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Pronounced Airy structure in elastic 16O112C scattering at E lab5132 MeV
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Measurement of elastic16O112C scattering atElab5132 MeV has been performed over the angular range
6°,Qc.m.,125°, which covers both the diffractive and refractive regions. A prominent minimum has been
observed atQc.m.'86°, which can be identified as an Airy minimum preceding the rainbow maximum. It thus
provides the first clear experimental evidence for the refractive~rainbow! scattering pattern in the16O112C
system. This Airy structure can be well described by discrete sets of optical potentials with a relatively weak
absorption and a deep real potential. Candidates for the realistic family of16O112C optical potentials at
Elab5132 MeV are discussed; those include the semimicroscopic potential given by the double-folding model.
@S0556-2813~98!05304-7#

PACS number~s!: 25.70.Bc, 24.10.Ht, 21.30.Fe
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In recent years, our knowledge of the interaction betwe
heavy ions~HI’s! has been broadened significantly, esp
cially through studies of the elastic scattering of certain co
binations of light heavy ions, for which the absorption
relatively weak and refractive effects appear. Refract
~rainbow! phenomena in nuclear scattering provide a uniq
source of information on the HI interaction potential at sm
internuclear distances~see, e.g., Refs.@1,2#!. In particular,
high-precision refractive scattering data have been use
folding analyses@3,4# to place constraints upon the value
the incompressibility of cold nuclear matter. So far, syste
atic experimental evidence of a nuclear rainbow in light
scattering has been found mainly in two symmetric syste
12C112C and 16O116O, with the most spectacular Airy pa
tern exhibited in elastic16O116O scattering atElab5350
MeV @5#. We note that elastic16O1 16O scattering data hav
been measured with extremely high accuracy at different
ergies@6# and show clearly the evolution of the refractiv
pattern in this system, which is very helpful for the study
the energy dependence of the HI optical potential.

While these two systems are quite ‘‘transparent’’ for r
fractive effects to appear, the Mott interference caused by
boson symmetry between the two identical nuclei sometim
leads to rapidly oscillating elastic cross sections at ang
aroundQc.m.590°, which in turn obscure Airy structures i
this angular region. The whole Airy pattern might only b
seen in an optical model~OM! calculation which removes
the symmetrization artificially@7,8#. The 16O112C system
does not have boson symmetry, and has been suggested
good candidate for the study of the nuclear rainbow@9#.
However, available data for the16O112C system usuallydo
not cover the refractive region in the angular distributio
and therefore are of little help in revealing the rainbow str
ture. We note that only two data sets for the16O112C sys-
tem, atElab5608 MeV @10# and 1503 MeV@11#, have been
570556-2813/98/57~4!/1797~6!/$15.00
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shown to contain some refractive features which are sens
to the shape of real optical potential at small radii. Howev
the data at the former energy do not extend to sufficien
large angles to identify the Airy pattern@12#, while the latter
energy is too high to observe the ‘‘rainbow’’ unambiguous
since the refractive part of the angular distribution h
moved forward and mixed with the diffractive part at fo
ward angles. The present article reports on a new meas
ment of elastic16O112C scattering atElab5132 MeV, which
was aimed to cover large scattering angles to find poss
rainbow features.

The measurement has been performed at the Kurch
Institute Cyclotron, where two experimental setups we
used. The first one has been used to measure scatt
events in the angular range 6°,Qc.m.,102°. It contained a
E-DE telescope of semiconductor detectors. The thicknes
of theE andDE counters were 300mm and 13mm, respec-
tively. The solid angle to the target was 0.08 msr. The tar
was a self-supporting carbon foil of 2.15 mg/cm2 thickness.
The average beam energy in the target was 132.3 MeV, w
the energy resolution of the detector system about 1.5 M
~determined mainly by kinematics!. The angular resolution
was 60.3° in the laboratory system and was determin
mainly by multiple scattering on the target. Since the data
forward angles are needed with high precision to determ
the absolute normalization of the data, this setup has b
used in two separate runs for repeated measurement of
tering events at forward angles (Qc.m.,40°).

As for the second setup, scattering events in the backw
angles (102°,Qc.m.,125°) have been measured with kin
matic coincidences. Two detectors with a diameter of 25 m
were located on either side of the beam at distances of
mm and 150 mm from the target. For this setup, a carbon
of 0.24 mg/cm2 thickness was used for the target. The av
age beam energy was 132.2 MeV, and the angular resolu
1797 © 1998 The American Physical Society
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1798 57A. A. OGLOBLIN et al.
was 60.3°, which was determined mainly by the beam a
gular spread. Selected events were recorded event by e
and treated off line. The absolute accuracy for the meas
ment was around 10%.

The measured angular distribution together with the O
fits given by different Woods-Saxon~WS! potentials is
shown in Fig. 1. One can see that Fraunhofer diffract
oscillations dominate up to aboutQc.m.'40°, and are then
followed by a ‘‘modulating’’ pattern in the transitional re
gion (Qc.m.'40° –60°). The fall to a minimum at about 86
and the rise afterwards belong clearly to the refractive par
the elastic cross section.

In the OM analysis of the present data, we have tried b
the conventional six-parameter WS form factor and t
raised to the power of 2. These two choices lead to about
same optical potential families which fit the data equa
well. For simplicity, we present hereafter the results obtain
with the standard WS form factor. Thus the16O1 12C optical
potential in our OM analysis is as follows:

U~R!5VC~R!2VF11expS R2RV

aV
D G21

2 iWF11expS R2RW

aW
D G21

, ~1!

and the WS parameters were adjusted to obtain the leasx2

FIG. 1. Measured elastic16O112C scattering data atElab5132
MeV in comparison with OM fits given by two families of optica
potentials of Woods-Saxon shape~see Table I!.
-
ent
e-

e

f

th
t

he

d

fit to the scattering data, assuming a 10% uncertainty for
data points in order to obtain a better reproduction of the d
at large angles.

A folding analysis has also been performed. In this ca
the real optical potentialVF(R) is calculated within an ‘‘ex-
tended’’ version of the double-folding model@13#, using the
newly parametrized~BDM3Y1! density-dependent versio
of the so-called M3Y interaction based on theG-matrix ele-
ments of the ParisNN potential~see details in Refs.@3,4#!.
The nuclear densities used in the folding-model calculati
are taken as Fermi distributions with parameters@14# chosen
to reproduce the shell-model densities for16O and 12C and
which give the rms charge radii deduced from electron sc
tering. The optical potential in such a folding analysis is

U~R!5VC~R!1NRVF~R!2 iWF11expS R2RW

aW
D G21

,

~2!

where the renormalization factorNR together with the pa-
rameters of the imaginary potential was adjusted to fit
data. The Coulomb potentialVC(R) used in both the folding
calculation and the OM analyses is generated by folding
uniform charge distributions, with radii taken from the ele
tron scattering data for the considered nuclei~3.54 fm for
16O and 3.17 fm for12C!. All the OM analyses were mad
using the nonrelativistic codePTOLEMY @15#.

Our six-parameter OM search resulted in several localx2

minima; corresponding to these, two families of discrete W
sets~WSa, WSb, WSc and WSI, WSII, WSIII! are listed in
Table I. While the imaginary WS potentials are more or le
of the same strength, the obtained real WS potentials h
different depths which result in different volume integra
per interacting nucleon pairJV . In the tail region they all
have about the same strength to reproduce the Fraunh
diffraction correctly. Theoretical descriptions of the elas
data given by the three sets of WS potentials belonging to
first family ~WSa, WSb, and WSc! are shown in the uppe
part of Fig. 1, and those given by the second family~WSI,
WSII, and WSIII! are shown in the lower part. One can s
that they all provide reasonable fits to the data, with a diff
ence in the deepest minimum in the calculated cross secti
Potentials WSa, WSb, and WSc all produce the deep
minimum of the elastic cross section atQc.m.'35°, while
WSI, WSII, and WSIII potentials give the deepest minimu
at around 21°. The first potential family describes better
forward part of the measured angular distribution, while t
second family seems to reproduce better the medium a
part (Qc.m.'40° –60°), and hence they have comparablex2

values~see Table I!. A more extensive data set at forwar
angles~like those measured for the16O1 16O system@5,6#!
might well resolve the ambiguity in these two potential fam
lies. Despite this, as we will see below, the large angle str
ture of the cross section given by these two families of W
potentials has the same refractive origin.

One can see that the observed minimum atQc.m.'86° is
reproduced quite well by all sets of the16O112C optical
potential under study, with the following broad rainbo
maximum slightly better described by the first potential fa
ily. This kind of ~discrete! ambiguity in the real part of the
optical potential is similar to that found in recent OM anal
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TABLE I. Optical potential parameters used in the OM analysis of the elastic16O112C data atElab

5132 MeV @see Eqs.~1! and~2!#. x2 values are per datum, and were obtained with uniform 10% errors.
A2, A3, and A4 indicate the first-, second-, third-, and fourth-order Airy minima in the cross sectio
Qc.m.'86°.

Potential V RV aV JV W RW aW smin at sR x2

~MeV! ~fm! ~fm! ~MeV fm3) ~MeV! ~fm! ~fm! Qc.m.'86° ~mb!

WSa 173.6 4.01 0.72 322 18.3 5.76 0.58 A2 1474 16
WSb 223.9 3.93 0.69 387 20.2 5.72 0.58 A3 1486 16
WSc 281.0 3.83 0.68 451 21.9 5.68 0.59 A4 1493 17
WSI 182.1 3.38 0.96 275 16.7 5.82 0.56 A1 1483 14
WSII 260.5 3.12 0.93 327 18.4 5.82 0.55 A2 1498 16
WSIII 373.9 2.76 0.94 371 20.1 5.79 0.55 A3 1507 19.
Folding 0.88a — — 310 18.6 5.83 0.56 A2 1479 19.0
Foldingb 0.88a — — 309 16.6 5.83 0.56 A2 1460 7.4

aRenormalization coefficientNR for the folding potential.
bResults of the folding analysis of the elastic16O112C data atElab5139 MeV.x2 values were obtained usin
the experimental errors.
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ses of elastic16O116O scattering@7,8#. The microscopic po-
tential given by the double-folding model@3,13# ~renormal-
ized by a factorNR50.88) is quite close to the WSI
potential at small radii~see Fig. 2!, and generates cross se
tions at large angles close to those given by the WSII po
tial ~compare Figs. 1 and 3!. For R. 6 fm, the folding po-
tential is significantly less attractive than the WSII potenti
and as a result it generates elastic cross sections at for
angles somewhat closer to those given by the first family
WS potentials~compare the upper part of Fig. 3 with, e.g
the results given by the WSa potential in Fig. 1!. We note
that the real volume integral per interacting nucleon pair,JV ,
equals 310 MeV fm3 for the folding and 322 and 327 MeV

FIG. 2. Radial shape of WSII and WSa~real! optical potentials
for the 16O112C system atElab5132 MeV in comparison with the
folding ~BDM3Y1! potential renormalized by a factorNR50.88.
These three potentials reproduce the minimum in the elastic c
section atQc.m.'86° as the second-order Airy minimum~A2!.
n-

,
rd
f

fm 3 for the WSa and WSII potentials, respectively. The
values agree quite well with the global systematics est
lished in light HI scattering~see Fig. 2 in Ref.@17#!. Since
our version of the folding model@3,4# treats the energy de
pendence of the real HI optical potential quite accurately,

ss

FIG. 3. Measured elastic16O112C scattering data atElab5132
and 139 MeV in comparison with the OM fits given by the re
folding ~BDM3Y1! potential and imaginary WS potential wit
depthW518.6 and 16.6 MeV, respectively; other WS paramet
were taken from Table I.
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expect that the folding potential would also give a good p
diction for the elastic cross section at an energy near
MeV. The nearest available data in energy for the16O
112C system are those at 139 MeV@16# which have only a
few points covering the most forward angles~see lower part
of Fig. 3!. The folding potential calculated for this energ
~renormalized by the same factorNR50.88) and a WS ab-
sorptive potential of slightly reduced strength and the sa
geometry as that obtained at 132 MeV give an excellent fi
the data and predict a similar refractive behavior of the e
tic cross section at 139 MeV~which could have been ob
served in the measurement@16# if it had covered a wider
angular range!.

To confirm that the present data at large angles
strongly refractive, we have also performed the decomp
tion of the elastic scattering amplitude into near- and far-s
components, using the technique suggested by Fuller@18#.
Results given by all versions of the optical potential und
study~see, e.g., results given by the WSa potential plotted
the upper part of Fig. 4! allow us to conclude unambiguous
that these16O112C data exhibit a clear refractive patter
which is due to the dominance of the far-side scattering a

FIG. 4. Decomposition of the16O112C elastic scattering ampli
tude given by the WSa set of the optical potential into the near-
far-side components using Fuller’s method@18#. The upper part
shows OM results obtained with the potential parameters give
Table I; the lower part shows those obtained with a weaker abs
tive imaginary potential (W59.2 MeV; RW andaW were taken the
same as those given in Table I!. A1, A2, and A3 indicate the first-
second-, and third-order Airy minima in the far-side cross sect
respectively.
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plitude at large angles. The observed dip atQc.m.'86° is
entirely due to a minimum in the cross section given by
far-side scattering amplitude, and can be interpreted as
Airy minimum @17,19#. The question now is which of the
Airy structures, given by different sets of the optical pote
tial, is the most ‘‘realistic’’ and consistent with the resul
obtained for the neighboring12C112C and 16O116O sys-
tems@7,8,19#.

We note that a very detailed study of the energy dep
dence of the refractive pattern in elastic12C112C scattering
has been made by McVoy and Brandan@19#, where they
showed unambiguously that the prominent minimum in
Qc.m.590° excitation function atElab5102 MeV (Ec.m.

551 MeV! is due to the second Airy minimum crossing 90
at that particular energy. We have made an analogous
mation for the16O1 12C system, using different sets of th
optical potentials given in Table I. The Airy structure is ea
ily revealed in the OM calculation with a given set of th
optical potential, by gradually increasing the incident ene
until the first Airy minimum and the primary rainbow~with
its broad exponential falloff tail! are clearly seen. For the
WSa and WSII potentials, the 90° second Airy minimu
~A2! appears atEc.m.554.8 and 54.0 MeV, while for the
WSb and WSIII potentials the 90° dip appears atEc.m.555.0
and 53.8 MeV, but they correspond to the third Airy min
mum ~A3!. With the beam energy of the present measu
ment slightly larger than those used in these estimati
(Ec.m.'56.6 MeV!, this Airy minimum is naturally shifted
into smaller angles and has been indeed observed in the
periment. In general, we can show that the observed m
mum at Qc.m.'85.6° in the measured angular distributio
can be described as the first-~A1!, second-~A2!, and third-
~A3! order Airy minima by WSI, WSII, and WSIII sets o
the optical potential and as the second-~A2!, third- ~A3!, and
fourth- ~A4! order Airy minima by the WSa, WSb, and WS
sets, respectively. The best-fit folding potential is quite clo
in shape to the WSII real potential at small distances and
describes this minimum as A2.

It is well known that the Airy structure in the refractiv
part of the angular distribution is built up by an interferen
between thel , and l . components of the far-side amplitud
@1,2,19# which correspond to the trajectories at smaller a
larger impact parameter, respectively. Since thel , subam-
plitude of the far-side scattering is usually suppressed
absorption in the considered16O112C system, the Airy os-
cillating pattern in turn is also obscured by the absorpt
imaginary potential. In order to better illustrate the Airy pa
tern of the new data, we have performed the OM calculat
and the near-far decomposition of the scattering amplit
given by the WSa potential, where the strength of the ima
nary WS potential~see Table I! was reduced by about 50%
These results are plotted in the lower part of Fig. 4, with
Airy minima from the first to the third order are all visible i
the angular region~indicated as A1, A2, and A3!. One finds
that the A2 minimum~corresponding to the one observed
experiment around 86°) remains almost at the same an
while the structure and location of the other Airy minima a
strongly affected by the absorption. We note that about
same picture can be obtained for the WSII potential, wh
for the WSb or WSIII potential the A1 minimum remain
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57 1801PRONOUNCED AIRY STRUCTURE IN ELASTIC16O1 . . .
beyond 180°~in the dark side of the rainbow! and only A2,
A3, and A4 are visible~with A3 located around 86°).

Although the present data seem to be not sufficient fo
to make an unambiguous conclusion about the order of
observed Airy minimum at around 86°, atentativeguess can
be made based on previous studies of the Airy structur
the neighboring12C112C and 16O116O systems@7,8,19#.
Usually dominance of theprimary rainbow occurs when the
incident energy is up to about 20–25 MeV/nucleon@1,2#,
with the measured16O116O elastic scattering atElab5350
MeV @5# as a typical example. If this is really a univers
rule, the WSI potential isnot the right candidate for the
16O112C optical potential at the energy of the present m
surement~8.25 MeV/nucleon!. The WSI potential also ha
the real volume integral per nucleon pair (JV) equal to 275
MeV fm 3, which deviates significantly from the global tren
observed in light HI scattering@17#, whereJV is expected in
the range 310–370 MeV fm3 at this energy. In addition
results obtained from a consistent OM description of
elastic scattering angular distributions and the 90° excita
function for the 16O116O system@8# suggest thatJV'337
and 329 MeV fm3 at 16O incident energies of 124 and 14
MeV, respectively. These considerations suggest that re
tic families for the 16O112C optical potential atElab5132
MeV are perhaps those presented by WSa and WSII po
tials, which give theJV values within the expected rang
The WSa and WSII potentials also reproduce the same o
of Airy minimum as given by the microscopic folding pote
tial. We note that the WSII potential is also closer to
extrapolation of the recent OM results for the16O112C scat-
tering data at lower energies and the low-energy resona
found for this system@20#.

Finally we note that the last three data points seem
indicate some enhancement of the cross section at 1
,Qc.m.,125°, which cannot be described, e.g., by the fo
ing potential~see upper part of Fig. 3!. The folding model
potential can be represented as the first-order term of
formal optical potential given by Feshbach’s reaction the
@21#. This potential is defined, when used in the one-bo
Schrödinger equation, to generate the relative motion par
the total wave function of the HI system in which the tw
colliding nuclei remain in their ground states. In this sen
the folding potential does not contain explicitly contributio
from the coupling to the nonelastic channels, which is u
ally referred to as the ‘‘dynamic polarization potentia
~DPP!. In the present case, the enhancement in the last
e
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points might well be due to the elastic (Q50! alpha transfer
process12C(16O,12C)16O, which could give rise to the mea
sured~elastic! cross section at backward angles@22#. Such a
process could give a sizable contribution to the real par
the DPP which could change the shape of the folding pot
tial. In principle these effects would be included in a fu
coupled reaction channel~CRC! calculation@23#. In practice,
one usually adopts a renormalization procedure in the fo
ing model or assumes a more flexible form for the real op
cal potential that could account effectively for the contrib
tions from the DPP. We note that preliminary results of t
CRC calculation@24# for elastic alpha transfer in the16O
112C system at 132 MeV obtained with the WSII potent
~which is very close in shape to the folding potential! show
that the elastic alpha transfer can indeed enhance el
cross sections at large angles, although the effect still
pends strongly on the parameters used to calculate the w
function of the alpha particle bound in the16O nucleus and
the spectroscopic factors assumed. This interesting as
needs~and deserves! a separate and more extensive stud
including measurements on the12C produced at forward
angles.

In summary, the elastic16O112C scattering data atElab
5132 MeV have been measured over a wide angular ra
and analyzed within the standard optical model. The
served dip atQc.m.'86° was shown to be an Airy minimum
probably of the second order. Such a scenario is also
scribed by a semimicroscopic version of the optical potent
with its real part given by the double-folding model. Our O
analysis of the present data has confirmed that the16O
112C system is a very suitable projectile-target combinat
for the experimental study of refractive~rainbow! phenom-
ena in light HI scattering, and extensive measurement
higher energies are in progress in order to have a comp
picture of the evolution of the Airy structure, like that foun
earlier in the 12C112C and 16O116O systems@5–8,19#. In
this connection, the16O112C elastic angular distribution ha
the advantage of not being affected by the Mott interfere
~required for the two symmetric12C112C and16O116O sys-
tems!.

We thank Wolfram von Oertzen for his comments on t
effects of elastic alpha transfer and making available to
some of the CRC results for the16O112C system. Help with
the measurement by Vladislav Trzaska and V.V. Paramo
is also appreciated.
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