heavy ion

elastic scattering for systems such as those dichssed here.
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The préliminary analysis ( ‘with PAMINA) was performed at Oxford and
Darmstadt. The author is grateful to Dr. P. E. Hodgson for his hospitality
during the visit to Oxfofd, to thé‘SRC_for making the‘visit possible,'andi
to the GSI (Darmstadt) for time at their computer centre. The major part
of the analyéis, including the developmgnf and production work With SOfHIE,
was performed at IBL. The author is grateful to Dr. N.K. Glendenning (LBL)

for his criticism.of this work. .
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Table T _
Optical model parameters for a(A,A)a

1.830_

A a . label | Energy” r, 8, s r.o e W dA_, A n k R

| C V) () (fm)  (Mev) (fm)  (fm) (vev) (mb) (ent)
'120 140 C2kk 10.77 (zo.oo) no search (parameter set C243 used) k.391 1.825 -4.700
120 13¢ ce32 9.881(19.00) 1.019 0;7010. 67.79 1.077 0.1002 50.82 T773.0 28.38 4.505 1.717 k.641
2q ll‘c, C2k3  9.694(18.00) 0.9777 6.5256‘ 88.26 1.027 0.1230 39.41 523.1  5.624 4.628 1.731 .u.7oo’
13, 1hc 'c3u2 9.852(19.00) no seéich (ﬁarameter set C3N1 used) 4,690 1.782 L4.761
14N 12 czm# 12.60'(27.30) 0.9703 0.6636 85.47 0.9661  0.09149 92.87_ 653.7 12.50 L4.737 1.973 4.700
lum lch C2N3  11.54 (zs;oo)' 1.03% 0.5909 79.10 0.9940 0.07685 97.59 527.8 14.96 4.950 1.888 4,700
luN 1”0 chNé 12.50}(25.00) 1.053 0.5473 84.23 1.016 0.1027 6?;82 675.6 21.35 4.950 2.046 4.820
e Be cemn 7.801(15[00) 1.065 0.6220 69.91 1.109 0.1221 28.9k Uk2.7 13.97 5.070 1.526 b 641
12, L4y c242 8.078(15.00) 1.001  0.677L 80.23 1.663 0.1393 40.50 547.0 '3;196 5.070 1.580 4.700
luN 12c C2N2 '10.8% (23.50) no search (parameter set CZNB‘used) | 5.1057~1.831 4, 700
130 ll-*c c341  7.778(15.00) 0.9752 O0.7456 80.10 0.8646 0.1255 33.08 - 523.9 30.73 5.278 1.584% 4. 761
k12, CZNLV 9.922(21.50) 0.9847 0.6206 83.55 0.9487 0.2038 33.29 4h9.6 15.87: 5.337 1.751 k.700
Ly 13 C3N1 9.649(20.04)‘ 0.9751 0.6866 87{17 1.012  0.1389 43.15 510.1 13.73 5.528 1.764k L.761
Uy 120 oo 9.230(20.00)  0.9865 0.6251 82.18 0.9477 0.2101 28.88 367.0 5.032 5.534 1.689 4.700
th lL‘c CHNL 10.00 (20.00) no search (parameter set CUN2 used) ‘ .53u. 4,820

09zedzronoao

8centre of mass with lab energy in parentheses

bR:Aal/3+Al/3

A



CAPTION

' Fig.l Optical model predictions using the parameters of table I for

a) N+ C b).C'+ C and luN + 12c at 12.60 MeV with r = 1.225 fm
’ e v

(solid curve) and 1.0 fm (dotted curve) and (¢) 12c_+ lL’c in the lab
energy rangé 13.5 to 25 MeV in steps of 0.5MeV, uéing c243 parameters,
with some curves dotted for clarity. In (a) and (b) the c.m. energy

. : 1-
(in MeV) is shown for each case - the data is from Refs. l")(er'ror

bars are not shown ),

10.
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information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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