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Airy structure in 16O¿16O elastic scattering between 5 and 10 MeVÕnucleon
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We have applied the barrier-wave/internal-wave decomposition technique to16O116O elastic scattering
optical model angular distributions between 75 and 145 MeV, an energy region where strong refractive
effects—in particular Airy maxima and minima—are clearly observed; this technique, introduced in a semi-
classical framework more than 20 years ago by Brink and Takigawa, and which was successful in clarifying
the light-ion elastic scattering mechanism, has practically never been used in the context of light heavy-ion
scattering. The decomposition is accomplished by using a fully quantum-mechanical method, which bypasses
the intricacies of the semiclassical approach. The Airy minima are found to be due to the interference of the
barrier-wave and internal-wave subamplitudes; the presence of a substantial internal-wave contribution dem-
onstrates in a very clear way the exceptional transparency displayed by the16O116O system. The results
obtained contrast with those of the nearside/farside decomposition technique, where the Airy minima are fully
carried by the farside contribution. By combining the two approaches it is possible to calculate in a straight-
forward way the two components underlying the structure of the farside component, which up to now have
been obtained through delicate semiclassical calculations or the use of an approximate empirical method. The
complicated evolution of the full elastic cross section can eventually be explained in terms of the interference
of several subamplitudes with a much smoother, and thus much simpler to understand, behavior. A barrier-
wave/internal-wave decomposition of the 132 MeV16O112C and 100 MeV18O112C elastic scattering am-
plitudes is also presented.

DOI: 10.1103/PhysRevC.63.034620 PACS number~s!: 24.10.Ht, 25.70.Bc
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I. INTRODUCTION

The systematic measurement and phenomenolog
analysis, for a few selected systems, of elastic scattering
gular distributions on a broad range of energies and ang
has recently resulted in a considerable progress in the un
standing of the dynamics of light heavy-ion scattering@1#.
Comprehensive data sets are indeed now available for
12C112C @2#, 16O112C @3–5#, and 16O116O @6,7# systems
up to 10 MeV per nucleon~and beyond!, and optical model
potentials varying reasonably smoothly with energy and
producing the complicated energy dependence of the
have been extracted@4–8#.

In the meantime, a series of seminal papers@9–12,1,13#
were devoted to the interpretation of the optical model
sults in more intuitive terms. Most of these studies we
carried out within the frame of the so-called nearside/fars
~N/F! decomposition method introduced by Fuller@14# some
25 years ago, where the scattering amplitude,f (u), is split
into two contributions,f N(u) and f F(u), corresponding to
classical trajectories with positive and negative deflect
angles, respectively. These analyses revealed that the b
structures observed in the experimental angular distribut
and excitation functions for these systems are due to ref
tive effects, which in an optics language were described
terms of the Airy maxima and minima of rainbow wav
theory @15#.

In the N/F approach, the Airy structure does however
result from an interference between the nearside and far
components, but is fully carried by the farside contribution
the scattering amplitude@1#. The N/F decomposition thu
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al
n-
s,

er-

he

-
ta

-
e
e

n
ad
s
c-
in

t
de

does not supply a direct explanation of the Airy structu
observed in some light heavy-ion systems: to understand
structure, one has to invoke the existence, in the farside c
ponent itself, of two interfering contributions correspondi
to negative deflection angle trajectories with different ang
lar momenta@10# ~usually notedl , and l .). This interpreta-
tion is substantiated, in a ray optics analogy, by resorting
the concept of deflection function@15# ~which strictly speak-
ing is only applicable in the absence of absorption!, or more
generally by invoking semiclassical approaches like that
Knoll and Schaeffer@16#, which in a complex trajectory in-
terpretation associate semiclassical subamplitudes to
turning point found in the complexr plane. Since the contri-
bution with the lowest angular momentuml , only survives
within an incomplete absorption context—indeed, increas
the imaginary part of the optical potential in the central
gion makes the Airy oscillations disappear@17#—the obser-
vation of Airy oscillations bears testimony to the transp
ency of the interaction in the investigated system.

Optical model analyses have revealed that a consis
description of the evolution of the Airy oscillations with en
ergy and angle, seen in the elastic angular distributions
transparent systems, can only be reached if refraction
strong enough—in other words if the real part of the opti
potential is sufficiently deep@1#. As a matter of fact, the
depths of the potentials compatible with experiment
found to be in good agreement with those predicted by fo
ing model calculations using a convenient nucleon-nucle
effective interaction@1,18#. It is the considerable depth of th
potential that makes possible the appearance of supernu
ary bows at angles smaller than that of the main rainbow
©2001 The American Physical Society20-1
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produces the observed Airy structure. Again using an op
language, the index of refractionn found necessary to repro
duce the bending of the nuclear trajectories, which is link
to the potential depthV by the simple equation

n~r !5A12
V~r !

Ec.m.
, ~1!

greatly exceeds that of water at small distances: indee
incident energies of about 5 MeV per nucleon, it even
ceeds that of diamond (n.2.5).

Although the N/F decomposition of Fuller has taken t
lion’s share in most of the studies referred to above, it is
the only method available to decompose the scattering
plitude into semiclassical components with an intuitively a
pealing interpretation. Indeed, not long after Fuller’s wo
Brink and Takigawa@19# introduced another scheme, know
as the barrier-wave/internal-wave~B/I! decomposition,
which makes sense provided the real part of the potentia
deep enough for the effective potentials active in the sca
ing to display ‘‘potential pockets.’’ In this method, the ela
tic scattering amplitudef (u) is split into two contributions,
f B(u) and f I(u), corresponding, respectively, to that part
the incident flux which is reflected at the barrier of the
fective potential, and that which penetrates the nuclear i
rior and reemerges in the entrance channel after reflec
from the most internal turning point. This approach provid
considerable help in elucidating the mechanism of the AL
phenomenon observed in elastic scattering for some light
systems@19–21#, and it supplied for the first time unques
tionable evidence for a substantial transparency in the s
tering of composite projectiles like thea particle @22,23#.

It is the purpose of the present paper to show that
decomposition method of Brink and Takigawa compleme
nicely the N/F method of Fuller, and that in a context
incomplete absorption it provides an illuminating interpre
tion of the occurrence of the Airy structure seen in lig
heavy-ion scattering angular distributions. To this end,
will investigate in a systematic way the properties of t
16O116O optical model potential at incident energies b
tween about 5 and 10 MeV per nucleon~this last energy is
that where the potential loses its ‘‘pocket’’ at the grazi
angular momentum!. Although the B/I decomposition fo
complex potentials was initially introduced within a sem
classical framework@19#—thus requiring the localization o
complex turning points and the evaluation of action integr
in the complex plane, which makes it rather difficult
implement and restricts its use to analytical potentials—i
possible to obtain the same information within a fu
quantum-mechanical frame@24#, using any conventional op
tical model code, by taking advantage of the response of
elastic scattering amplitude to small modifications of the
tical potential inside of the barrier radius; this much simp
method—which we will refer to as the quantum-mechani
perturbative method—will be used consistently here.

The organization of this paper is as follows. In Sec.
after introducing the16O116O potentials which are used i
our calculations, we briefly recall the salient features of
N/F and B/I decomposition techniques, and we give an
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haustive presentation of the results of our calculations
tween 75 and 145 MeV incident energies. Section III is d
voted to a rapid presentation of preliminary results for oth
systems, while Sec. IV contains our conclusions. A prelim
nary account of this work has recently been presented in R
@25#.

II. ANALYSIS OF 16O¿16O ELASTIC SCATTERING FOR
INCIDENT ENERGIES BETWEEN 75 AND 145 MeV

A. The 16O¿16O optical model potentials

In a recent publication, Nicoliet al. @6# present an optica
model analysis of their Strasbourg Vivitron16O116O data at
nine incident energies ranging from 75 to 124 MeV. T
potentials used are either purely phenomenological@their real
part has a Woods-Saxon squared~WS2! geometry, while
their imaginary part is the sum of a WS2 volume term an
surface term with a Woods-Saxon derivative~WSD! shape#,
or ‘‘microscopic’’ ~real part supplied by the folding mode
imaginary part sum of WS2 and WSD components!. The
phenomenological potentials thus read

U~r !5V~r !1 iW~r !5VC~r !2U0f ~r ;RR ,aR!

2 i @W0f ~r ;RI ,aI !1WDg~r ;RD ,aD!#, ~2!

where

f ~r ;R,a!5
1

$11exp@~r 2R!/2a#%2
, ~3!

g~r ;R,a!5
4 exp@~r 2R!/a#

$11exp@~r 2R!/a#%2
. ~4!

Note that in the expression of the WS2 form factor w
have multiplied the diffusenessa by a factor of 2, which has
the advantage of preserving the original meaning of the
fusenessa: indeed with this conventionf (r ;R,a) behaves
asymptotically, like for a more traditional WS form factor, a
exp@2(r2R)/a#.

The analysis of Ref.@6# is an outgrowth of an earlie
optical model analysis presented in Nicoli’s thesis@26#,
where the imaginary part of the potentials did not include
surface component. Whereas the agreement with the da
of course better with the heavier parametrization, the simp
potentials of Ref.@26# already provide a very satisfactor
description of the main trends of the complicated energy
angular dependence of the data. The better agreemen
tained in Ref.@6# turns out to result at some energies fro
the use of very small imaginary diffusenesses, either in
surface term at large distances or in the volume term
smaller radii; we will see below that these energy-depend
features introduce complications in the scattering dynam
and make its energy dependence more irregular. As we
tend to concentrate here on a global explanation of the
gular and energy dependence of the data, we decided to
in the following to Nicoli’s thesis potential parameters.

In another very recent paper, Khoaet al. @7# present a
detailed optical model analysis of HMI and GANIL16O
0-2
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TABLE I. Optical model parameters of Nicoli@26# between 75 and 124 MeV, and of Khoaet al. @7# at
145 MeV, used in the present work, together with the volume integrals per nucleon pairj V and j W of the real
and imaginary parts of these potentials~energies in MeV, lengths in fm, volume integrals in MeV fm3).

Elab U0 RR aR W0 RI aI WD RD aD j V j W

75.0 412 3.97 0.746 67.9 2.26 1.130 331.7 27
80.6 412.6 3.97 0.770 51.0 2.69 1.320 336.9 33
87.2 414.8 3.97 0.780 31.14 4.528 1.175 340.8 45
92.4 420.7 3.97 0.825 11.53 7.237 0.257 355.7 57
94.8 419 3.97 0.778 12.24 7.02 0.349 343.7 54
98.6 414 3.97 0.779 15.44 6.598 0.566 340.0 52
103.1 409.6 3.97 0.780 15.68 6.80 0.623 336.5 58
115.9 412 3.97 0.752 14.77 6.849 0.425 332.8 59
124 420 3.97 0.789 15.13 7.105 0.452 346.9 65
145 385.3 4.18 0.715 9.107 6.800 0.433 16.01 5.421 0.435 349.6 7
it

ie

er
e
e
b

er
li
t

nt
rs
nd
iv-

i

n
o

n
V

th
e

ta
io
on
a

tl
pl
rti
e
u

ter-
ar-

ing
-
ns

oli
-

116O data at energies ranging from 250 to 1120 MeV@27–
29#; JAERI data at 124 MeV and at 145 MeV@30,31# are
also included in their systematics. As in Ref.@6#, phenom-
enological and folding potentials are used together w
imaginary potentials with WS21 WSD geometry.

As the present study is restricted to incident energ
lower than 150 MeV, the potential of Khoaet al.at 145 MeV
will be the only one used in the forthcoming. It is howev
important to point out that the real parts of the potentials th
obtain at higher energies are smoothly connected to thos
124 and 145 MeV, and to those of the potentials obtained
Nicoli down to 75 MeV. Indeed the volume integrals p
nucleon pairj V of the phenomenological potentials of Nico
and of Khoa et al. decrease smoothly from abou
340 MeV fm3 at low energy to 210 MeV fm3 at 1120 MeV;
these potentials thus appear to belong to a single pote
family. This family coincides with that selected ten yea
ago, on the basis of dispersion relation arguments, by Kō
et al. @32# from three phase-equivalent potential families g
ing comparable fits to~limited angular range! 350 MeV
16O116O elastic scattering data. Subsequent analyses
volving more extensive data sets@33,34,30,31,29# proved
that this choice was indeed the correct one. The selectio
a unique potential family makes possible the identification
the orders of the various Airy minima seen in experiment,A1
being by definition the last minimum showing up when e
ergy increases~at 90°, the latter appears at about 200 Me
incident energy for the present system!.

The parameters of the potentials that will be used in
rest of this paper are collected in Table I, together with th
real and imaginary volume integrals per nucleon pairj V and
j W ; a comparison of their predictions with the experimen
data appears in Fig. 1. Instead of plotting the cross sect
s(u) as their ratio to the Mott scattering cross secti
sM(u), as is done most of the time, we have plotted them
their ratio to@sR(u)1sR(p2u)#, wheresR is the Ruther-
ford cross section; this convention will be used consisten
throughout the present paper each time we have to dis
symmetrized cross sections. The main reason for depa
from common practice is that at the energies considered h
the Mott cross section displays considerable structure aro
03462
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90°; plotting the cross sections as their ratio to Mott scat
ing thus introduces artificial oscillations, which unnecess
ily complicate the~already fairly complex! scattering pattern
and tend to hide the interesting physical features. Plott
s(u)/@sR(u)1sR(p2u)# does not present this shortcom
ing, while eliminating the divergence of the cross sectio

FIG. 1. Comparison of the optical model calculations of Nic
@26# with the experimental16O116O elastic scattering angular dis
tributions between 75 and 124 MeV@26,6#.
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F. MICHEL, G. REIDEMEISTER, AND S. OHKUBO PHYSICAL REVIEW C63 034620
around 0 and 180 ° and preserving the fore-aft symmetry
the cross sections. Plots of the 124 MeV optical model
gular distribution using the two conventions, and of pu
Mott scattering at this energy, is presented in Fig. 2; one s
that the artificial enhancement of the cross section aro
65° ~and 115°) and the depression around 90° of thes/sM
plot have disappeared, while the Airy minima around 6
~and 120°) stand out much more conspicuously in this l
conventional representation.

In Fig. 3, we display the effective potential curves cor
sponding to Nicoli’s potential at 124 MeV for angular m
menta ranging from 20 to 40. One sees that the potentia
deep enough for potentials pockets—an important ingred
in the forthcoming B/I decomposition analysis—to survi
up to l 530; the critical center of mass energy correspond
to this disappearance is about 70 MeV. Khoaet al. @7# po-
tential at 124 MeV displays very similar properties.

B. The nearsideÕfarside decomposition

We summarize here the main ingredients of the N/F
composition method of Fuller@14#, and the results obtaine
in Refs.@26,6,7# for the 16O116O system.

FIG. 2. Plot of the ratio of the 124 MeV16O116O optical model
cross sections(u) to the Mott cross sectionsM ~top! and to the
symmetrized Rutherford cross sectionsR(u)1sR(p2u) ~bottom!,
and of the pure Mott angular distribution at this energy~center!.
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The method of Fuller makes possible the decomposit
of the scattering amplitudef (u) into subamplitudesf N(u)
and f F(u), corresponding, respectively, to trajectories w
positive and negative deflection angles~Fig. 4!. In fact, this
clever technique circumvents the stationary phase evalua
of the integrals corresponding to these paths, which are
countered when one substitutes the largel asymptotic formu-
las for the Legendre polynomials in the partial wave exp
sion of f (u) and one replaces the sum over the partial wa
by an integral by resorting to the Poisson summation form
@21#: indeed the decomposition is achieved in a more dir
way by replacing the Legendre polynomialsPl(cosu) in the
partial wave series by their ‘‘travelling wave’’ componen
Q̃l

(2) and Q̃l
(1) , which are defined by the following combi

nations of Legendre polynomialsPl and of Legendre func-
tions of the second kindQl :

Q̃l
(6)5

1

2 FPl~cosu!7 i
2

p
Ql~cosu!G . ~5!

FIG. 3. Effective potential curves for angular momental be-
tween 20 and 40, calculated with the real part of the16O116O 124
MeV optical potential of Nicoli@26#.

FIG. 4. Schematic representation of the classical trajecto
contributing to the nearside (f N) and farside (f F) components of
the elastic scattering amplitude; the latter contains generally co
butions from deeply penetrating (f F,,) and more peripheral (f F,.)
trajectories.
0-4
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AIRY STRUCTURE IN 16O116O ELASTIC . . . PHYSICAL REVIEW C 63 034620
The Rutherford scattering amplitude has likewise to
decomposed into its nearside and farside compon
f R,N(u) and f R,F(u), which can be obtained in closed form
@14#.

The two components of the16O116O scattering ampli-
tude f (u) obtained using this technique display features
ready encountered for this and other systems at higher e
gies @5,7#. At small angles, the cross sections(u) is
dominated by the nearside amplitudef N(u), and the interfer-
ence between the nearside and farside components off ac-
counts for the Fraunhofer oscillations observed below ab
50°, as is seen in Fig. 5, which displays the results of the
decomposition at 75 and 124 MeV, and where for clarity
cross sections have not been symmetrized and are plotte
their ratio to Rutherford scattering. At larger angles the cr
section is dominated by the farside contribution; at low e
ergy however, the influence of the nearside component
sists on the whole angular range, and interference eff
between the two subamplitudes give rise in the full cro
section to oscillations persisting on most of the angu
range.

This persistence of the influence of the nearside com
nent on the whole angular range at 75 MeV is interpreted
Ref. @6# as being due to the fact that the farside contribut
extends beyond 180° at low energy~which implies that the

FIG. 5. Nearside/farside decomposition of the16O116O optical
model angular distributions at 75 MeV and 124 MeV incident e
ergies.
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rainbow angle is larger than 180°—one can thus speak
‘‘glory scattering’’ at these energies!, but that deflection
angles exceeding 180° are associated in the N/F decomp
tion to the nearside componentf N . Whereas the interferenc
oscillations betweenf N and f F have a diffractive origin at
small angles, those observed at larger angles are thus in
interpretation caused by refraction. We will see in Sec. I
how this interpretation is confirmed by the B/I decompo
tion. Anyhow it is difficult to discern these interference o
cillations at midangles in the data, since much stronger
cillations are induced there by symmetrization effects~see
Fig. 1!.

At very large angles ‘‘backangle Fraunhofer oscillation
@17# are always present since the nearside and farside am
tudes become equal at 180°; however this is of no pract
relevance for symmetric systems, since in that case this
ture is completely hidden by the Coulomb divergence.

The gross structure observed in the unsymmetrized c
sections in the midangle region is seen to be carried by
farside component of the scattering amplitude. Whereas
N/F decomposition as such thus does not clarify the origin
these oscillations, a deflection function interpretation s
gests, as explained in the Introduction, that for angles sma
than the rainbow angle there are two trajectories leading
the same negative deflection angle; interference betw
these trajectories, which carry different phases, is respons
for the broad oscillations seen in the farside contributio
This interference mechanism is identical to that proposed
Airy to give a wave contents to the Descartes ray picture
the rainbow, in order to account for the occurrence of sup
numerary bows on the lit side of the primary rainbow@35–
37#; the minima seen insF have therefore become known a
Airy minima @1#.

The decomposition of the farside amplitudef F into two
components with different angular momenta~which to con-
form to general usage will be notedf F,, and f F,.) can in
principle be carried out by resorting to semiclassical a
proaches like that of Knoll and Schaeffer@16#; however this
technique, which is complicated to use in numerical calcu
tions ~in particular the topology of the turning points traje
tories changes in a complicated way with the optical mo
parameters@38,39#!, has rarely been used in this context, a
then only at relatively high incident energy (12C112C at 159
and 240 MeV@39#, 13C112C at 260 MeV@38#, 16O112C at
608 MeV @39#, and 16O116O at 350 MeV@27#!. A simpler
approximate method, due to da Silveira and Leclercq-Will
@40# ~sometimes referred to as the ‘‘interpolated-envelo
technique’’@17,41#! has also been used to decompose qu
tatively the farside amplitude into its two components; it
based on the fact that the cross sections(u) corresponding
to the sum of the two subamplitudesf F,,(u) and f F,.(u)
oscillates between the two limitsE1(u)5@sF,,(u)1/2

1sF,.(u)1/2#2 and E2(u)5@sF,,(u)1/22sF,.(u)1/2#2,
which define envelopes which can easily be drawn when
oscillations ins(u) are well defined. Comments on the a
plication of this method to the data investigated here will
made in the next section.

-
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C. The barrier-waveÕinternal-wave decomposition

1. Semiclassical approach

Before we present the results of the barrier-wave/intern
wave decomposition of the scattering amplitude to the16O
116O system, we recall the main ingredients of this tec
nique, first presented within a WKB context by Brink an
Takigawa@19,21#.

When the real partV(r ) of the optical potential is deep
enough for the effective potential

Ve f f~r !5V~r !1
\2

2m

l ~ l 11!

r 2
~6!

to display a pocket, three turning points generally play
important role in a semiclassical description of the scatter
These turning points, which are by definition the zeros
Ec.m.2Ve f f(r )2 iW(r ), are real if the incident energy is les
than that of the top of the barrierVB and if W50, but they
move away from the real axis whenEc.m..VB and/or W
Þ0 ~Fig. 6!. The main ingredients in a WKB approach a
the action integrals

Si j 5E
r i

r j
drH 2m

\2
@Ec.m.2Ve f f~r !2 iW~r !#J 1/2

, ~7!

which have to be evaluated in the complex plane between
turning points r i and r j of the problem~here and in the
following the angular momentum indexl will be dropped if
not needed!. In a three turning points problem, the actio
integrals to evaluate areS1[S1` , S21, and S32. The first
one is nothing but the action integral appearing in the o
turning point WKB approach@15#, while S21 is related to the

FIG. 6. Schematic representations of the classical trajecto
contributing to the barrier-wave (f B) and internal-wave (f I) com-
ponents of the elastic scattering amplitude~top!, and of the location
of the three turning points in the complex plane~bottom!.
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barrier penetrability. Brink and Takigawa@19# have shown
that, if the imaginary part ofS32 is large—which happens in
most cases of practical interest when absorption is not
weak—multiple reflections inside the potential pocket can
neglected, and the elasticS matrix can be decomposed int
two contributions

S.
e2iS1

N
1

e2i (S321S211S1)

N2
~8!

[SB1SI , ~9!

whereN, which is often close to unity, is a function ofS21
and is related to the barrier penetrability; these contributi
correspond to the part of the incident flux which is reflect
at the barrier (SB), and to that which crosses the barrier a
reemerges after reflection at the most internal turning po
(SI), respectively. From these components of theS matrix
one can derive the barrier-wave and internal-wave scatte
amplitudesf B(u) and f I(u), which are defined in conven
tional notations as

f B~u!5 f R~u!1
1

2ik (
l

~2l 11!e2is l@SB~ l !21#Pl~cosu!,

~10!

f I~u!5
1

2ik (
l

~2l 11!e2is lSI~ l !Pl~cosu!. ~11!

In practice, the accuracy of the semiclassical decomposi
can be checked by comparing the full semiclassical sca
ing cross sectionu f B(u)1 f I(u)u2 with that supplied by the
optical model calculations. One has to keep in mind tha
some cases the problem may be dominated by more
three active turning points; this happens, e.g., when the
and imaginary parts of the potential have different geo
etries and the diffuseness of the imaginary potential is v
small ~say, less than about 0.2 fm!: one then observes reflec
tion at this sharp boundary, to which corresponds an ad
tional turning point. A general approach to the multiturnin
point problem based on a wave propagation matrix met
has been proposed by Lee and Takigawa@42#.

2. Quantum-mechanical calculation of the barrier
and internal contributions

Because the semiclassical method of Brink and Takiga
@19# requires the localization of complex turning points a
the evaluation of action integrals along complex paths,
practical implementation is not too easy and, as a matte
fact, it has been used infrequently as such in the literat
However, a much more straightforward technique@24#,
based on simple modifications of any optical model co
puter code, makes possible the separation of the scatte
amplitude into its barrier and internal wave components, p
vided the effective potential displays a pocket for all t
active partial waves. The basic idea of this technique is
study the response of theS matrix to perturbations of the
optical potential; to first order the action integrals beha

es
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AIRY STRUCTURE IN 16O116O ELASTIC . . . PHYSICAL REVIEW C 63 034620
linearly in the perturbationg(r ), and if the latter is of short
range,S32 is the only action integral affected by the modi
cation of the potential. Taking Eq.~8! into account, a simple
derivation then shows that three successive optical mo
calculations, using the original potentialU(r ) and the modi-
fied potentialsU(r )6g(r ) ~to which correspondS matrix
elements which will be notedS(0) and S(6), respectively!,
make possible the calculation ofSB andSI ; indeed one ob-
tains @24#

SI52
D1D2

D11D2
, ~12!

SB5S(0)2SI , ~13!

whereD6[S(6)2S(0).
In contrast with the semiclassical approach, the sum of

barrier and internal components of theS matrix or of the
scattering amplitude supplied by this method coincide
construction with the exact result. The perturbation used
be complex; in the following we will restrict to imaginar
perturbations, that is, we will increase/decrease the im
nary part of the optical potential at small distances. In pr
tice, the perturbation has to be chosen so that only the m
inside turning point is affected; this requires a rather ra
decrease of its form factor, but this decrease must be sm
enough so that no extra reflection appears in the pote
pocket—in other words no additional spurious turning po
should be introduced in the calculation; here a perturba
of the type suggested in Ref.@24# will be used, that is

g~r !5 iW1e2(r /r)4
. ~14!

In practice, as recommended in Ref.@24#, W1 can assume
values equal to about one tenth of the strength of the im
nary potential strength, whiler should be about half the
barrier radius at the grazing angular momentum.

The barrier and internal waveS matrices and amplitude
supplied by the method can be considered as reliable on
they do not depend critically on the parameters of the p
turbation; of course, when one of the two components
much smaller than the other, the estimates supplied by
method, which is based on the calculation of small diff
ences in the optical modelS matrix, inevitably carry some
errors; as will shown below, these show up as fluctuati
when the perturbation parameters are changed. We fin
note that a refinement of the method, consisting in the in
duction of a stronger extra imaginary potential with
strengthW2 and the same form factor as the perturbat
g(r ), as proposed in Ref.@24#, has been used to improve th
barrierS matrix at low angular momenta~see below!.

D. Barrier-waveÕinternal-wave decomposition:
The 16O¿16O system

1. Selected energies

In this subsection, we present the result of the B/I deco
position of the16O116O optical model scattering amplitud
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at 75 and 124 MeV; a general discussion of the energy e
lution of the two components from 75 to 145 MeV will b
presented in Sec. II D 2.

The basic quantities supplied by the B/I decomposit
are the barrier-wave and internal-waveSmatrix elementsSB
andSI . Their moduli at 75 MeV are plotted as a function
the angular momentuml in Fig. 7, together with the modulu
of the full optical modelS matrix ~the so-called ‘‘absorption
profile’’ @1#! . Calculations were carried out using the valu
W152.5 MeV andr53.25 fm for the parameters of th
perturbation in Eq.~14!. As is usual for systems displayin
incomplete absorption@1#, one sees that the fullS matrix
shows two distinct behaviors according to the value ofl:
whereas at largel, theSmatrix behaves like that provided b
strong absorption models, at smalll ( l ,20) one observes a
saturation to a value of about 231022. The B/I decomposi-
tion shows that the barrier contribution to theSmatrix tends
to very small values at smalll, and that the saturation ob
served belowl 520 is entirely due to the internal wave con
tribution; the interference between the two contributions
responsible for the oscillations seen nearl 520 in the totalS
matrix.

It is interesting from a technical point of view to comme
on the effect of introducing an extra absorption in t
quantum-mechanical calculation of the barrier and inter
contributions@24# to improve the barrierS matrix, as men-
tioned at the end of the previous subsection. In Fig. 7,
show the results of calculations carried out without and w
such an extra absorption~in the latter case with a strengt
W2520 MeV), as well as the result of a full semiclassic
calculation. Whereas the internal part of theS matrix is the
same in the three calculations at the scale of the figure,
barrier part supplied by the quantum-mechanical calcula
at low l with W250 is larger than the semiclassical one
about three orders of magnitude; usingW2520 MeV im-
proves the results by more than one order of magnitude.
residual disagreement has hardly any consequence on

FIG. 7. Decomposition of the16O116O optical modelS matrix
into its barrier-wave and internal-wave components at 75 Me
using the quantum-mechanical perturbative approach of Ref.@24#,
without (W250) and with (W2520) an additional absorptive po
tential; the curve labeled SC is the barrier contribution obtain
from a semiclassical calculation.
0-7
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F. MICHEL, G. REIDEMEISTER, AND S. OHKUBO PHYSICAL REVIEW C63 034620
derived cross sections, as will be seen below~in this angular
momentum region the barrier contribution supplied by
calculation is already more than three orders of magnit
smaller thanuSI u); the parameterW2 will thus be fixed in the
rest of this work to a value of 20 MeV.

In Fig. 8, we compare the B/I decompositions of theS
matrix at 75 and 124 MeV; the 124 MeV results were o
tained with the same parameters for the perturbing poten
as at 75 MeV. One sees that the 124 MeV results are sim
to those obtained at 75 MeV, the most noticeable evolut
with energy being a decrease of the strength of the inte
contribution, and a general shift towards larger angular m
menta of the cutoff of the two components. The decreas
the internal contribution at the cutoff is also found to
much smoother at the highest energy.

The barrier and internal wave contributionssB(u)
5u f B(u)u2 and s I(u)5u f I(u)u2 to the cross sections at 7
and 124 MeV, corresponding to theseSmatrix elements, are
plotted in Fig. 9. Before we comment on the results, we l
to point out that at 75 MeV, where semiclassical calculatio
could be carried out consistently, the agreement between
angular distributions obtained within the quantum
mechanical perturbative method and the semiclassical re
is virtually perfect ~even calculations carried out withW2
50 produce results nearly indistinguishable from the se
classical ones at the scale of Fig. 9!. At 124 MeV our semi-
classical code was unable to deliver numerically stable
sults, in contrast with the quantum-mechanical code wh

FIG. 8. Comparison of the barrier-wave and internal-wave co
ponents of theS matrix at 75 and 124 MeV incident energies.
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produces only marginal instabilities in the barrier contrib
tion at extreme backward angles; we thus conclude that
quantum-mechanical perturbative method can be used
ably on the whole energy range we are investigating her

The results of the B/I decomposition are qualitative
similar at the two energies—although the relative importan
of the barrier and internal components at large angles
rather different at 75 and 124 MeV. In particular, the forwa
angle region, including the familiar Fraunhofer diffractiv
features, is seen to be dominated by the barrier contribut
while at large angles~more especially at 124 MeV!, the in-
ternal contribution accounts for the full cross section. At
termediate angles, the broad structures observed in the
quantum cross section are seen to result from strong inte
ence effects between the two subamplitudes, which turn
to have comparable magnitudes in this angular range.

In the B/I decomposition approach, the origin of the Ai
minima and maxima seen in the full cross section thus sta
out remarkably clearly: these are caused by an interplay
tween the waves which have been diffracted by the opt
potential surface, and those which have survived the pene
tion of the nuclear interior. The presence of this second co
ponent, which can only subsist in a context of incomple
absorption, is a prerequisite to the appearance of Airy f
tures in the angular distribution. Indeed repeating the ca
lation at 124 MeV with increasing values of the imagina

- FIG. 9. Angular distributions corresponding to the barrier-wa
and internal-wave components of the~unsymmetrized! 16O116O
optical model scattering amplitude at 75 and 124 MeV incid
energies.
0-8



lle

ul

b

n

ha
le
th
.
th
w

tri-

on-
lar
en-
lar
is
d
cat-
un-

ven
the
the
x-

is
°;
ed
ym-

al
n

illa-
om-
in-
°,
.

me-
n to
cil-

he
the
ent
ta

on

y

ta

s to
in-
po-
po-

fies
hat

e of

ich

on,
on-
ce

oss
of

n
al-

AIRY STRUCTURE IN 16O116O ELASTIC . . . PHYSICAL REVIEW C 63 034620
potential strength makes the internal contribution sma
~less change is observed in the barrier contribution!, and as a
result the Airy oscillations vanish progressively and the f
cross section becomes more and more diffractive~Fig. 10!.

The present analysis thus amply confirms the remarka
transparency displayed by the16O116O system forE/A
,10 MeV, which is not unlike that found in some light io
systems such asa116O or a140Ca at low energy@23#. For
these systems, symmetrization effects do not hide the be
ior of the scattering amplitude at extreme backward ang
this is the region where the internal wave contribution is
largest and gives rise to the famous ALAS phenomenon

It is interesting to inquire how the results discussed for
present system survive to symmetrization. In Fig. 11,

FIG. 10. Effects at 124 MeV on the full cross section~full lines!
and on the internal-wave component~dot-dashed lines! of a de-
crease or of an increase of the imaginary potential strength~the
nominal absorption at this energy isW0515 MeV).

FIG. 11. Decomposition of the symmetrized optical model a
gular distribution at 124 MeV into its barrier-wave and intern
wave components.
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present the 124 MeV barrier-wave and internal-wave con
butions to thesymmetrizedoptical model cross section. In
contrast with the N/F decomposition, where the farside c
tribution dominates the scattering in the important angu
region around 90° and accounts by itself for the experim
tal data, the B/I decomposition shows clearly the angu
region where the contribution of the nuclear interior
important ~we note in addition that although symmetrize
versions of the nearside and farside components of the s
tering amplitude can be constructed, they present the
pleasant feature to contain contributions from both the e
and odd partial waves, since the Legendre functions of
second kind do not obey the same symmetry rule as
ordinary Legendre polynomials for projectile-target e
change, and as a matter of fact they are never displayed!.

At 124 MeV, the symmetrized internal contribution
seen~Fig. 11! to dominate the scattering from 70 to 110
the Airy minimum which was seen in the unsymmetriz
cross section near 60° remains quite conspicuous in the s
metrized cross section~the symmetrized barrier and intern
components have similar magnitudes in this angular regio!,
while that near 90° has become less prominent. The osc
tions seen in the symmetrized barrier and internal wave c
ponents around 90° are entirely due to symmetrization:
deed a look at Fig. 9~b! shows that, between 60 and 120
the unsymmetrizedsB ands I behave smoothly with angle
Moreover the Airy minima around 60~and 120! and 90 °,
and more generally the complicated structure of the sym
trized angular distribution between 40 and 140 °, are see
result from interferences between the more regularly os
lating barrier-wave and internal-wave amplitudes.

The barrier-wave/internal-wave decomposition of t
scattering amplitude also helps to understand the role of
small surface absorption which has been used in rec
works to improve the optical model description of the da
@6,7#. For illustrative purposes we will concentrate here
the 115.9 MeV potential of Nicoliet al. @6#, which includes a
~seemingly modest! derivative Woods-Saxon imaginar
potential, with WD50.392 MeV, RD57.22 fm, aD
50.20 fm; the ability of this potential to reproduce the da
is compared in Fig. 12~a! with that of the potential of Table
I. One sees that the main effect of using a surface term i
improve the agreement in the region around 90°, where
terference effects between the barrier and internal com
nents are the strongest. The barrier-internal wave decom
sition itself is carried out for the potential of Ref.@6# in Fig.
12~b!, with ~dashed line! and without~full line! the surface
term. Whereas the introduction of the surface term modi
the internal contribution in a negligible way, one sees t
the response of the barrier cross section is anincreaseat
large angles, in an angular region where, in the absenc
the surface term, it was very low.

The effect of the surface absorption introduced, wh
peaks outside of the barrier radius~cf. Fig. 3! and has a very
small diffuseness, is thus to produce additional reflecti
which complements that due to the potential barrier; in c
trast the absorptive effects of this term are negligible, sin
the flux corresponding to the internal part, which has to cr
this absorptive peak twice, is hardly affected. The result

-
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F. MICHEL, G. REIDEMEISTER, AND S. OHKUBO PHYSICAL REVIEW C63 034620
this increase of the barrier contribution is to perturb the
terference effects between the barrier and internal com
nents, and to offer more flexibility to reproduce the delica
pattern displayed by the data around 90°~remember that the
scattering subamplitudes have still to be symmetrized!. Be-
cause of this delicate interplay the energy dependence o
calculated cross sections also becomes more intricate. W
ever the phenomenological merits of these additional sur
imaginary potentials, the physical origin of the extra refle
tion they produce is not clear and should be investigated
more detail.

In order to explain the origin of the gross structure o
served in the farside angular distributions, obtained from
Fuller N/F decomposition, one has to postulate in a defl
tion function picture that two different ranges of angular m
menta contribute to the farside amplitude; the cross sect
sF,, and sF,. corresponding to these two ranges ha
sometimes been estimated in an approximate way by re
ing to the so-called interpolated envelope technique~see Sec.
II B !. It turns out that application of this technique to th
~unsymmetrized! optical model farside angular distribution
of the present study involves some degree of arbitrarin
indeed because of the rather wide separation between
successive maxima and minima, the drawing of the envel
curves is far from being unique. In fact these two contrib

FIG. 12. ~a! Optical model fits to the 115.9 MeV data includin
~dashed line! or excluding~full line! a surface imaginary term;~b!
effect on the barrier-wave and internal-wave cross sections of
introduction of a sharply peaked surface imaginary term~see text;
full line: without surface absorption, dashed line: inclusion of
sharply peaked surface absorption!.
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tions can be obtained in a much more natural and rigor
way by performing a N/F decomposition of the barrier-wa
and internal-wave amplitudes; this is an easy task sincef B
and f I are expressed in the form of partial wave series@Eqs.
~10! and~11!#: one has simply to replace the Legendre po
nomials Pl(cosu) by the angular functionsQ̃l

(6)(cosu) ac-
cording to the prescription of Eq.~5!. The calculation sup-
plies four subamplitudes, which in a natural notation will
noted f B,N , f B,F , f I ,N , and f I ,F ; their status is summarize
in Fig. 13.

The result of the decomposition of the 124 MeV farsi
amplitude into its barrier and internal components is p
sented in Fig. 14. The strongly oscillating farside cross s
tion, whose behavior accounts for the Airy structure of t
full cross section, is seen to have been decomposed into
components,sB,F ands I ,F , which have all the properties o
the cross sectionssF,. and sF,, of the N/F approach. In-
deed by construction these two components correspon
different ranges of angular momenta~inspection of Fig. 8
shows that the barrier and internalS matrix components are
largely separated in angular momentum space!, and in addi-

e

FIG. 13. The various subamplitudes into which the full elas
scattering amplitude is decomposed in the present work.

FIG. 14. Farside component, and farside contributions to
124 MeV 16O116O barrier-wave~dashed line! and internal-wave
~dot-dashed line! components.
0-10
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AIRY STRUCTURE IN 16O116O ELASTIC . . . PHYSICAL REVIEW C 63 034620
tion the corresponding cross sections now behave smoo
as a function of angle.

The main advantage of the B/I approach is that these
contributions to the cross section are much easier to com
than in a fully semiclassical context@39,27#; on the other
hand, their calculation does no more rely on a qualitat
construction like that involved in the interpolated envelo
technique, and they are thus obtained in a more rigor
way. It is worth pointing out that a calculation of the nea
side and farside components of the barrier and internal c
tributions to the12C112C elastic scattering amplitude at 5
MeV center of mass energy was presented by Rowley, D
bre, and Marty, in a pioneering paper@43# where the beat
structure observed in the farside cross section was sh
like here to be due to the interference of the farside con
butions to the barrier and internal components; however
beat structure observed in the farside cross section was
associated at that time with an Airy mechanism, and even
physical significance of the deep potentials needed to
duce these features was unclear. To the best of our kn
edge, this type of decomposition was never attempted in l
studies; in particular it is completely absent in the most
cent compilation devoted to light heavy-ion scattering@1#.

Though less instructive, the decomposition of the nears
amplitude into its barrier and internal components provid
some interesting insight into the16O116O scattering mecha
nism. In particular, it supports the interpretation of Ref.@6#
concerning the refractive origin of the oscillations seen in
full cross section beyond the diffractive Fraunhofer oscil
tions at low energy. In Fig. 15~b!, we present the cross se
tions sB,N and s I ,N corresponding to the barrier-wave an
internal-wave components of the nearside amplitude at
MeV incident energy@Fig. 15~a! shows the farside contribu
tions to the barrier-wave and internal-wave components
the same energy#. Whereas the barrier contribution dom
nates the nearside cross section—which at first decre
rapidly with angle—up to about 60°, the internal contrib
tion becomes rapidly dominant beyond that angle and is
sponsible for the large value assumed there by the full n
side cross section, and thus for the oscillations seen in
full cross section beyond 80°~see Fig. 5!; the refractive ori-
gin of these oscillations is thus obvious, since the inter
contribution, which originates from close projectile-targ
encounters, is clearly associated with a refractive mec
nism.

To understand better the mechanism producing the A
maxima and minima in the farside cross section, we c
clude this long section with a discussion on the evolution
the phasesfB,F and f I ,F of the barrier-wave and interna
wave farside amplitudes—these quantities are not supp
by the interpolated envelope technique—as a function of
scattering angle. In Fig. 16~a!, we show these phases at 12
MeV as a function of the scattering angle, as well as th
difference; the latter is plotted using an expanded scale
Fig. 16~b!. These phases and their difference are seen
behave in a smooth way on most of the angular range.
positions of the Airy minima at 124 MeV, which correspon
to the angles where the phase differencefB,F2f I ,F is an
odd multiple ofp, are identified in Fig. 16~b!.
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Barrier-wave/internal-wave interference also underlies
presence in the 90°~unsymmetrized! excitation function of
minima, corresponding to the crossing of the successive A
minima, which shift to smaller angles as energy increas
this mechanism has been thoroughly investigated by McV
and Brandan@12#, who showed how it explains the so-calle
‘‘elephants’’ appearing in the experimental12C112C excita-
tion function at 90° between 70 and 130 MeV. In Fig. 17~b!,
we plotted the farside16O116O excitation function at 90°
between 50 and 150 MeV, calculated using the paramete
the 124 MeV potential; the orders of the Airy minima r
sponsible for the successive dips in the excitation funct
are identified in the figure. Of course because of the neg
of the energy dependence of the imaginary part of the po
tial, the absolute value of the cross section is under-~over-!
estimated below~above! 124 MeV, but the location of the
maxima and minima is not seriously affected by this assum
tion. Indeed, as can be seen in Fig. 10, the position of
Airy extrema is not sensitive to the exact absorption us
~provided absorption does not become strong enough
eliminate the Airy structure!; the energy of these minima
agrees well with the measurements of Halbertet al. @44#.
One sees again that the two contributing amplitudesf B,F and
f I ,F behave smoothly with energy; Fig. 17~a! displays the
energy evolution of the phases of the barrier and inter
contributions to the farside amplitude at 90° and their diff
ence f I ,F2fB,F , and identifies the energies of the Air

FIG. 15. ~a! Farside and~b! nearside contributions to the barrie
wave~dashed line! and internal-wave~dot-dashed line! components
of the 75 MeV 16O116O optical model cross section.
0-11
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F. MICHEL, G. REIDEMEISTER, AND S. OHKUBO PHYSICAL REVIEW C63 034620
minima where this phase difference is an odd multiple ofp.
As a summary of the above discussion, we identify in F

18 the origin of the various structures seen in the symm
trized cross section at 124 MeV; the thin full and dash
lines are the unsymmetrized cross sections(u) and its ‘‘mir-
ror image’’ s(p2u). In addition to the Fraunhofe
oscillations—due to nearside/farside interference—and to
third (A3) and fourth (A4) Airy minima—due to barrier-
wave/internal-wave interference—one observes, in the
gion of the Airy maximum separatingA3 andA4, oscillations
due to symmetrization interference. This plot recalls h
delicate and complex interference effects can become
transparent systems, and it explains why a precise des
tion of the experimental excitation functions and angular d
tributions for these systems will for a long time remain su
a formidable challenge.

2. Evolution with energy

In the previous subsection we have presented results
tained from the N/F and B/I decomposition techniques
selected energies; in the present one we gather the resu
calculations performed at all the available energies betw

FIG. 16. ~a! Evolution with angle of the phasesfB,F andf I ,F of
the farside contributions to the barrier-wave~dashed line! and
internal-wave~dot-dashed line! components of the16O116O elastic
scattering amplitude at 124 MeV, and of their difference;~b! iden-
tification, on an enlarged view offB,F2f I ,F , of the Airy minima,
which correspond to a destructive interference between the bar
wave and internal-wave components.
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75 and 145 MeV, in order to get an overall picture of t
general evolution of the various contributions to the16O
116O elastic scattering cross sections.

We first display in Fig. 19 the barrier-wave and interna
wave contributions to the full unsymmetrized quantum cro
section~in this and similar figures, curves are shifted by
factor of 10 when going from one energy to the next!. The
most striking feature of these angular distributions is th
regular evolution with incident energy, which departs fro
the much more irregular behavior of the full cross sectio
Beyond the Fraunhofer oscillations, which as expected s
to smaller angles with increasing energy, the barrier-wa
cross section is seen to decrease with angle, at a rate w
increases smoothly with incident energy. A striking exce
tion to this regular behavior is observed at 92 MeV, and
some degree at 95 MeV, where both the slope and oscilla
behavior of the cross sections contrast with those observe
neighboring energies. A look at Fig. 1 shows that the pot
tial of Nicoli @26# is rather unsuccessful at 92 and 95 Me
and inspection of Table I reveals a sharp decrease of

r-

FIG. 17. ~a! Evolution with energy of the phasesf I ,F andfB,F

of the farside contributions to the barrier-wave~dashed line! and
internal-wave~dot-dashed line! components of the16O116O elastic
scattering amplitude at 90°, and of their difference; the succes
Airy minima corresponding to a destructive interference betwe
these components are also identified;~b! evolution with energy of
the farside component, and of the farside contributions to
barrier-wave and internal-wave components at 90°. All the cal
lations were performed using the parameters of the 124 MeV o
cal model potential.
0-12
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AIRY STRUCTURE IN 16O116O ELASTIC . . . PHYSICAL REVIEW C 63 034620
FIG. 18. Interpretation of the minima appearing in the16O
116O optical model symmetrized angular distribution at 124 M
~thick full line!; the thin full and dotted lines represent the unsy
metrized cross sections(u) and its ‘‘mirror image’’ s(p2u), re-
spectively.
03462
imaginary diffusenessaI between 87.2 and 92.4 MeV; th
introduction of an additional surface imaginary potential
Ref. @6# does not improve significantly the situation at 92
MeV. On the other hand, the evolution of the internal-wa
contribution is seen to be quite smooth, the main trend be
a progressive disappearance of the oscillations at midan
and a gradual decrease of the slope at mid and large an
A careful look at Fig. 19 shows that despite its progress
decrease, the influence of the internal-wave contribution
the scattering becomes paradoxically more and more c
spicuous with increasing energy, as a result of the fa
decrease with angle of the slope of the barrier-wave cr
section; this trend is already apparent in Fig. 9 where
respective role of the two components is compared at 75
124 MeV.

The evolution with energy of the full farside cross secti
is displayed in Fig. 20; this figure is similar to that provide
by Nicoli et al. @6# for their folding model calculations~note
that in the latter, the imaginary potential strength was
duced to half its normal value in order to emphasize
refractive effects!. The change with energy of the location o
the various Airy minima can be followed fairly easily in th
plot; the crossing of theA5 , A4, and A3 minima at 90° is
responsible for the minima seen in the corresponding exc
tion function around 75, 90, and 120 MeV~see Fig. 17!. A
careful look at the figure shows again that the 92 MeV
side angular distribution is not in line with those at neig
boring energies.

The result of the decomposition of the farside amplitu
into its barrier and internal components between 75 and
MeV is presented in Fig. 21. Comments about the anoma
behavior of the barrier contribution to the farside amplitu
at 92 and 95 MeV can be repeated here. Once more

-

FIG. 19. Evolution between 75 and 145 MeV of the cross sections corresponding to the barrier-wave~left! and internal-wave~right!
components of the16O116O optical model scattering amplitude.
0-13
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oscillating—albeit reasonably regular—behavior of the f
side cross section is seen to be explained in terms of
subamplitudes varying smoothly as a function of angle a
energy. It is worth stressing again that the uncertainties
volved for the present system in the drawing of the envel
curves needed for applying the interpolated envelope te
nique would have resulted in a less regular behavior of
two subamplitudes; because it would have been tediou
perform this qualitative decomposition for the ten energ

FIG. 20. Evolution between 75 and 145 MeV of the farsi
contribution to the optical model16O116O cross section.
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e
to
s

considered in the present paper this construction was
attempted.

Finally we plot in Fig. 22 the modulus of the barrier an
internal contributions to the optical modelS matrix at six of
the studied energies. The most conspicuous trend of the
rier contribution is a regular shift towards largerl-values as
energy increases, a behavior expected for theSmatrix in any
strong absorption model. On the other hand, the internaS
matrix profile also tends to shift to largel with increasing
energy; its absolute value at lowl, though decreasing with
energy, is fairly stable since it remains of the order of one
two percents. It is the persistence of this seemingly mod
contribution which is responsible for the distinctive refra
tive behavior observed in16O116O elastic scattering on the
energy range studied here.

III. OTHER SYSTEMS

The two systems which come naturally to mind for a po
sible interpretation of Airy structure within the frame of th
present approach are12C112C and 16O112C, which display
indisputable refractive features. The12C112C system will be
investigated in a forthcoming publication. We briefly repo
here the result of the decomposition of the elastic16O112C
optical model cross section, at the selected incident energ
132 MeV, into its various components, using one of the o
tical potentials recently proposed by Ogloblinet al. @5# ~this
potential has Woods-Saxon real and imaginary form fact
and is noted WS1 in Ref.@5#!. Here symmetrization effects
do not hide the large angle behavior of the data, and
Airy minima are clearly observed around 60 and 80 °. T
scattering is seen to be dominated by the internal-wave c
tribution at angles as small as 80°@Fig. 23~a!#, which points
to a transparency similar to that found in16O116O scatter-
ing. The most prominent Airy minimum, located at 80°~it
turns out to beA2 @5#!, which is the result of the interferenc
between the barrier-wave and internal-wave component
particularly sharp because these two components happe
have similar magnitudes in this angular region. The deco
position of the farside contribution, which carries the Ai
s
-

FIG. 21. Evolution between 75
and 145 MeV of the cross section
corresponding to the farside con
tributions to the barrier-wave
~left! and internal-wave ~right!
components of the16O116O opti-
cal model scattering amplitude.
0-14
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minima, into its barrier-wave and internal-wave componen
appears in Fig. 23~b!.

Like in light-ion scattering, the remarkable transparen
displayed by the16O116O and 16O112C systems is an
exceptional feature which is lost in most neighboring s
tems. As a counter-example to the cases studied above
show here the result of a B/I decomposition of the18O
112C elastic scattering amplitude at 100 MeV incident e
ergy ~Fig. 24!. The potential used, supplied by Szilneret al.
@45#, fits reasonably well the experimental data, which fi
appeared in Ref.@26#; it has Woods-Saxon squared real a
imaginary geometries and includes a surface absorptive t
In the notations of Eqs.~2!–~4!, its parameters areU0
5288 MeV, RR54.08 fm, aR50.69 fm, W0520.97
MeV, RI54.744 fm, aI50.065 fm, WD59.3 MeV, RD
55.80 fm, andaD50.59 fm ~note again the exceedingl
small volume absorption diffuseness!. A good fit to the16O
112C angular distribution at the same energy is obtain
with similar parameters, but with a weaker surface abso
tive term@26#. The main difference between the two angu
distributions is that the Airy minimum seen in16O112C
around 80 ° has completely vanished in the18O112C angular
distribution. The result of the decomposition of the elas
scattering amplitude for the latter system explains the dis
pearance of this feature in18O112C: indeed, because of th
stronger absorption needed in this case, the internal-w
cross section is now about three orders of magnitude lo
than in the16O112C case, and its contribution to the scatte
ing has become negligibly small.

IV. CONCLUSIONS

In this paper, we have systematically applied the barr
wave/internal-wave decomposition technique, first int
duced in a semiclassical context by Brink and Takigawa
the 16O116O elastic scattering optical model angular dist
butions of Nicoli@26# and of Khoaet al. @7# between 75 and
145 MeV, an energy region where strong refracti
effects—in particular Airy maxima and minima—are clear

FIG. 22. Barrier-wave and internal-wave components of
16O116O optical model elastic scatteringS matrix at 75, 87, 95,
103, 124, and 145 MeV incident energies.
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observed. The barrier-wave contribution to the elastic sc
tering amplitude corresponds to the part of the incident fl
which is reflected at the barrier of the effective potenti
while the internal-wave contribution is due to the part of t
flux which crosses the barrier and reemerges in the ela
channel after reflection at the most internal turning poi
Despite of its success in elucidating the mechanism of lig
ion scattering in an incomplete absorption context, and of
existence of a few pioneering papers drawing the atten
on its potentialities, this type of decomposition has up to n
practically never been used for analyzing light heavy-i
scattering results.

Instead of performing this decomposition within a sem
classical frame, which requires rather complex progra
ming, use was made here of a fully quantum-mechan
approach which can be implemented using any standard
tical model code. This method relies on the study of t
response of the elastic scatteringSmatrix to small modifica-
tions of the optical model potential.

In this approach, the16O116O Airy minima are found to
be due to the interference of the barrier-wave and intern
wave subamplitudes. This result contrasts with the pict
supplied by the often-used nearside/farside decompos

e

FIG. 23. ~a! N/F ~thin lines! and B/I components~thin dashed/
dot-dashed lines! of the 16O112C optical model cross section~thick
full line! which fits the data~filled circles! at 132 MeV incident
energy; ~b! farside component, and farside contributions to t
barrier-wave~dashed line! and internal-wave~dot-dashed! compo-
nents of the cross section. The calculations were carried out
the optical model parameters of Ogloblinet al. @5#.
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technique, in which the Airy minima are fully carried by th
farside contribution, and which does thus not supply by its
an explanation for the occurrence of this structure. The e
tence of a substantial internal-wave contribution to the s
tering provides the most direct evidence for the exceptio
transparency displayed by the16O116O system.

By combining the barrier-wave/internal-wave an
nearside/farside decomposition techniques, it is possibl
calculate in a straightforward way the two components—
fact the farside contributions to the barrier-wave a
internal-wave components—underlying the Airy oscillatio
of the farside component, which up to now could only
obtained through delicate semiclassical calculations or
use of an approximate empirical method.

A detailed examination of the results of the B/I decomp
sition between 75 and 145 MeV shows that, with the exc
tion of the 92 and 95 MeV angular distributions, the barri

FIG. 24. Barrier-wave/internal-wave decomposition~thin
dashed/dot-dashed lines! for 18O112C elastic scattering at 100
MeV, using the potential of Szilneret al. @45#.
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wave and internal-wave components of Nicoli’s optic
model 16O116O elastic scattering amplitude behav
smoothly as a function of energy, as is also the case for
farside contributions to these subamplitudes. This contr
with the behavior of the full cross section, where the effe
of symmetrization superpose on barrier-wave/internal-w
and nearside/farside interference, which eventually lead
the very intricate energy dependence displayed by the
perimental data.

We have applied the same decomposition technique
two nonsymmetric systems,16O112C and 18O112C, at 132
MeV and 100 MeV incident energies, respectively. In t
first case, Airy minima similar to those seen in16O116O
elastic scattering are observed—and indeed the barrier-w
internal-wave decomposition reveals the existence of a s
able internal component—while in the second case non
visible as a result of a stronger absorption, which makes
internal-wave contribution to the cross section about th
orders of magnitude smaller.

In conclusion, we hope to have demonstrated that
barrier-wave/internal-wave decomposition technique, wh
complements nicely the nearside/farside approach, br
useful information on the mechanism of light heavy-ion ela
tic scattering, and that it deserves to be used in a more
tematic way in that field.
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S. Dem’yanova, M. V. Rozhkov, G. R. Satchler, and S.
Goncharov, Phys. Rev. C57, 1797~1998!.

@4# M. P. Nicoli, F. Haas, R. M. Freeman, S. Szilner, Z. Basrak,
Morsad, G. R. Satchler, and M. E. Brandan, Phys. Rev. C61,
034609~2000!.

@5# A. A. Ogloblin, Yu. A. Glukhov, W. H. Trzaska, A. S
Dem’yanova, S. A. Goncharov, R. Julin, S. V. Klebnikov, M
Mutterer, M. V. Rozhkov, V. P. Rudakov, G. P. Tiorin, Dao T
Khoa, and G. R. Satchler, Phys. Rev. C62, 044601~2000!.

@6# M. P. Nicoli, F. Haas, R. M. Freeman, N. Aissaoui, C. Bec
A. Elanique, R. Nouicer, A. Morsad, S. Szilner, Z. Basrak,
E. Brandan, and G. R. Satchler, Phys. Rev. C60, 064608
~1999!.
,
.

.

.

,

@7# Dao T. Khoa, W. von Oertzen, H. G. Bohlen, and F. Nuoffe
Nucl. Phys.A672, 387 ~2000!.

@8# M. E. Brandan, M. Rodrı´guez-Villafuerte, and A. Ayala, Phys
Rev. C41, 1520~1990!.

@9# M. S. Hussein and K. W. McVoy, Prog. Part. Nucl. Phys.12,
103 ~1984!.

@10# K. W. McVoy and G. R. Satchler, Nucl. Phys.A417, 157
~1984!.

@11# M. E. Brandan, S. H. Fricke, and K. W. McVoy, Phys. Rev.
38, 673 ~1988!.

@12# K. W. McVoy and M. E. Brandan, Nucl. Phys.A542, 295
~1992!.

@13# M. E. Brandan, M. S. Hussein, K. W. McVoy, and G. R
Satchler, Comments Nucl. Part. Phys.22, 77 ~1996!.

@14# R. C. Fuller, Phys. Rev. C12, 1561~1975!.
@15# R. G. Newton, Scattering Theory of Waves and Particle

~Springer-Verlag, New York, 1982!.
@16# J. Knoll and R. Schaeffer, Ann. Phys.~N.Y.! 97, 307 ~1976!.
0-16



e

us
d

y

ys

,
B

M.
-

.
r,
.
nd

o,

-

H.

m-

ys.

d

C

.

H.

s,
-
y-

AIRY STRUCTURE IN 16O116O ELASTIC . . . PHYSICAL REVIEW C 63 034620
@17# K. W. McVoy, H. M. Khalil, M. M. Shalaby, and G. R.
Satchler, Nucl. Phys.A455, 118 ~1986!.

@18# Dao T. Khoa, G. R. Satchler, and W. von Oertzen, Phys. R
C 56, 954 ~1997!.

@19# D. M. Brink and N. Takigawa, Nucl. Phys.A279, 159 ~1977!.
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@24# J. Albiński and F. Michel, Phys. Rev. C25, 213 ~1982!.
@25# F. Michel, F. Brau, G. Reidemeister, and S. Ohkubo, Ph

Rev. Lett.85, 1823~2000!.
@26# M. P. Nicoli, thesis, Strasbourg, 1998~Int. Rep. IReS 98-16!.
@27# E. Stiliaris, H. G. Bohlen, P. Fro¨brich, B. Gebauer, D. Kolbert

W. von Oertzen, M. Wilpert, and Th. Wilpert, Phys. Lett.
223, 291 ~1989!.

@28# H. G. Bohlen, E. Stiliaris, B. Gebauer, W. von Oertzen,
Wilpert, Th. Wilpert, A. Ostrowski, Dao T. Khoa, A. S. De
myanova, and A. A. Ogloblin, Z. Phys. A346, 189 ~1993!.

@29# G. Barnitzky, A. Blazevic, H. G. Bohlen, J. M. Casandjian, M
Chartier, H. Clement, B. Gebauer, A. Gillibert, Th. Kirchne
Dao T. Khoa, A. Lepine-Szily, W. Mittig, W. von Oertzen, A
N. Ostrowski, P. Roussel-Chomaz, J. Sigler, M. Wilpert, a
Th. Wilpert, Phys. Lett. B365, 23 ~1996!.

@30# Y. Sugiyama, Y. Tomita, H. Ikezoe, Y. Yamanouchi, K. Iden
S. Hamada, T. Sugimitsu, M. Hijiya, and Y. Kondo,̄ Phys.
Lett. B 312, 35 ~1993!.
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