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O +*Si COUPLED ELASTIC AND INELASTIC
SCATTERING NEAR THE BARRIER

M. M. SHALABY"), Cairo

Standard DWBA analyses for inelastic scattering to the 2*, 1.78 MeV state in *Si at
E. m.=21.1 MeV have been carried out using a weak absorptive optical potential.
A satisfactory fit to the data has been obtained only at forward angles. Quantum
mechanical coupled-channe! calculations satisfactorily account for inelastic scattering

cross sections at both forward and backward angles.

YIPYIOE H HEYIIPYTOE PACCEAHHE "0 HA *Si B CBA3AHHBIX KAHAJIAX
BEJIH3H 3HEPTETHYECKOIO FAPHEPA

B pa6oTe npusonsTcs pesynbraTst CTaHRapPTHOTO aHANM3A [N HEYNPYrOro paccesHUs
'O Ha coctostHuy 2 Anpa **Si ¢ sueprueit 1,78 MaB TIpM 3HEPTUM B CHCTEME HeTpa Mace
E. ».=21,1 MaB, MCNONL3ys MOJENb €O cnabo NOrNMOWAOIMM ONITHYECKHM TOTEHIIHA -
AOM. Y IOBIETBOPATENLHOE COOTBETCTBHE C SKCMICPUMEHTANLHLIMH HaHHBIMU ONYYEHO
TOJLKO s YTI0B pacceanus sriepen. KeantoBoMexanuueckue pacueTst YHOBJIETBOPH-
TENBHO OGBACHAIOT NONEPEHbIE CEYEHHUS HEYNPYIOro paccestHus B CBA3aHHBIX KAHANAX
KaK 1iIs yproB paccesHus BHEpEN, TakK H JUIS YITOB PAcCesHHS Ha3aj.

L INTRODUCTION

The anomalous large—angle scattering (ALAS) of 'O + ?Si has been subject of
extensive study. Several different interpretations have been suggested, none of
which has proved entirely successful [1]. At '°O incident energy just above the
Coulomb barrier (E. . =21.1 MeV) the experimental angular distribution (for
0. ...2100°) has two pronounced oscillations (seven at E. ,, =33 MeV) which
permit their character to be better defined experimentally and lead to more
significant optical model fits. For more extensive optical model studies, we refer to
the work of Kobos et al. [2], Kahana [3], and Mermaz [4]. The basic ingredient
in the real nuclear optical model potential they used is ““a rise-dip”* kink near the
nuclear surface (5 fm<e <8 fm). It has been generated by Kobos [2] using
a double-folded (M3Y) potential supplemented by a phenomenological model-in-
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dependent surface correction term, predominantly attractive and appearing to be
greatest between 5 fm and 8 fm. Two corrections of surface derivative Woods-Sa-
xon forms were added to a deep (700 MeV) real nuclear potential by Mermaz et
al. [4], which, together with their “extremely” transparent imaginary potential,
(with a radius of just 1 fm and diffusivity = 0.025 fm) has successfully described
ALAS. Kahana et al. [3] take the values of the real nuclear potential V(r) at
prespecified radii between 4 and 8 fm as search parameters in the fitting routine,
with constant potential for 7 <4 fm and an exponential tail e =* for r =8 fm {3].

In view of the above-mentioned study, we suggest that a conventional optical
model potential [S] merits further study, for it reproduces the ALAS and gives
a reasonable fit over te whole angular range, particularly at E, . =21.1 MeV. Both
real and imaginary parts are of W—S form, with equal radii and diffuseness, but the
absorption is very weak; W/V =0.036. This potential was first used in a ‘‘stan-
dard” DWBA calculation to compare with the measured inelactic scattering cross
sections for the 2*, 1.78 (in **Si) that cover the angular range 45°—180°. DWBA
analyses for quadrupole excitation require different values of Coulomb and nuclear
deformation lengths [6, 7, 8, 9], suggesting that inelactic excitation of the 2%,
1.78 MeV state be treated more accurately via coupledchannel calculations.

Il. METHOD OF ANALYSIS

Quantum mechanical coupled-channel inelastic scattering calculations have been
carried out using the code PTOLEMY [10]. For a transition with multipolarity /,,
the effective interaction H,. contains both nuclear and Coulomb contributions
whose radial dependence is

Hy, = HES(r)+ HE(r),
with

amS , 2.1

izsgﬁd,

()= ImﬂiTﬁ\ r dr

where V(r) and W(r) are the real and imaginary part of the optical model

potential, and B}“ is the nuclear deformation parameter. The radii R’, R/} are the
radii of the excited nucleus:

Ry=r/28'" and Ry =rW28'"°

The optical model parameters used in the present work are those which successfully
fit the elastic scattering data at E,.,=21.1 MeV [5]. These parametrs are sum-
marized in the following form :

(2.2)
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Since Ry =Ry here, the real and imaginary potentials have equal deformation
lengths.

The Coulomb part of the effective interaction is that derived from the multipole
€xpansion of the potential between a point charge and a uniform charged sphere

Lx

r
R
32,2 RE? <R
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Lx+1 \WZH

r

R. is the Coulomb radius of the optical potential =,, (16'+28'%, r,. =1.0 fm
and R(=1.0(28)"" is the Coulomb radius of the excited 2Si nucleus, The

Coulomb deformation parameter B js related to the reduced transition rate
B(E, L., 1) by the relation

3 2 (2 + 1)
B mu Hc: = ﬁlmw mﬁﬂiw final
( ) 47 r 2Ja + DL, + 1) (2-4)

III. RESULTS AND DISCUSSION

The optical model potential defined by eq. (2) is used as the effective nuclear
interaction for the inelastic excitation of the 2%, 1.78 MeV state in °Si. It is this
potential (with the appropriate imaginary part) that provided the starting point for
the “standard” DWBA inelastic scattering, coupled elastic and coupled-channel
inelastic scattering o&o:_wmonm. At any stage of the calculations we stick to the
principle that the optical potential to be used should be the elastic potential. This is
the resonable approach to explore how coupling to the first excited 2* state will
affect elastic scattering and to have a consistent description of inelastic scattering
Cross section in terms of either DWBA or coupled-channel calculations.

(a) “Standard” DWBA inelastic scattering

Results of the “standard” DWBA inelastic scattering cross section calculations
2+, J..\m MeV state) are shown in Fig. 1 compared with the corresponding .
expenimental data of Braun-Munzinger et al. [1). Nuclear and Coulomb
interactions used are those defined by equations (2) and (3). For deformation of
charge distribution and nuclear matter, values of Bf*“/= —(0.407 and BM<=
—0.337 were used [11]. The minus sign of BY*“ and By« is the result of
._.oolwzsmoa measurements [12]. As shown in Fig. 1 (dashed line) the quality of fit
Is quite poor even at the forward angles. DWBA analysis of heavy ion inelastic
scattering usually requires that nuclear deformation parameters be considerably
smaller than Coulomb deformation parameters [9]. So, we have tried to improve
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the fit to the experimental data using B3“'=0.237 and B = —0.550, i.e.,
allowing a Coulomb deformation length being greater than the nuclear one.
Although a considerable improvement has been achieved at forward angles (solid
line Fig. 1) the quality of the fit is still by no means acceptable at backward angles
(@...=120°. It is to be noted that some “not completely standard”™ DWBA
calculation might be useful in order to enlight the possibilities of the DWBA

30 60 90 e} 120 150 180
cm.

Fig. 1. Differential cross section for the Si(2°) state at 1.78 MeV. Data are from

Braun—Munzinger et al. {1]. Solid and dashed lines are the standard DWBA inelastic scattering

calculations using BY“'= —0.237; B§*“= —0.55 and BY'= —0.337 and Bf*'= 0407, respec-
tively.

approach (with varying paramters, including radii, etc.). However, the results of
varying deformation parameters (Fig. 1) could be considered as sufficient to
represent a clear failure of at least the “‘standard” collective DWBA methods.
Coupled-channel calculations are apparently needed and it is quite reasonable to
carry them out with all parameters fixed.

(b) Coupled elastic scattering (channel)

To display how coupling to the first excited 2* state will affect the elastic
scattering, the angular distribution of the coupled elastic scattering cross sections
(at E. ...=21.1 MeV) is shown in Fig. 2a together with the elastic scattering data of
Ref. [1]. It is clear that this coupling was sufficient to distort elastic scattering as
there is a significant shift in the phase of the oscillatory pattern with respect to the
data at angles where the results of the standard optical model potential are in very
close agreement to data. Similar results are shown by Dudek et al. [13] in the

151



coupled-channel analysis of 'O + 8Sj elastic scattering data (using I-dependent
adsorptive potentials) at higher energies 45<FE,, <63 MeV. However, in the
present analysis no back angle rise in the cross section is observed,
A phenomenological theoretical interpretation could be drawn from the character
of the coupled elastic reflection coefficients |S,| shown in Fig. 2b, compared with
the corresponding conventional ones. The pronounced dips in |S,| at { = 10 and 13
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001 =
3 Fig. 2b. A plot of the elastic scattering matrix elements S (1) in the Argand-Cauchy plane together with
I the corresponding reflection coefficient |S,|.
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Fig. 2a. Elastic scattering cross section of 'O +%§j ar Fem =21.1MeV. Data are from

wamcnfgcniumo" et al. [1]. The solid line is the optical model elastic scattering calculations using

potential parameters of Eq. (2). The dotted line is the corresponding coupled elastic scattering
calculations.

no longer appear in 18] corresponding to the coupled elastic scattering. Reso-
nances associated with these dips are best seen in the Argand diagram of Fig. 2b,
where the resonance circle n =3 is the largest that does not circulate the origin;
other resonances are predominantly elastic as they encircle the origin (Mc Voy

[14]).
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Results of the coupled-channel inelastic scattering cross sections ( using By = — Fig. 3. Coupled-channel inelastic scattering cross sections (to ﬂwa 2 _Hﬂw Mw mmww& calculated using
Nucl cter . .
0.407 and Bj«= ~0.337) are shown in Fig. (3). The fit to both backward and 7“= ~0.407, Bf*'= - 0.337 and potential param q
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channels) when used in the coupled channel calculations.

IV. CONCLUSION

Standard DWBA inelastic scattering calculations, using a weak absorptive
optical model potential, are able to produce a satisfactory fit to the data at forward
angles, but show a considerable deviation at backward angles (Oc.m.2120° even if
the Coulomb deformation length is taken greater than the nuclear one. Coup-
led-channel calculations accomplished this almost satisfactorily at both forward and
backward angles. Thus the choice of the one-channel potential to be used in
coupled channel analysis is almost straightforward, at least at incident energies
close to the Coulomb barrier. This conclusion is of particular interest in the study of
sub-barrier fusion cross section enhancement using coupled-channel calculations

because the necessary channel potentials may be different from the potential found
in one-channel fits [15].
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