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For the first time, differential cross section of tH©+ °C elastic scattering &,,= 170, 200, 230, and 260
MeV has been measured over a wide angular range which covers both diffractive and refractive regions. In
addition, the recent data at 132 MeV for this system have been remeasured with much better statistics. A well
developed rainbow structure has been observed, where up to three Airy minima could be identified in each
measured angular distribution. The optical model analysis of these data was done using the conventional
Woods-Saxon shape for the optical potential as well as that given by the folding model. The Airy systematics
enabled us to suggest a realistic family of the optical potential for'f@e+ 12C system, which consistently
describes the new data as well as the data measured earlier at incident energies of 608 and 1503 MeV. Our
results show that thé®0+12C system is a very suitable heavy-ion combination for the study of refractive
phenomena, which can give important information on the nucleus-nucleus potential at small distances.

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

I. INTRODUCTION pattern might only be seen in an optical mod®M) calcu-
lation which removes the symmetrization artificiallg,7].

The past decade has seen significant progress in our uitherefore, the study of a nonidenticafractivelight HI sys-
derstanding of the heavy-iofH|) optical potential that de- tem should be an interesting alternative, which could reveal
scribes the elastic scattering of two nuc|di], especially the Airy pattern of rainbow supernumerarig®| over the
through studies of elastic scattering of certain combinationsvhole angular range. ThO+ °C system does not have the
of light heavy-ions, for which the absorption is relatively boson symmetry, and was suggested as a good candidate for
weak and refractive effects appear. Refractregnbow) phe-  the study of nuclear rainboy8]. However, the available
nomena in nuclear scattering provide a unique source of inelastic data for this systefat E,,= 24, 35, and 42 Me\[9];
formation on the HI interaction potential at small internu- 65 and 80 MeV[10]; 139, 215, and 311 MeV11]) cover
clear distances[1,2]. So far, systematic experimental only limited angular intervals and do not allow to reveal any
evidence of nuclear rainbow in light HI scattering has beerfeature of the refractive scattering. At higher energies, there
found mainly in two symmetric system$?C+%C and'®0  are two data sets available for tH€O0+ *°C system which
+160; with the most spectacular Airy pattern exhibited in have been measured Bt,=608 MeV[12] and 1503 MeV
elastic 1°0+ 10 scattering aE,,=350 MeV[3]. Whenre- [13]; but the data at the former energy do not extend to
fractive effects, in particular, nuclear rainbows are discernsufficiently large angles to identify the Airy pattefi4],
ible, very important information about the shape and strengthihile the latter energy is too high to observe the “rainbow”
of the real optical potential can be obtained. For exampleynambiguously, since the refractive part of the angular dis-
high-precision refractive scattering data have been used itribution has moved forward and mixed with the diffractive
the folding analysef4,5] to probe the density dependence of part at forward angles.
the effective in-medium nucleon-nucleaiN) interaction The elastic®0+ '°C data atE,,,= 132 MeV[15], which
and to place constraints upon the value of the incompressvere measured first in our extensive experimental study of
ibility of cold nuclear mattera key quantity in specifying the 0+ *°C elastic scattering, have clearly shown a pro-
the nuclear equation of state nounced rainbow pattern associated with the second order

While the 2C+'?C and *60+1%0 systems are quite Airy minimum. This result has encouraged us to carry on
“transparent” for refractive effects to appear, the Mott in- experiment on the elastit’O+ *°C scattering at other ener-
terference caused by the boson symmetry between the twgies. The present article reports on our new measurement of
identical nuclei sometimes leads to rapidly oscillating elastiche elastic*®0+%C scattering a€,,=170, 200, 230, and
cross sections at angles aroufyd,, =90°, which in turn ob- 260 MeV, which was aimed to study the evolution of the
scure Airy structures in this angular region. The whole Airy refractive (Airy) pattern in the*®0+ 2C system in this en-
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ergy range. To extract a reliable energy dependence of thef the refractive pattern in the elastf®O+1°C scattering,
160+ 12C optical potential, the elastic data at 132 MeV for the data measured earlier B},,=608 MeV [12] are also
this system[15] have been remeasured with a much bettefpresented. We note that the data at 132 MeV have been
statistics, at angles up t6, ,~173°. The new data have remeasured by the Kurchatov group with a much better sta-
been analyzed within the optical mod€M) using the con- tistics. In comparison with the original data published in Ref.
ventional Woods-Saxon shape for the optical potential a$15], the new data set contains much more points at angles
well as that given by the double-folding mod&l|. The sys-  ¢_ >100°. The enhancement in the backward cross section
tematics for the evolution of the Airy structure in tHé€O measured at 132 MeV is expected to be due to other pro-
+12C system is given and a realistic family of the optical cesses, like the elasticQ=0) alpha transfer process
potential for this system is suggested, which consistently del?C(1¢0,'%C)'%0 [16]. We note that preliminary results of
scribes the new data as well as the data measured earliertfe CRC calculatior{17] for elastic alpha transfer in the

incident energies of 60BL2] and 1503 MeV[13]. 160+ 12C system at 132 MeV obtained with the WS1 optical
potential (Table ) show that the elastic alpha transfer can
Il. EXPERIMENT indeed enhance elastic cross sections at large angles, al-

The 160+ 12C scattering experiment was carried out atthough the effect still depends strongly on the parameters

Jyviskyla University Cyclotron, which provided the oxygen used to_ c?lculate the wave function of the _alpha particle
5* or 6 beam of the required energy with an intensity of 20Und in °0 nucleus, and the spectroscopic factors as-
about 100 nA(electrica). The energy resolution of the beam SUMed. This aspect needs a separate and more extensive
was around 0.3%, the diameter of the beam spot about 8tudY, including measurements on th€ produced at for-

x3 mn?. A scattering chamber of the diameted500 mm ward angles. As for the results of the OM analysis, we will
was used for the measurements. The targets were seffe€ below that all qonclusions drawn in REE5] for this
supporting carbon foils of 0.24 mg/énthickness. The de- enclerg3r/] regslun prlact.lcaliy rt]he same. q h dth
tectors were located on two turn-around tables and could be " ¢ € | analysis o t ev\pl)rezents a;%l,swfe a\;e uie the
rotated in the full angular range. Three types of detectoponvelnt'oni_ S|>|<-patrar?_elter 0ods-Saxis) form for the
systems were used for the measurements in different angulgtpmp €x optical potentia
ranges.

(i) The cross sections at forward anglesd.f. U(R)=Vc(R)—V 1+ex;{ R— Rv) !
=7°-40°) were measured byXE — E telescope consisting ay
of semiconductor counters. The thickness Bfand AE R_R.\1-1
counters was 600 and 2am, respectively. The solid angle —iwW 1+ex;{ W) , (1)
covered by the telescope was about 0.08 msr. The total en- aw

ergy resolution(determined by the kinematicswvas 1.2
MeV. The angular resolution was0.2° and was determined where
mainly by the beam angular spread.

(i) For the measurements in the medium angular range Ry w="rv w163+ 1213)
(6. m=40°-80°) a position-sensitivAE—E detector was
used. It included a gas-filled proportionAE counter with  The WS parameters were adjusted to obtain the lgaft to
variable pressure, andEdetector consisting of ten silicon the scattering data. To increase the weight of the data points
pin-diodes of 1610 mm dimension each and thickness of at large angles which are especially sensitive to the strength
380—-760 um. This detector can cover the angular range ofand shape of the optical potential at small distances, we have
about 10° in the laboratory system. assumed a 10% uncertainty for all data points. The potential

(i) The scattering events at larger angle9. 4. parameters obtained from the OM fit to the data at 132, 170,
=80°-130°) were measured using kinematical coinci-200, 230, and 260 MeV are listed in Table I.
dences. Two silicon detectors of the sizes<@@ mm and A folding model analysis has also been performed. In this
100<10 mm(in the latter case the position-sensitive detec-case, the real optical potentidd:(R), is calculated within a
tor mentioned above was used without &€ par) were generalized version of the double-folding mod&/18], us-
located on the both sides of the beam, at the distances of 6Gfg the newly parametrizedCDM3Y6) density-dependent
mm and 300 mm from the target, respectively. The identifi-M3Y interaction based on th&-matrix elements of the Paris
cation of the elastic scattering events was done by measuringN potential (see details in Refl5]). The nuclear densities
the total deposited energy. The necessary corrections for thesed in the folding model calculations were taken as Fermi
geometry were made properly. Selected events were refistributions with parameterfsl9] chosen to reproduce the
corded event-by-event and treated offline. The accuracy afhell-model densities fof°0O and *2C and which give the
the absolute cross-section measurement was estimated to Bgs charge radii deduced from electron scattering. The opti-
around 15%. cal potential in such a folding analysis is

R—Ry\| |t
. . . l+ex ,
The measured elastic datan ratio to Rutherford cross aw
section are plotted in Figs. 1 and 2. To show the evolution (2)

IIl. RESULTS AND DISCUSSIONS
U(R)=Vc(R)+NgVe(R) —iW
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5 FIG. 1. Measured elastit®0+ 12C scattering

’ data atE,,=132, 170, 200, and 230 MeV in

: comparison with the OM fits given by the folding

VAN potential and by two different familie@vS1 and

Vo WS2) of the optical potential of Woods-Saxon

g shape(see Table)l A k indicates thekth order
Airy minimum in the far-side cross section given
by the folding or WS1 set of the optical potential.
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where the renormalization factdfg together with the pa- lation and in the OM analysis, was generated by folding two
rameters of the imaginary potential were adjusted to fit theuniform charge distributions of radR.=3.54 and 3.17 fm,
data. We note that the main features of the new version ofor 10 and '%C, respectively, which have rms charge radii
the folding model5,18] are the inclusion of a realistic den- close to those extracted from the electron scattering data. All
sity dependence into the effectiléN interaction and the the OM analyses were made using the cetdeLEmY [22].
explicit treatment of the exchange potential using a realistidVe note that the inputs for masses and c.m. energies in the
local approximation for the nonlocé&ne-body density ma-  folding calculation ofVg(R) as well as in the OM analysis
trix. The localizing procedure for the nuclear one-body deniwvere taken as given by the relativistically corrected kinemat-
sity matrix requires the evaluation of the kinetic energy den-ics [23].
sity 7. In our previous folding calculationg},5,20, the so- For the data at 132 and 170 MeV, our six-parameter OM
called WeizSeker strength of the surface contribution 0  search resulted in several loggl minima; corresponding to
was usually taken to equal 1/4. However, recent studliés  these, two families of discrete WS s€WwS1 and WS2are
of the one-particle exchange in the folding model havelisted in Table I. While the imaginary WS potentials are
shown that the more correct value of Weidser term is  more or less of the same strength, the obtained real WS
1/36. Such a value is now used in the calculation of thepotentials have different depths which result in different vol-
folding potential, and this results in a slightly smaller renor-ume integrals per interacting nucleon pdiy. In the tail
malization factoiNg of the best-fit folding potentiglTable )  region they all have about the same strength to reproduce the
compared to that obtained in our previous folding analyse$raunhofer diffraction correctly. The folding model analysis
for this systen{5,15]. gives results quite close to those given by the WS1 family of
The Coulomb potentiaV(R), used in the folding calcu- the WS optical potential. The best-fit WS parameters for the
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FIG. 2. Measured elastit®0+ *2C scattering

Al data atE,,=260 and 608 MeV in comparison
10 350 MeV with the OM fits given by the folding potential

and by the WS1 set of the optical potentiake

Table ). The folding prediction for elasti¢®0O
10° A1 +12C scattering aE,,=350 and 480 MeV was
done using the OM parameters interpolated from
those at neighboring energies. Al indicates the
first order Airy minimum in the far-side cross
section given by the folding or WS1 set of the
optical potential.
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imaginary potential as well as the volume integrals of the At 170 MeV the second Airy minimum is shifted to a
real (Jy) and the imaginary J,) potentials given by the smaller angle §.,~57°) while some oscillation structure is
best-fit WS1 and folding potentials show that these potentialseen at angle®. ,,~80°-120°. However, the modulation
belong practically to the same potential fam{fpr the real  pattern at large angles is more complicated than that ex-
160+ 12C optical at the considered energieBrom the de- pected from the A1 minimum which is always followed by a
scriptions of the elastic data given by the WS1 set of WSbroad primary rainbow maximuitsee, e.g., prediction given
potential and by the folding potential shown in Figs. 1 and 2 by the folding potential shown in Fig.)1A more flexible
one can see that they all provide reasonable fits to the dat®VS shape of the real optical potential also cannot be fitted to
The refractive structure of the cross section at large angleseproduce the oscillating structure at largest angles in the 170
given by the WS1 potential and by the folding potential hasMeV data. This might indicate that other nonscattering
the same refractive origin. events, like the elastic alpha transfer process mentioned
Based on the study of the evolution of the refractive pat-above, still contribute to the elastic cross section at energy of
tern in the elastict®0+ 12C scattering in our previous work 170 MeV.

[15], it can be shown that the observed minimuméat, At higher energies, especially, for the incident energies of
~82° in the measured angular distribution at 132 MeV is200, 230, and 260 MeV, one can clearly observe broad os-
described as the seco2) or third (A3) order Airy mini-  cillation of the Airy structure at large angles. A prominent

mum by the WS1 or WS2 sets of the optical potentse  minimum até. ,,~66°, 56°, and 47° seen in the data at 200,
Table |), respectively. The best-fit folding potential is quite 230, and 260 MeV, respectively, is followed by a broad
close in shape to the WS1 potential and also describes thighoulderlike maximum with its exponential falloff tail which
minimum as A2. is typical for the primary rainbowobserved, e.g., earlier in
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TABLE I. Optical potential parameters used in the OM analysis of the eld&fie- 1%C data afE,,,= 132—1503 MeV.x? values are per
datum, and were obtained with uniform 10% errors. Folding parametetgat 350 and 480 MeV are interpolated from those at neigh-
boring energies.

Elap Potential \Y, Iy ay Jy w 'w aw Jw OR X

(MeV) (MeV) (fm) (fm) (MeV fm?) (MeV) (fm) (fm) (MeV fm?) (mb)

132 Folding 0.798 307.1 13.41 1.224 0.627 66.19 1507 25.9
Ws1 282.2 0.586 0.978 304.0 13.86 1.183 0.656 62.99 1505 23.4
WS2 361.8 0.653 0.807 404.3 16.38 1.152 0.662 69.39 1483 21.1

170 Folding 0.787 296.6 17.46 1.227 0.582 85.76 1530 19.0
WS1 255.5 0.629 0.967 310.9 16.27 1.245 0.514 81.73 1494 10.2
WS2 333.4 0.604 0.920 355.9 17.94 1.231 0.526 87.58 1500 14.1

200 Folding 0.77¢% 285.9 17.67 1.242 0.526 88.51 1494 14.2
WS1 216.3 0.683 0.927 299.8 17.83 1.219 0.541 84.97 1494 7.1
WS2 314.7 0.625 0.908 355.8 19.18 1.224 0.524 91.98 1498 10.7

230 Folding 0.774 282.7 21.28 1.186 0.604 95.65 1528 12.5
WsS1 179.9 0.763 0.836 293.0 22.30 1.162 0.638 95.78 1550 9.2

260 Folding 0.772 277.6 22.52 1.177 0.565 97.76 1471 8.9
WS1 174.3 0.769 0.831 288.7 23.45 1.163 0.578 98.91 1481 5.6

350 Folding 0.776 264.2 22.00 1.150 0.600 90.63 1440

480 Folding 0.776 247.0 22.00 1.150 0.600 90.63 1408

608 Folding 0.756¢ 225.3 23.74 1.129 0.603 93.02 1365 .7
WS1 158.2 0.703 0.931 233.1 23.97 1.106 0.646 90.08 1374 b 24

1503 Folding 0.818 156.3 16.74 1.159 0.771 75.15 1316 1.3
WSs1 77.99 0.886 0.767 173.8 24.18 1.041 0.818 83.55 1289 b 2.0

8Renormalization coefficierl¥i; for the folding potential.
by? values obtained with the experimental errors.

the elastic*®0+ 160 scattering aE,,,=350 MeV[3]). The at these energies. The results given by (ite@) folding po-
OM fit shows consistently that the WS1 potential is the mostential calculated at these energies and renormalizeNpy
appropriate and it reproduces this minimum in the data a=0.77 are shown in Fig. 2. The WS form was used for the
200, 230, and 260 MeV as the first Airy minimugAl). The  imaginary part of the optical potential, and its parameters
best-fit folding potential belongs practically to the same fam-were interpolated from the best-fimaginary WS param-
ily as the WS1 potential and also describes these minima asters at neighboring energies. One can see from Fig. 2 that
Al. A deeper WS potential belonging to the WS2 family the shoulderlike primary rainbow can still be seen at these
could only be found aE,,,=132, 170, and 200 MeV and it two energies, and a further measurement of eladf®
gives much worse fit to the data at 200 M&ée Fig. 1and  +12C scattering at these energies would be essential for a
clearly fails to reproduce the broad rainbow maximum ob-complete study of the refractive structure in the elasfi®
served atf, ,,~80°—-120°. +12C scattering, in particular, the evolution of the first Airy
Although there are no elastit?O+'°C data available at minimum from 6, ,,~47° at 260 MeV tof, ,,~15° at 608
the incident energy around 350-500 MeV, the evolution ofMeV. We note that the WS1 potential obtained for the 608
the rainbow pattern associated with the first Airy minimumMeV data is practically the same WS potenfialso dubbed
can be qualitatively studied using the prediction of the fold-as WS proposed in Refl14]. As one can see from Fig. 2,
ing model. As will be discussed below, the energy depenthe observed exponential falloff of the cross section is well
dence of the microscopic folded potential has been proven teeproduced by both the WS1 and the folding potentials, and
be quite accurate, and the best-fit folding potentials for thet is the remnant of primary rainbow maximum which is
150+ 12C system at the considered energies were found t@omewhat obscured by the diffraction. This result shows that
have a renormalization coefficieliz~0.77£0.04 (see an incident energy,,,=600 MeV is already too high for
Table ). Consequently, the folding potential, calculated forthe observation of théprimary) rainbow structure in the
the 10+ 1%C system at an incident energy up to about 1 GeV1%0+12C system, because the refractive part of the angular
and renormalized by a factdir=0.77, should be a reliable distribution is shifted to such small angles that it becomes
choice of the real optical potential for tHéO+12C system. mixed with the diffractive part.
We have chosen for this study the incident energies of 350 More insight into the diffractive and refractive phenom-
and 480 MeV. The extensivé’O+ 10 elastic data at these ena can be provided by the representation of the elastic scat-
two energies have been shown to have a strong rainbowering amplitude in terms of the near-side and far-side com-
structure, especially, the 350 MeV da&25], and it is natu- ponents [24]. In this representation, the Fraunhofer
ral to expect strong refractive effects in th#®+ 1°C system diffraction pattern in the elastic scattering cross section at
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small angles is due to an interference between the near- amtbtermined by theeal optical potential used in the OM cal-
far-side amplitudes in forward direction. At large angles, theculation. Therefore, the new data are very important in speci-
elastic scattering pattern of a light heavy-ion systédike  fying the most realistic family of the real optical potential.
180+ 12C or %0+ 1%0) is usually determined by the “refrac- It should be emphasized that an interferencé.oénd| -
tion” of the far-side trajectories, when the absorption is notcomponents with comparable strengths would result in a
too strong. In such a case, if one can measure the experimedeep Airy minimum if there were no absorption in the sys-
tal cross section down tdo/dog~10"°, very valuable in- tem. The absorption damps the components of the ampli-
formation on the real optical potential can be obtained. tudes with small which correspond to small impact param-
The Airy oscillation discussed above is built up by aneters, and hence the deep Airy minima at small angles are
interference between the andl. components of théreal smeared out. This effect can be clearly seen in Fig. 3. With
far-side amplitude, which correspond to trajectories cominghe zero absorption, the most prominent Airy minimum is of
at the scattering anglé with angular momenta<Ig and| the third order(A3). WhenW is set to equal 1/4 of its real
>|r, wherelg is the rainbow angular momentum associatedstrength, the most favorable condition for a strongest inter-
with the minimum of the deflection functiofi(l) (see also ference fulfills for the second Airy minimuntA2) which
discussions in Refg1,2,26,27). Since thd - subamplitude becomes the deepest. The increase of the absorption strength
is usually suppressed by absorption, the Airy oscillating patto 0.5 or 0.75 of the actual valu/ gradually “kills” this
tern in turn is also obscured by the absorptive imaginaryminimum but still is not strong enough to rearrange the
potential. In order to illustrate the Airy pattern of the new crossover ofl . and|. components at the position of the
data, we have performed the near-far decomposition of thprimary rainbow minimum. With the full absorption, the
elastic scattering amplitude given by the WS1 set of the opmost favorable condition for a strongest interference turns to
tical potential, with thereducedstrength of the imaginary the first Airy minimum (Al), and this is the situation ob-
part. The calculated far-side cross sections for the incidergerved in the experiment. A similar effect was seen also in
energy of 200 MeV are plotted in Fig. 3, where the Airy the 132 MeV datgsee Fig. 4 in Ref[15]), where the half-
minima from the first to the third order are all visible in the absorption makes the A3 minimum to be the deepest, while
angular region if the absorption strength is reduced to zerahe full absorption makes the most prominent the A2 one.
With the increasing absorption, the second and third Airy We have further plotted in Fig. 4 the far-side cross sec-
minima become gradually suppressed but the first Airy mini-tions obtained for different energies using the WS1 and WS2
mum (followed by a broad primary rainbow maximuns  sets of the optical potentiélable |) with the zero absorption
still to be seen, and it has been clearly observed in the megW=0). One can clearly see the evolution of the Airy oscil-
surement. Our results plotted in Fig. 3 have confirmed agaitation or supernumerary rainbows with the increasing inci-
that the location of the Airy minima in the elastic angular dent energy. The WS2 set of optical potential gives a reason-
distribution remains practically the same if different imagi- able description to the data at the two lowest energies but
nary potentials are used with the same real optical potentiafails completely to describe the brodg@rimary) rainbow
In other word, the Airy pattern at large angles is mainly maximum observed in the 200 MeV data, because it gener-
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ates a wrong order for the Airy minima and the primary from Eq. (3). The A1 minima calculated for the same ener-
rainbow (dotted line in Figs. 1 and)4appears, therefore, at gies, using the WS1 set of the optical potential with the zero
angles much larger than those observed in the data. This facibsorption, are very close to the experimental onesEAf
together with the Airy systematics discussed below, allows=170 MeV, the first Airy minimum predicted ab. .,

us to suggest that the most realistic is the W8dfolding  ~g8o°, as discussed above, could not be clearly identified in
family of the optical potential which gives an evolution of the measured angular distribution. However, this predicted
the refractive Airy structure as shown in Figs. 1 and 2. A1 minimum falls on the empirical A1 line shown in Fig. 5,

RV 1/2

ay

It has been suggested by Knoll and Schagf2di that the  and this result supports the WS1 or folding family of the real
position of the classicalnucleaj rainbow anglefyg shifts optical potential as the most realistic one.
with the energy as E. If one uses the WS shaye) for the With the position of the first Airy minima well estab-
real optical potentialgyr can be approximately evaluated as lished, one can immediately identify in Fig. 5 the supernu-
merary Airy minima of the second and third order. In the
Oum oo 0.5 \ 3) data att,;,= 132 MeV, the prominent minimum observed at
NRTPCR M B 0.m~82° (as extracted from the new datavas suggested
earlier [15] as the second Airy minimum. The systematics
where 6 is the Coulomb rainbow angle which is almost shown in Fig. 5 confirms now this conclusion. The third
constant in the considered casef:g~1.5° in the c.m. order Airy minima in the measured elastic angular distribu-
frame. Within this assumption, it is expected that the Airy tions at 132 and 170 MeV could also be identified and they
minima of different orders should lie on different straight agree very well with the A3 line predicted by the OM calcu-
(const-1E. ) lines. The positions of those minima which lation using the WS1 set of the optical potentialith W
can be extracted from the present data and considered as0).
Airy ones are shown in Fig. 5 as the solid circles. As already For a complete systematics, it is of interest to discuss the
mentioned, the location of the Airy minima in the elastic volume intergrals of both the real{) and imaginary J\)
angular distribution is determined mainly by the real opticalparts of the'®0+ 2C optical potential. It is known that these
potential, so we have plotted in Fig. 5, as open cir¢@s-  quantities may be much better determined by the data than
nected by dashed lingghe minima of the theoretical elastic the individual potentials themselvg4]. In particular, the
cross sections shown in Fig. 4 which have been obtainedolume integral of the real potentid|, has been shown to be
using the WS1 set of the optical potent{@able ) with the  the key to classify various WS sets of the optical potential
zero absorption\(=0). (especially at low energig¢snto discrete potential families
One can see from Fig. 5 that the three most pronouncedhich differ from each other by the order of the Airy oscil-
minima observed in experiment at 200, 230, and 260 MeMatory pattern in the calculated elastic cross section, and by
and identified in our discussion above as the first Airythe number of nodes sustained by the wave function of rela-
minima (followed by the corresponding primary rainbows tive motion if antisymmetrization is consideréske, e.g., the
are lying practically on the same straight line as expectedesults obtained for thé’C+'2C and °0+ %0 systems in
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) 260 230 200 132
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@
7
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S ’ Al | FIG. 5. Positions of the
() minima (versus 1E..,) in the
100 L 4 measured elasti¢®0+1°C elastic
cross sections, which can be con-
. sidered as Airy minima(solid
circles. The solid straight lines
80 | = are only to guide the eye. The cor-
responding minima in the calcu-
: lated elastic*®0+1?C cross sec-
tions (open circles connected by
60 1 dashed lineswhich have been ob-
tained using the WS1 set of the
il optical potentialTable ) with the
zero absorption\(y=0).
40 1
I/Ec,mv,MeV=l
20 T T T T T T T
0.006 0.009 0.012 0.015 0.018

Refs.[7,28]). From the volume integrald,, and Jyy of the IV. SUMMARY
best-fit WS1 and the folding potentials given in Table | one . . : 12
finds that they agree with each other within a few percent, Differential cross section of the elastif€O+ 'C scatter-

and these two potential sets do belong to the same famil g at incident energies O_f 170, 200, 230, and 260 MeV has
which generates the Airy structure shown in Figs. 1 and 2. P8en measured over a wide angular range. A well developed

The WS2 set of the optical potential, which has beemucl_ear rainbow pattern, more intense than that observed ear-
shown above to give a wrong order of the Airy oscillation in lier in the (symmetrig 12C+*%C and %0+ 10 systems, has
the elastic cross section, has a volume integral of the redleen established, where up to three strong Airy minima
optical potential about 20—30 % larger than that of the WSicould be identified in each measured elastic angular distribu-
or folding potential. The fact that the volume integral of the tion. The analysis of the new data unambiguously shows that
imaginary potential is about the same for the WS1, WS2, anthe 0+ 1°C system is strongly refractive, with the elastic
folding sets of the optical potenti@lable ) clearly shows scattering pattern at large angles determined entirely by the
that the Airy refractive structure is determined entirely by thefar-side scattering. These refractive features are of great im-
real potential. portance in studying the energy dependence of tf@

The J,, andJ,, values obtained with the WS1 or folding + *°C optical potential and testing different theoretical mod-
potential also agree closely with the global systematics founels for this system.
for light HI elastic scatteringsee, e.g., Fig. 6.7 in Ref1]). The OM analysis of these experimental data, including
It is also remarkable that at the incident energy of 200 MeVremeasured data at 132 MeV was done using both the con-
where the first Airy minimum and the associated primaryventional Woods-Saxon form of the optical potential and the
rainbow are most pronounced in the-+12C system, thd,, microscopic folding potentigicalculated using a realistic ef-
values obtained with the WS1 or folding potential are aroundective NN interaction with a density dependence chosen
300 MeV fn?, very close toJ, values obtained for the from an extensive study of refractive light HI scatter{fg).
160+ 180 system at 350 MeV7,25,29 where the most clear At each energy, the best-fit folded potential and the corre-
rainbow pattern associated with A1l has been observed faponding WS1 potential found in the OM analysis of the data
this system. were shown to be of the same potential group of the real

Finally we note that the best-fMg factors for the folding optical potential, which is accompanied by a relatively weak
potential are around 0.7@&ee Table )l and they reproduce absorption. This family of the optical potential for tH&€O
quite well the(realisti energy dependence of thg value.  +%C system was shown to be the most realistic, which con-
This indicates again the reliability of the folding model to sistently generates the evolution of the Airy pattern with the
predict the(real) optical potential for a HI system at incident increasing energy.
energies from a few MeV/nucleon up to around 100 MeV/ A strong refractive structure associated with the second
nucleon. The more detailed analysis of the energy deperAiry minimum (A2) was observed in the elastt’O+ °C
dence ofJy and Jy, using dispersive relations is now in data atE,,,=132 MeV. The first Airy minimum Al fol-
progress. lowed by a broad primary rainbow was found to be most
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prominent in the data &,,=200 MeV, and thigprimary) A more detailed and consistent theoretical analysis is now in

rainbow structure is even stronger than that observed in therogress.

famous®0+ !0 elastic data a,,,=350 MeV[3,25]. The

primary rainbow was predicted by the folding model still to
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