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Pronounced Airy structure in elastic %0+ !°C scattering at E ,,=132 MeV
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Measurement of elasti®O-+1%C scattering aE,,= 132 MeV has been performed over the angular range
6°<0.,<125°, which covers both the diffractive and refractive regions. A prominent minimum has been
observed a® . ,,~86°, which can be identified as an Airy minimum preceding the rainbow maximum. It thus
provides the first clear experimental evidence for the refradtiambow scattering pattern in théf0+*2C
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 familjQof °C optical potentials at
E..,=132 MeV are discussed; those include the semimicroscopic potential given by the double-folding model.
[S0556-28188)05304-7

PACS numbds): 25.70.Bc, 24.10.Ht, 21.30.Fe

In recent years, our knowledge of the interaction betweershown to contain some refractive features which are sensitive
heavy ions(HI's) has been broadened significantly, espe-to the shape of real optical potential at small radii. However,
cially through studies of the elastic scattering of certain comihe data at the former energy do not extend to sufficiently
binations of light heavy ions, for which the absorption is large angles to identify the Airy patteft2], while the latter
relatively weak and refractive effects appear. Refractiveenergy is too high to observe the “rainbow” unambiguously,
(rainbow) phenomena in nuclear scattering provide a uniquesince the refractive part of the angular distribution has
source of information on the HI interaction potential at smallmoved forward and mixed with the diffractive part at for-
internuclear distancetsee, e.g., Refd.1,2]). In particular, ward angles. The present article reports on a new measure-
high-precision refractive scattering data have been used iment of elastic'®0+ 1°C scattering aE,,,= 132 MeV, which
folding analyse$3,4] to place constraints upon the value of was aimed to cover large scattering angles to find possible
the incompressibility of cold nuclear matter. So far, system+ainbow features.
atic experimental evidence of a nuclear rainbow in light HI  The measurement has been performed at the Kurchatov
scattering has been found mainly in two symmetric systeménstitute Cyclotron, where two experimental setups were
12C+12C and *%0+ %0, with the most spectacular Airy pat- used. The first one has been used to measure scattering
tern exhibited in elastict®0+1%0 scattering atE,,=350 events in the angular range €9 .,,<102°. It contained a
MeV [5]. We note that elasti¢®0+ %0 scattering data have E-AE telescope of semiconductor detectors. The thicknesses
been measured with extremely high accuracy at different enaf the E andAE counters were 30@m and 13um, respec-
ergies[6] and show clearly the evolution of the refractive tively. The solid angle to the target was 0.08 msr. The target
pattern in this system, which is very helpful for the study ofwas a self-supporting carbon foil of 2.15 mg/€rhickness.
the energy dependence of the HI optical potential. The average beam energy in the target was 132.3 MeV, with

While these two systems are quite “transparent” for re-the energy resolution of the detector system about 1.5 MeV
fractive effects to appear, the Mott interference caused by thédetermined mainly by kinematigsThe angular resolution
boson symmetry between the two identical nuclei sometimewas =0.3° in the laboratory system and was determined
leads to rapidly oscillating elastic cross sections at anglemainly by multiple scattering on the target. Since the data at
around®. ,,=90°, which in turn obscure Airy structures in forward angles are needed with high precision to determine
this angular region. The whole Airy pattern might only be the absolute normalization of the data, this setup has been
seen in an optical moddOM) calculation which removes used in two separate runs for repeated measurement of scat-
the symmetrization artificiallf7,8]. The %0+ 12C system tering events at forward angle®( ,,<40°).
does not have boson symmetry, and has been suggested as &s for the second setup, scattering events in the backward
good candidate for the study of the nuclear rainbi®j angles (102% 0. ,,<125°) have been measured with kine-
However, available data for thO-+1°C system usuallglo ~ matic coincidences. Two detectors with a diameter of 25 mm
not cover the refractive region in the angular distribution, were located on either side of the beam at distances of 200
and therefore are of little help in revealing the rainbow struc-mm and 150 mm from the target. For this setup, a carbon foil
ture. We note that only two data sets for tH©+1°C sys-  of 0.24 mg/cn? thickness was used for the target. The aver-
tem, atE,;,=608 MeV[10] and 1503 MeM11], have been age beam energy was 132.2 MeV, and the angular resolution

0556-2813/98/5#)/17976)/$15.00 57 1797 © 1998 The American Physical Society



1798 A. A. OGLOBLIN et al. 57

fit to the scattering data, assuming a 10% uncertainty for all
15044C, E,,=132 MeV data points in order to obtain a better reproduction of the data
at large angles.

A folding analysis has also been performed. In this case,
the real optical potentiaV(R) is calculated within an “ex-
tended” version of the double-folding modgl3], using the
newly parametrizedBDM3Y1) density-dependent version
of the so-called M3Y interaction based on tBematrix ele-
ments of the Pari®lN potential(see details in Refg:3,4)).

The nuclear densities used in the folding-model calculations
are taken as Fermi distributions with paramefé# chosen
to reproduce the shell-model densities 66 and '°C and
which give the rms charge radii deduced from electron scat-
tering. The optical potential in such a folding analysis is

R-R
1+exp< W)
Ay

where the renormalization factdtg together with the pa-
rameters of the imaginary potential was adjusted to fit the
data. The Coulomb potenti®gl-(R) used in both the folding
calculation and the OM analyses is generated by folding two
10°%] uniform charge distributions, with radii taken from the elec-
tron scattering data for the considered nuc@b4 fm for
10° L i, i, i et 160 and 3.17 fm for?C). All the OM analyses were made
0 20 40 60 80 100 120 140 using the nonrelativistic codeToLEMY [15].
Our six-parameter OM search resulted in several Igéal

O ¢m. (deg) minima; corresponding to these, two families of discrete WS
sets(WSa, WSb, WSc and WSI, WSII, WSJ)lare listed in
Table I. While the imaginary WS potentials are more or less
of the same strength, the obtained real WS potentials have
different depths which result in different volume integrals
per interacting nucleon pail,. In the tail region they all
have about the same strength to reproduce the Fraunhofer
. kraction correctly. Theoretical descriptions of the elastic
and treated off line. The absolute accuracy for the measurey, . given by the three sets of WS potentials belonging to the

ment was around 10%. . . ;
o . first family (WSa, WSb, and WScare shown in the upper
The measured angular distribution together with the OMpart of Fig. 1, and those given by the second fanfiySI,

fits given by different Woods-SaxoWs) potentials is WSII, and WSII) are shown in the lower part. One can see

sho.\;\lmt.m F'(?' 1.' ?ne ca;n sEe éhatf;ggnhoger d'ﬁ;fcwe[hat they all provide reasonable fits to the data, with a differ-
osciiiations dominate up 1o abofe ,,~4v-, and are Nen o, qa0 iy the deepest minimum in the calculated cross sections.

followed by a “modulating” pattern in the transitional re- Potentials WSa. WSb. and WSc all
; ANC ° . o , , produce the deepest
gion (O¢,~40°-60°). The fall to a minimum at about 86° ;i m of the elastic cross section @t ~35°, while

and the rise afterwards belong clearly to the refractive part SI, WSII, and WSIII potentials give the deepest minimum
thel e[[f;\]stl(cjl\(;lross Isegtlo?;[h ¢ dat h wried b tat around 21°. The first potential family describes better the
th n the " anai ysis ot the p:ese\zlvs a:ca, wef ?ve “ed tr? li’orward part of the measured angular distribution, while the
€ conventional Six-parameter orm factor an aecond family seems to reproduce better the medium angle
raised to the power of 2. These two choices lead to about thﬁart @, ~40°-60°), and hence they have comparagle
same optical potential families which fit the data equally alues((;néé Table )L A’ more extensive data set at forward
well. For simplicity, we present hereafter the results obtaine ngles(like those measured for th#0-+ 10 system[5,6])
. l . H
with the standard WS form factor. Thus thtD+2C optical might well resolve the ambiguity in these two potential fami-

potential in our OM analysis is as follows: lies. Despite this, as we will see below, the large angle struc-
ture of the cross section given by these two families of WS

do/dor
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FIG. 1. Measured elastit®0+ 2C scattering data & ,,= 132
MeV in comparison with OM fits given by two families of optical
potentials of Woods-Saxon shafsee Table)l

was *0.3°, which was determined mainly by the beam an-

-1
U(R)=Va(R)—V| 1+ exp{ R-Ry potentials has the same refractive or_ig_in. _
ay One can see that the observed minimun®at,~86° is
R_R.|1-1 reproduced quite well by all sets of th€O+*°C optical
—iW 1+exr{ w ' (1)  potential under study, with the following broad rainbow
aw maximum slightly better described by the first potential fam-

ily. This kind of (discret¢ ambiguity in the real part of the
and the WS parameters were adjusted to obtain the j€ast optical potential is similar to that found in recent OM analy-



ses of elastic®0+ %0 scatterind 7,8]. The microscopic po-
tential given by the double-folding modE8,13] (renormal-
ized by a factorNg=0.88) is quite close to the WSII
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TABLE I. Optical potential parameters used in the OM analysis of the eld&be-1°C data atEy,
=132 MeV[see Egs(1) and(2)]. x? values are per datum, and were obtained with uniform 10% errors. Al,
A2, A3, and A4 indicate the first-, second-, third-, and fourth-order Airy minima in the cross section at

O.n~86°.

Potential \Y; R/, ay Jy W Ry aw O min at oR x>
(MeV) (fm) (fm) (MeV fm3® (MeVv) (fm) (fm) ©O.,~86° (mb)

WSa 173.6 401 0.72 322 18.3 576 0.58 A2 1474 16.1
WShb 223.9 3.93 0.69 387 20.2 572 0.58 A3 1486 16.8
WSc 281.0 3.83 0.68 451 21.9 5.68 0.59 A4 1493 17.8
WSI 182.1 3.38 0.96 275 16.7 5.82 0.56 Al 1483 14.8
wsili 2605 3.12 0.93 327 18.4 5.82 0.55 A2 1498 16.8
WSIII 373.9 2.76 0.94 371 20.1 579 0.55 A3 1507 194
Folding 0.88 — — 310 18.6 5.83 0.56 A2 1479 19.0
Folding® 0.882 — — 309 16.6 5.83 0.56 A2 1460 7.4

8Renormalization coefficieri¥; for the folding potential.
PResults of the folding analysis of the elastfO+ 2C data aE,,,= 139 MeV. 2 values were obtained using

the experimental errors.
fm?3 for the WSa and WSII potentials, respectively. These

values agree quite well with the global systematics estab-
lished in light HI scatteringsee Fig. 2 in Ref[17]). Since

potential at small radiisee Fig. 2 and generates cross sec- our version of the folding moddB,4] treats the energy de-
tions at large angles close to those given by the WSII potenpendence of the real HI optical potential quite accurately, we

tial (compare Figs. 1 and)3For R> 6 fm, the folding po-

tential is significantly less attractive than the WSII potential, 10° .3
and as a result it generates elastlc_ cross sections at fqrwar' %}E‘" 9O4+2C, By, =132 MeV
angles somewhat closer to those given by the first family of 107 ¥} 4
WS potentials(compare the upper part of Fig. 3 with, e.g., — Folding
the results given by the WSa potential in Fig. We note L 107 Data
that the real volume integral per interacting nucleon pRir, _g :
equals 310 MeV fm for the folding and 322 and 327 MeV & 107
~ ¥ I
0 r 10 5 J?_L i 3
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FIG. 2. Radial shape of WSII and W$eeal) optical potentials

O . m. (deg)

FIG. 3. Measured elastit’0+ 1°C scattering data & ,,= 132

for the 160+ 1%C system aE,,= 132 MeV in comparison with the and 139 MeV in comparison with the OM fits given by the real

folding (BDM3Y1) potential renormalized by a factdig=0.88.

folding (BDM3Y1) potential and imaginary WS potential with

These three potentials reproduce the minimum in the elastic crossepthW=18.6 and 16.6 MeV, respectively; other WS parameters
section at® . ,~86° as the second-order Airy minimuA2). were taken from Table I.
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plitude at large angles. The observed dip@at,,~86° is
entirely due to a minimum in the cross section given by the
far-side scattering amplitude, and can be interpreted as an
Airy minimum [17,19. The question now is which of the
Airy structures, given by different sets of the optical poten-
tial, is the most “realistic” and consistent with the results

« Data

do/dor

obtained for the neighboring?C+*%C and %0+ %0 sys-
tems[7,8,19.

We note that a very detailed study of the energy depen-
dence of the refractive pattern in elasttC+ °C scattering
has been made by McVoy and Brandgl®], where they
showed unambiguously that the prominent minimum in the
0.n=90° excitation function atE,=102 MeV E.mn
=51 MeV) is due to the second Airy minimum crossing 90°
at that particular energy. We have made an analogous esti-
mation for the®0+ 12C system, using different sets of the
optical potentials given in Table I. The Airy structure is eas-
ily revealed in the OM calculation with a given set of the
optical potential, by gradually increasing the incident energy
until the first Airy minimum and the primary rainbo(with
its broad exponential falloff tgilare clearly seen. For the
WSa and WSII potentials, the 90° second Airy minimum
(A2) appears aE.,,=54.8 and 54.0 MeV, while for the
WSb and WSIII potentials the 90° dip appeargat, =55.0
and 53.8 MeV, but they correspond to the third Airy mini-
mum (A3). With the beam energy of the present measure-

O (. (deg) ment slightly larger than those used in these estimations
A (Eem~56.6 MeV), this Airy minimum is naturally shifted

FIG. 4. Decomposition of thé%0+12C elastic scattering ampli- INto smaller angles and has been indeed observed in the ex-
tude given by the WSa set of the optical potential into the near- angP€riment. In general, we can show that the observed mini-
far-side components using Fuller's methptB]. The upper part mum at®..,~85.6° in the measured angular distribution
shows OM results obtained with the potential parameters given ircan be described as the fir¢éAl), second{A2), and third-
Table I; the lower part shows those obtained with a weaker absorpiA3) order Airy minima by WSI, WSII, and WSIII sets of

do/dor

© ———WSa (Total)

- - --WSa (Far)
‘J — --WSa (Near)

tive imaginary potential (V=9.2 MeV; R,y anda,, were taken the
same as those given in Table A1, A2, and A3 indicate the first-,
second-, and third-order Airy minima in the far-side cross sectionsets, respectively. The best-fit folding potential is quite close
respectively.

the optical potential and as the secod?), third- (A3), and
fourth- (A4) order Airy minima by the WSa, WSb, and WSc

in shape to the WSII real potential at small distances and also

describes this minimum as A2.

expect that the folding potential would also give a good pre- It is well known that the Airy structure in the refractive
diction for the elastic cross section at an energy near 13part of the angular distribution is built up by an interference
MeV. The nearest available data in energy for tH®  between thé_ andl. components of the far-side amplitude
+12C system are those at 139 Md¥6] which have only a [1,2,19 which correspond to the trajectories at smaller and
few points covering the most forward anglege lower part larger impact parameter, respectively. Since lthesubam-
of Fig. 3). The folding potential calculated for this energy plitude of the far-side scattering is usually suppressed by
(renormalized by the same factbiz=0.88) and a WS ab- absorption in the considerefO+%C system, the Airy os-
sorptive potential of slightly reduced strength and the sameillating pattern in turn is also obscured by the absorptive
geometry as that obtained at 132 MeV give an excellent fit tdmaginary potential. In order to better illustrate the Airy pat-
the data and predict a similar refractive behavior of the elastern of the new data, we have performed the OM calculation
tic cross section at 139 MeWhich could have been ob- and the near-far decomposition of the scattering amplitude
served in the measuremefit6] if it had covered a wider given by the WSa potential, where the strength of the imagi-
angular range nary WS potentialsee Table)l was reduced by about 50%.

To confirm that the present data at large angles ardhese results are plotted in the lower part of Fig. 4, with the
strongly refractive, we have also performed the decomposiAiry minima from the first to the third order are all visible in
tion of the elastic scattering amplitude into near- and far-sidghe angular regioftindicated as Al, A2, and A30ne finds
components, using the technique suggested by FUllgk  that the A2 minimum(corresponding to the one observed in
Results given by all versions of the optical potential underexperiment around 86°) remains almost at the same angle,
study(see, e.g., results given by the WSa potential plotted irwhile the structure and location of the other Airy minima are
the upper part of Fig. Mallow us to conclude unambiguously strongly affected by the absorption. We note that about the
that these'®0O+1?C data exhibit a clear refractive pattern, same picture can be obtained for the WSII potential, while
which is due to the dominance of the far-side scattering amfor the WSb or WSIII potential the A1 minimum remains
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beyond 180°%in the dark side of the rainbovand only A2,  points might well be due to the elastiQ&0) alpha transfer
A3, and A4 are visiblgwith A3 located around 86°). process*?C(*%0,2C)®0, which could give rise to the mea-
Although the present data seem to be not sufficient for usured(elastig cross section at backward ang[@2]. Such a
to make an unambiguous conclusion about the order of thgrocess could give a sizable contribution to the real part of
observed Airy minimum at around 86° tentativeguess can  the DPP which could change the shape of the folding poten-
be made based on previous studies of the Airy structure ifja|. In principle these effects would be included in a full
the neighboring*’C+*°C and **0+*%0 systems[7,8,19.  coupled reaction channéCRC) calculation23]. In practice,
Usually dominance of thprimary rainbow occurs when the  gne ysually adopts a renormalization procedure in the fold-
incident energy is ap t?G about 20-25 MeV/nucledn2],  jng model or assumes a more flexible form for the real opti-
with the measured®0+*%0 elastic scattering aa,=350 g potential that could account effectively for the contribu-
MeV [5] as a typical example. If this is really a universal tions from the DPP. We note that preliminary results of the

Q‘g'&ﬁ@g WtS.I rl)otetntiat\_l :m?i;he right ca;r;gidate for tthe CRC calculation[24] for elastic alpha transfer in thé®O
optica’ potential at the energy o the present mea-, 120 system at 132 MeV obtained with the WSII potential

;s#remelnt(ﬁ.ZS I\/_Ie?//nu?leom Thf WSIapﬂotenUal la:sozf;gs (which is very close in shape to the folding potentisthow

€ rea 3}'0 ume integral per nucleon paikj equal to that the elastic alpha transfer can indeed enhance elastic
MeV fm ’.Wh.'Ch deviates s!gnlflcantly from _the global ”?”d cross sections at large angles, although the effect still de-
observed in light HI scatterinfl 7], vyhereJV IS expectgq n pends strongly on the parameters used to calculate the wave
the range 310-370 MeV fﬁw}t this energy. In addition, 040 of the alpha particle bound in tHé€O nucleus and
results obtained from a consistent OM description of thethe spectroscopic factors assumed. This interesting aspect

elastic scattering angular distributions and the 90° eXCitatio'?leeds(and deservésa separate and more extensive study

; 16 16 ~
function for the O+1GO system(8] suggest thad,~337 including measurements on thEC produced at forward
and 329 MeV fn? at %0 incident energies of 124 and 145 ngles

MeV, respectively. These considerations suggest that realis- In sﬁmmar 16 12 :

X o } ; y, the elasti¢®O+12C scattering data &y,

tic families for the %0+ 1%C optical potential aEj,=132  _ 132 MeV have been measured over a wide anguIaF1 range
MeV are perhaps those presented by WSa and WSl poteng analyzed within the standard optical model. The ob-

tials, which give thel,, values within the expected range. served di QRO ; .
, p ab.,,~86° was shown to be an Airy minimum,
The WSa and WSII potentials also reproduce the same Ord?)rrobably of the second order. Such a scenario is also de-

qf lAi(XIminimun;] as %ive\?vg}/l the mic_rols_copilc foldling POteN- oiribed by a semimicroscopic version of the optical potential,
tial. We note that the potential Is a1so Closer 0 anyi, its real part given by the double-folding model. Our OM
extrapolation of the recent OM results for th%-+1%C scat- analysis of the present data has confirmed that ¥@

tering data at lower energies and the low-energy resonancesizc gysiem is a very suitable projectile-target combination
foulgd fﬁr this syitertrEZ(;)].th last th dat int tfor the experimental study of refractieainbow phenom-
inally we note that the 1ast three data points seem céna in light HI scattering, and extensive measurements at

mcate some er?hﬁncementb OL the _Sr%ss sec'gonhatf llé%igher energies are in progress in order to have a complete
<0O¢m=125°, which cannot be described, e.g., by the fold-y;cre of the evolution of the Airy structure, like that found

ing potential(see upper part of Fig.)3The folding model earlier in the ’C+12C and %0+ %0 systemg5-8,19. In

potential can be represented as the first-order term of thfﬁis connection, thd®0+ 12C elastic angular distribution has

formal o_ptical po;ent_ial giyen by Feshbach’s_ reaction theorythe advantage of not being affected by the Mott interference
[21]. This potential is defined, when used in the one-body, required for the two symmetri&C-+ 12C and 260+ 160 sys-
Schralinger equation, to generate the relative motion part o ems

the total wave function of the HI system in which the two
colliding nuclei remain in their ground states. In this sense, We thank Wolfram von Oertzen for his comments on the
the folding potential does not contain explicitly contributions effects of elastic alpha transfer and making available to us
from the coupling to the nonelastic channels, which is ususome of the CRC results for tH€0+1%C system. Help with
ally referred to as the “dynamic polarization potential” the measurement by Vladislav Trzaska and V.V. Paramonov
(DPP. In the present case, the enhancement in the last data also appreciated.
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