VIFUSP/P 372

UNIVERSIDADE DE SAD PAULO

INSTITUTO DE FiSICA
CAIXA POSTAL 20516
01000 - SAG PAULO - SP
BRASIL

IFUSP/P-372

THE COHERENT COMPONENT OF THE HEAVY-ION ELASTIC

SCATTERING CROSS SECTION

by

M.S. Hussein and M.C.B.S. Salvadori

Instituto de Fisica, Universidade de Sao Paulo
€C.P. 20616, Sao Paulo, SP, Brasil

Novembro/1382



THE COHERENT COMPONENT OF THE HEAVY=-ION
ELASTIC SCATTERING CROSS SECTION®

M.S. Hussein and M.C.B.S. Salvadori

Instituto de Fisica, Universidade de Sac Paulo,
C.P. 20.516, Sao Paulo, §.P., Brasil

ABSTRACT

A new method. for the analysis of heavy-ion elastic
scattering is suggested: The method is based on a decamposition
of the cross-section into a Rutherford, incoherent and coherent
components. The incoherent component is directly related to the
total reaction cross-section, and may be calculated once the
latter is given. Through a careful study of the remaining,
coherent, component of the cross-section, one may extract several

useful properties of the system. Applications to the scattering

of '*Con *"Mg and ‘°0Q on 2°Si at several energies are made.

*Supported in part by the CNPg and FAPESP.
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Elastic scattering of heavy icns at above-barrier
energies is characte;ized by two dominating effects: strong

Coulomb interaction (large values_of the Sommerfeld parameter,

2 .
n = Ei%%EM ), and strong absorption. ' Several seemingly different

g
optical interpretations of the. nature of et
da ) TRuth
_ ep . u
ceﬂ(ﬂ) s g ¢ is the elastic scattering differential cross-

{8) (where

section, and Sruth (9} 1s the corresponding Rutherford cross-

section) have been advanced,_e.g. Fresnel diffracticnl), rainbow

scattEringZ), Fraunhofer diffraction, etc.. The success of these
o

models in describing the behaviour of 5 et {(8) in the forward-
Ruth

angle regime suggests strongly that the heavy-ion system behaves
basically optically (i.e--geoﬁefridally). .Déviatidh frdm'thé:
optical behaviour is fhen attfibuted to specific nuclear struc-
ture effects (e.g. particle transfer).

The analysigs of the data has always been done

through the ratio cez(ﬂ)/o An ‘interesting optical

Ruth(e) ) B

characteristic of the system that emerges naﬁurally in the above
‘et

. . . 3y Ruth

with 6,/ related to the grazing trajectory™’, in close analogy

ratio is the quarter-pcint property, namely (61/4)=0.25,

with similar features seen in the Fresnel diffraction of light

from a sharp edge4)

. With the above association of 8/, with
the grazing trajectory, one obtains a very efficient. and. direct
method for the determination of the total reaction cross-section,
Op- - , B

However, the nature of-thé angle-oscillaticns:at

small angies and the almost exponential drop at 4 » &1/ of
c
el

z {8) : has so far escaped a clear identification with one
Ruth ) .
of two effects; Fresnel diffraction (the exponential drop of

c . r

el {8) at & 2 By/y. is then attributed t& the creeping of
“Ruth \ — : : s : o

waves into the shadow region) and rainbowﬂéqéttéring {scattering




into the classically forbidden recion defined by § > Sr , the
‘rainbow anglej: ‘So far the question Has ncot been settledsl.

In this letter we 'sudgest an alternative method
of"analysis that may'lead'eventuaily to the solution of the
above menticned problém! Our method is based on an appropriate
decomposition of 552455' ihto three well defined pieceé;
attached to Coulomb scattefing}'incoherenée (absorption) ‘and
coherénce, as we shall clarify belaw.

' We start with the usual vartial wave decomposition

0f the elastic scattering amplitude

)t(a)'.-“ - Z(al-f-x) (9”5 1) Pccosa) : (1)

where k denotes the asymptotic wave number in the elastic

channel, related to the center of mass energy E and reduced

. 1/ .
mass - u by {iﬁﬂ) . In Eg. (1}, SE' is the point-
. 216, . . .
Coulomb S-functiorn and SE = {S?le' £ represents the effect

n n
LA
is smaller than unity for low partial waves, as a consequence

of the short-range nuclear force. The modulus of S

of short-range absorption}' The elastic scatterihg cross—-section
O,p{®) 2 {£(0}|?® , may be decomposed into the following, as was

shown in Ref. 6}

(%) = _— B .. (2)
T2 = 0y o () = O (&) + T, ()
2
where gRuthﬁB)_= N GINC(Q) is.defined through

4x%sin" (8/2)

oo 2 Z
mc (ﬁ} :_—‘“&E/( @£+l) (Idls'; 'z) [l?ﬁ' cha)] : —(3)
' 2o T

4.

and GCOH

cussed in Ref. 6). Two important properties of GINC(B) and

UCOH(G) are worth mentioning at the present moment: fc (B)dﬁ =
o

= el 2 -
In = k2 ££0 (2£+13 (A-is™ and Jfo.,.{8)d2 = 0. We further

note that OINC(S) is symmetrical about 8 = 90°. This explains

cur choice for the subscripts INCOHERENT and COHERENT.

(8) is given by a rather complicated expression dis-

Egquation {2) is valid throughout the full angular
rénge (0° < 9 g 1800), except in cases where forward glory is
present in the system .in which case a fourth term, proportional
to d{l-cosB}, appears on the RHS of Ey. (2}.. For a rather
detailed discussion on this point see Ref. 6). In the present
paper we disregard forward glory effects completely and consider
Eg. (2) as an exact relation. Since GRuth(e) is completely

specified and, as we show below, (8) 1is determined by the

Yrne

total reaction cross-section, Op ¢ One may use Eg.. (2} tco extract

from the data, i.e. aez(e), the piece, {8} , that contains

“con
the information about the nuclear phases and accordingly the
ion-ion potential.

In order to set Eg. (2} into practical use, we

first calculate OINC(B) . Por this purpose we use the well

known asymptotic form of the Legendre polyncmial Pe(cose) =

/2
[ﬂ( +l/§)sin8} cos[k£+l/2)6=g} valid in the angular range

% <8 <7 - %—, and the relation cos?g = % (J+cos28) , to obtain

Py

immediately the following simple form for (8}

I1ne

(0) = — [_1 +</-"‘*~&19>T] (1)

INC

where ag is the total reaction cross-section,

2t [
g, = o= | (21T
7L z

with the J{-th transmission coefficient Ty defined as usual




-

TE = l-\S?lz , and the Te—averaged sine function is defined by

Crim A = fdA A TCR) adm 229 /fa/,m T ) (5)
T [ 4 )

with X = £ + 1/2 .

For large valves of the grazing angular momentum,
Lg , <sin2A6>T gives rise to small oscillations that become
more damped as 8. approaches 9007). We may, therefore, in our
application to heavy-ion scattering -at above-barrier energies
{(large Zg), drop the second term on the RHS of Eg. (4). With
O1gc(8) constructed simply as GR/ZﬁzsinS » and o, .. (8) for
the point-charge scattering given by Onuth () = n?/dk?*sin" (8/2),

we may obtain UCOH(S) straightforwardly from the data, vis.

Fa

Li R
) = g, (B) — -
¢COH-( ) e.e‘ 4’-“24‘;’#% 92722/-1‘-'4’"8 (6}

For the application of Eg. (6) in the full angular range, one
has to first remove the singularity at 9=0 and 180° arising

from the approximate form of 8) (the third term on the

Tne !
RHS of Eg. (6)). For this purpose we suggest the use of the

. R s s
simple formula GINC(G) = SrTaing D its own angle-range of
validity, %— £ 89 €7 - %_,, and then extrapolate the results
g9 g
obtained at the sxtremes, toc the sxact value of at o°

“1Ne
and 180°. It is a very simple matter to calculate GINC(dﬁ =

= UINC(IBQO) from the defining Eg. (3), in the sharp cut—off
limit (TE = e(£q~£] with § being the step function), which

we expect to be a very reasonable approximation. We obtain

N . |
Cine. €073 = T, Ci80°) = Eéi [@,7*_‘) _,LPL%.,FM

3 (?)
* sulyr) =5:67)%

The last form of o1, (0°) being valid when £y »> 1

Eg. (6) is the princiﬁal result of the present
letter. It shows clearly that the coherent nuclear component
of the elastic scattering cross-section, is easily extractable
from the data, once the total reaéfion cfosé-éection'is given
(from, e.g., the gquarter-point angle). It is interestingnto
cbserve that upon integrating Eg. (6} over the solid angle, and
owing to the fundamental property of GCOH(G), nanely qunﬂﬂ)dn=
=0 , one obtains the sum-of-differences eqﬁathn o= ?ﬂlﬁﬁuth“%yg'

In order to give a theoretical background to the
data analysis given below, we first present our resul£ for
oCOH(B) obtained from an optical model célculaticn for the.
scattering of the system '®0+2?%Si wusing the E~18 pofeﬁtials).
Figure l) summarizes our results for- g

(8) and (e} for

INC °con
this case. To be consistent with the procedure we suggest in our

data analysis, we have used the Quartef-poiht recipe to extract

Op r even in this theoretical model calculation. We notice first

strong oscillations in (8) at small angles that persist

“con ,
up to an angle close to, but smaller than 6,/v , after which

g (8) attains over-all negative values that reache a maximum

COH
(negative)l at & = 81/« , then turns around and gradually, after
reaching and crossing the @ = 0-axis, joins in value the

cINC(S),.which is cleariy always positive. The important point

we would like to emphasize is that {8) attains a zero

%con




N

vaiue at several angles. In particular, we suggest that at the

two largest angles, 9%, and 0, , at which Lp— becomes zero,

being rather well-defined, may be easily used to obtain an
independeﬁt value of the total reaction cross-section (see Eqg.

(6)), vis -

0p = ar®ain B, [0y (8,20 - G (81,50] (8)

The values of Tn extracted from Eq. (8) are wvery

close to the one used in the construction of double

7 “Inc ¢
checking our contention. It would be interesting to obtain an

independent solution of the equation (61'2) = 0 , in order

“con
to obtain a completely independent (from the guarter-point recipe)

method for the obtention of Op - We should emphasize that the
guarter-point angle comes out very close tO the angle at which

OCOH(B) attains its maximum (negative) wvalue. The above

calculation with the E-18 potential was performed at EGH::24‘3

MeV. 1Increasing the energies merely shifts the angles 8. 62
and 81,5, to smaller values, without changing the overall

qualitatiye features of. GCOH(S) shown in Fig. (1}.

We have calculated GCOH(S) for two heavy-ion

systems studied extensively in the literature, '°0 + 28g; 9

10)

and '?C + Mg , at center of mass energies E.. = 24.3, 26.2,

CM

31.6' and 34.8 MeV and ECM = 16.5, 19.1, 20.0, 23.2 and 26.66 MV,

respectively. All these systems exhibit a (8) of exactly

“con
ghersame gualitative behaviour as that of Fig. (1}. 1In Fig. (2)
we show the behaviour of the angles " §;, 8, and 8: /v as functions

of the center-of-mass energies considered. Since the E£E~18

potentigl that resulted in GCOHIG] of Fig. (1) is a proto-type -

strong absorbing potential that should result in a purely

':ééféful'stﬁdy.of

.B.

"Fresnel diffraction” elastic cross—section in the forward-angle
regime, we reach the conclusion that at least the -above two
systems show similar features (Fresnel diffracticn and not
rainbow) .

To check the sensitivity of OCOH(G) to the

nature of the elastic scattering, we have performed another

caleculation for the system %0 + 38Wi at E .y = 200 MeV,using

" two different optical potsntials, one being strongly absorbing

{(V=W-= 100.0 Mev, Rv = Rw = 5.87 fm , a, =a, = 0.64 fm} and
the other purely real (V = 100.0 MeV, W= 0.0, R, = 5.87 fm ,
a, = 0.64 fr).. In the latter case one finds a very strong
nuclear rainbow effect in Uel(e} . besides the usual Coulomb
rainbow. In the strong absorption case, however, no rainbow
effect was seen. The UINC(B) for the two cases was found to
be completely different. Whereas in. the strong absorption case

the behaviour of o

INC(B} is similar to that of Fig. (1), in

the no-absorption case, however, the “over-zll® negative branch
of GINC(S) becomes positive and reaches a positive maximum at
an angle intermediate between 8; and 6.

In conclusion, we:have presentad é new method of
analysis for the heavy.ion elastic scattering data. Through a
HUCOH(S) r one may obtain information about

the heavy-ion system that would otherwise be hard to find through
a
el

o
Ruth
applied together with the usual one in order to obtain a more

the usual analysis of In a way, our method should be
Complete picture of the mechanism involved. Application of our
method for the analysis of heavy-ion quasi-elastic cross—sections

is certainly worthwhile and is being attempted.
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