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Distinction between shadow and edge effects in heavy-ion elastic angular distributions
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We propose a model independent method which allows us to distinguish between shadow and edge or
surface effects in the angular distributions of heavy-ion elastic scattering, showing regular patterns of marked
oscillations. The method is illustrated with a few experimental results where this undulatory behavior is
present.
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I. INTRODUCTION [2] of Babinet's principle, which can be formulated as fol-

The angular distributions of heavy-ion elastic scatteringlows: the Fraunhofer difiraction pattern produced by an

often show a regular pattern of marked oscillationsCPadue screen and the one produced by a narrow slit having

(r.p.m.o) peaked forward and also backward, with angularthe shape qf its edge, (_)scnlate 180° out Of. phase, orm
uadrature, i.e., the maxima of one pattern coincides with the

spacing between successive maxima almost constant and inima of the other and vice versa. To verify that this phase

curately given by rule also holds in heavy-ion scattering, we begin with the
86 =llg, (1) expression of the elastic amplitudi&y), separated as in Eq.

. . . (2) into a Coulomb and a nuclear part,
wherel is the grazing or peripheral angular momentiih

As is well known, these.p.m.o. can bgroduced by two - ; o io(Q _

quite different mechanisms: diffraction due to a shadow ef- MO =10+ (1/2”()2':0 (21 + (S = DP(cos ),

fect, or scattering arising from surface or edge effects. In the (€)]

forward direction the distinction between shadow and edge ) ] )

effects from quite similar.p.m.o. isoften a source of mis- Wherea; is the Coulomb phase shift arg} is related to the

interpretation. So, the aim of the present paper is to proposeartial wave amplitud& through

a model-independent procedure, based on an extef&iarf S =5,

Babinet's principle, allowing one to decide which of these TeEe

mechanisms is responsible for the observed scattering paff ,<1, the Coulomb field has little effect on the elastic

terns. scattering and may be neglected in first order. Further, as-
Il THEORY suming strong absorption with a sharp cutoff, such that

Before going into the details of the method, let us first Si=0, I<ly and §=1, I=lg, (4)
consider the physical conditions under which thp.m.o.
are observed. If the Sommerfeld parameter is such that
=Z; Zzezlﬁ v=1 and the grazing arjglégzznllg<1, one P(cosd) = J,(16), 1>1, (5)
observes in the near forward direction.g.m.o.attributed
to a shadow effect due to strong absorption. By optical analene obtains the well-known formula
ogy this is often referred to as Fraunhofer diffract{ing. 1).

For »>1,0y=<1, ar.p.m.o. camccur in both the forward 1

and using for theP|(cos 6) the small-angle approximation

[3,4] and the backward direction®—7]. These are called doido, " e
edge, surface, or glory scatterif@,9] (Figs. 2 and R 01 | “ T 1903 Moy

These effects cannot be observed directly in the forward '\] \ 7" N
direction, since they are completely hidden by Coulomb scat- \./'
tering. However, several metho(3,10,1] allow us to ex- 001
tract from the experimental data the modulus of the so-callec
“nuclear amplitude”f,(#) defined through 0.001 -

f(6) = 1(0) + £(0), @

wheref(6) andf.(6) are, respectively, the total and the Cou- 0 2 4 6 8 0, (dog) 12
lomb amplitudegsee details beloy The modulugf, ()| so o
obtained[10,11] exhibits ar.p.m.o.(Figs. 4 and & FIG. 1. Angular distribution of elastic scattering ¥O on2%Si

In order to distinguish between shadow and edge or surat E; =1503 MeV, from Ref[13]. The data are linked to guide the
face effects, we will invoke, by optical analogy, an extensioneyes.
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FIG. 2. Same as for Fig. 1, for
the elastic scattering of°0 on
25j at E =55 MeV, from Ref.
[6].

FIG. 3. Same as for Fig. 1 for
the elastic scattering of’C on
25 at E, =33.64 MeV, from Ref.
[71.

FIG. 4. Elastic scattering of
180 on ?%si at E, =75 MeV. The
points  plot  3(dog/dQ)Y?
(do/dog—1) as a function of@
(log scalg, using fordo/d() the
experimental data. The broken
lines have been drawn through the
points to localize the extrema of
the fast oscillation. The solid line
has been obtained by searching
the value of |f,(0)] such that
[f(0)] [Jo(lg 6)] envelopes the
rapid oscillationgsee text
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f(0)]> = (1R Iyl )14 617 (6)  those withl>1,=32 are reflected or absorbed. So the only
) . ) ) _ trajectories scattered forward are those passing near the edge
The _expreSS|om6) gives the intensity of the F.raunhofer dif- of the hole. In the language of wave mechanics, this means
fraction pattern produced by an opaque disk of radRis that the only contributions t6,(6) in the forward direction
~lg/k. come from waves scattered from the edge of the aperture.

If n>1, the Coulomb force can no longer be neglected The amplitude of these scattered edge waves behaves like
and the expression fdr,(6) becomes, from Eq.3), Jo(l46) and one can write approximately

f(0) =- 2%(2:;'09 (2 + 1?7 (cos 6). ) F2(8)2 = C 3(140), (8)
I whereC is a constant.
An approximate analytical result cannot be obtained from the Figure 7 shows, for®0+28Sj (75 MeV), a comparison
partial wavel summation in Eq(7). Rather, we shall use between the curve obtained from the numerical evaluation of
semiclassical arguments which provide some physical insigh€,(6)|> with f.(#) as given by expressiofY), with that ob-
into the scattering mechanism describedfgis). tained from the approximate expressigB) putting C
At first, one easily verifies thatfr(6) is the scattering =|f,(0)[?, plotted versux=1, 6. As seen, the two curves re-

amplitude of a Coulomb wave scattered by an opaque screenain close to each other even for not to small values. of
in which is cut a circular hole with the same radius as the The same angular dependence as that given by the expres-
disk [12]. This is illustrated in Fig. 6, in a classical picture, sion(8) is obtained8] for the scattering cross section arising
where we have drawn the Rutherford trajectories for the scafrom surface waves produced by the real part of the nucleus-
tering of *°0 on ?8Si (E =75 MeV). As seen, trajectories nucleus optical potential. This is the so-called glory scatter-
with the smallestl’s values are scattered backward while ing, a refractive effect which can manifest itself in both the

%0 + %°si 75 MeV
Screen 1=4(2)8(4) 32
30 !
b (fm) -4 FIG. 6. (Color online The Ru-
- therford trajectories corresponding
to the Coulomb scattering dfo
20 - lg =232 on %si, E, =75 MeV. The trajec-
tories are collimated by a circular
hole cut on an opaque screen. As

seen, the only trajectories scat-

10 - tered forward are those passing
near the edge of the holésee
text).
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FIG. 7. Comparison between the numerical evaluation of

[f.(6)|? with f,(#) as given by Eq(7) (full curve) and that of the
approximate expressiai@) (broken curve
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forward and the backward directions with the same oscilla-
tory behavior[5,8,9. To go further, one remarks that the
location of the extrema of the oscillatory patterns as given by

the formulas(6) and (8) depends only on the momentum
transfer

q=lg 6. (9

Further, beyond their first maximum, the Bessel functions
approach quickly their asymptotic form

v v

2(q) ~ (277 _
Ja(@) ~ (2mlq) co§<q N -

), n=0,1. (10
One sees that except aroufid- 0, (7—60)~0, ther.p.m.o.
produced by shadow scatterifig=1) and that produced by
edge or surface scatterinqi=0) oscillate “180° out of
phase,” i.e., in quadrature, in accordance with the extension
of Babinet’s principle. Furthermore, this phase rule should be
apparent if the experimental oscillatory patterns are plotted
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FIG. 8. The points are the experimental data
shown in Figs. 1-3 plotted versus the variakle
=lg ¢ for forward scattering ox=Iy(7—6) for
backward scattering. The data are linked to guide
the eyes. The lower curve is a plot of the expres-
sion J(z)(x) in the domain where it reproduces the
angular dependence of the evelopes shown in
Figs. 4 and Hsee text The location of the three
first zeros ofJf(x) are indicated. A striking fea-
ture of these plots is the experimental evidence
for the “180° out of phase” rule between the os-
cillation due to shadow effectsipper curve and
those due to surface effeatewer curves.
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versus the variable=I4 . This result will be used in the quite well a zero-order Bessel function. This allows us to
next paragraph to distinguish, in the experimental datawrite

shadow effects from edge or surface effects. I£.(6)2 = |f,(0)2 JS(IQG) (12)
with [11] |f,(0)|=43 fm for 1°0+?%Si and|f,(0)|=28 fm for
IIl. EXPERIMENTAL EVIDENCE FOR THE “180° OUT 2C+28si.
OF PHASE” RULE Figure 8 displays the experimental data shown in Figs.

1-3 plotted versus the variable |, 6 [x=I4(7—- 6) for back-
Figures 1-3 show examples of angular distributions exyard scatteringy The data are linked to guide the eyes. The
hibiting regular patterns of marked oscillations. Figure 1 is aower curve is a plot osz(x) in the x domain where the

plot of do/dog [13] for the scattering of°0O on %Si, E, envelopes in Figs. 4 and 5 have been drawn.
=1503 MeV,7,=1.82. Thely value can be obtained froi 0

expression(1l) measured between successive maxima. One IV. DISCUSSION
hasé 6~ 1.25° andl,~ 1.44. Figures 2 and 3 are examples
of r.p.m.o. peaked backward. FOfO+%si, E =55 MeV
[6], 7=9.51, one hasy 6~7.3°, I,~25. For 12C +%5, E,
=33.64 MeV[7], n=7.9,6 6~ 11.7°,Ig~15. When search-
ing for the occurrence of surface effects in the forward di-

rection, one should have in mind that fge> 1 these effects +285j (1503 Me\), one observes that the first three minima
will be hidden by Coulomb scattering. However, a simpleOf do/ dow ocCUr a{t the zerog,=3.83,x,=7.02,x,=10.17 of
R . yAQ— [ A3~ .

mettrtloql[ll] allows ufa;(;/%)gactf“(? fromf;[_h_e rr:leasured the functionJ;(x). So, the data &, =1503 MeV should be
scattering cross secti » Providing sufhiciently accu- ttributed to Fraunhofer diffraction, i.e., a shadow effect.

rate experimental data are available at very small angles. :
) . oncerning the lower curves, one observes Xer10 two
has been showfl1] that if »>1 and §< 6, the following striking features:

relation holds: (i) these curves oscillate in phase with each other,
dog \Y?( do (i) they oscillate “180° out of phase,” when compared
E(E) (R - 1) =[fn(@)lcoden—¢o),  (11)  with the curve for shadow scattering.

So, invoking the extension of the Babinet’s principle, one
where dog/d() is the Rutherford cross sectionp.=7  concludes that these angular distributions should be inter-
-27n1In (sin 6/2)+ 20y and ¢, are, respectively, the Coulomb preted as resulting from
and the nuclear phase. In the near-forward direction the Cou- * backward-surface scatterintfC+2Sj (33.6 Me\) and
lomb phase varies rapidly and therefore the left-hand side of°0 +28Sj (55 MeV);

Eg. (11) oscillates with spacings~ w6/ and envelopes - forward-surface scattering?’C +2%Sj (65 MeV) and
given by #f.(6)|. The points in Figs. 4 and 5 are the plots of 160 +285j (75 MeV).

1/2\dog/dQ(do/dog—1), for the scattering of'°0 on In view of Fig. 8, the distinction between shadow and
28sj (E_=75 MeV) and *2C on %Si (E =55 MeV) respec- edge or surface scattering appears quite clearly. We think that
tively, using fordo/dog the experimental datgl]. The bro-  the present results should also be useful when applying the
ken line has been drawn through the points to localize theonventional optical model analysis of the elastic scattering.
extrema of the fast oscillations. The grazing angular momenh fact, in many cases, the numerical calculationsl@f d()

tum I can be obtained from the measured ratio’dog [4]  done with parametrized optical potentials can hardly answer
usmg the “quarter point recip¢14,1]. This givesly=32 for ~ unambiguously the question of what kind of scattering
18C +%°si andl4=28 for *C+4Si. With thesel values the mechanisms is responsible for the particular pattern so ob-
envelopes of the fast oscillations in Figs. 4 and 5 followtained.

Before going into the discussion of Fig. 8, let us first
remark that the difference between the location of the ex-
trema ofdo/dQ) and that of the ratiao/dog is negligible
when compared with the angular spacifi@ as given by the
expression (1). Now, concerning the curve %0
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