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Detailed measurements of the elastic scatterintf®fions from*°C have been carried out at seven energies
from 62 to 124 MeV, at center-of-mass angles from about 10° to about 145°. A coherent optical model
analysis of these data has been performed using both the Woods-Saxon and the folding-model potentials. The
extracted results are consistent with analyses of data at higher energies for this and similar light heavy-ion
systems. Some model-independent spline forms for the real potentials were also investigated.

PACS numbgs): 25.70.Bc, 24.10.Ht

I. INTRODUCTION pairs [5], and these indicate fine structure with respect to
bombarding energy up to at least 35 MeV in the center of
The last decade has seen significant progress in our umrass. Indeed, in the case 6fC+'%C, this fine structure
derstanding of the optical potential that describes the elastigvidths of 1 MeV or less persists up to at leadf ,, =60
scattering of two light heavy ions. When refractive effects,MeV [6-8], superimposed upon a gross struct(wédths of
particularly nuclear rainbows, are discernible, it has beeroughly a few MeV which can be attributed to refractive
shown that in favorable circumstances one can obtain unan&ffects in the mean field of interaction between the two ions
biguous information about the character of the optical potenl9]- It is this latter phenomenon that we can hope to explain
tial. The resulting potentials are found to have real parts thaf! terms of a simple optical potential, but the fine structure is
are strongly attractivé“deep”) and have imaginary parts also reflected in the observed angular distributions, particu-
that are relatively weakly absorbing. A good understandind;lrly at the Iargest angles. Congequgntly, the pro?".em fac?d
of the real potentials has been obtained, based upon the fol y any analysis of these data is akin to determining their

ing model whereby a realistic effective nucleon-nucleon in—ivﬁgiiagsggwoéh dTvr\]/IeS s\rlglls foalllt(t)?lvnmt:d hirligj)nt*y iiﬁfmci-
teraction is folded over the density distributions of the two 9 P phy

) o o ) ated therd10]. In particular, we show that the type of po-
lons. In general, this interaction 1S also density dependen entials required by the scattering measurements at higher
B evious suudies of reftactve effects have songentated o 8es and for simir light heavyion systems, can also
the symmetrical systemd?C+12C and 60+ 1°0, where Becount for the present data in this average way.
symmetrization results in interferences at the larger angles as
one approaches 90°. Consequently, there is value in studying
nonidentical systems, such &0+ %C, which allow one to The %0+1?C elastic scattering has been measured at
explore directly the scattering at larger angles beyond 90°.E =62, 75, 80, 94.8, 100, 115.9, and 124 MeV with ‘40
Earlier measurements on this reaction have been reportdzskam provided by the Strasbourg Tandem Vivitron accelera-
at atE/A=38 MeV [3] and E/A=8.25 MeV [4]. Both re-  tor. The carbon target used in our experiments were self-
vealed sufficient refractive features in their angular distribu-supporting C films of~20 ug/cn? thickness.
tions establishing the need for deep real potentials like those Detailed and complete angular distributions have been
found for the symmetrical systems. In the medium energymeasured at all seven energies. The most forward angles
range between 62 and 124 MeV the present data'far  (5°<#6,,,<20°) of a given angular distribution were covered
+12C scattering, whose angular distributions range out tdoy a Q3D magnetic spectrometer having a proportional
145° in the center-of-mass system, present the usualounter in its focal plane. The spectrometer measurements
diffraction-like behavior at the smaller anglésp to about were taken in steps ol 6,,=0.5°. The cross sections at
50° or 60°) but are then followed by considerable structurdarger angles were measured using a fixed kinematical-
at the intermediate and larger angles. Such features are noeincidence setup composed of two position-sensitive silicon
toriously difficult to reproduce using a simple optical poten-detectorgarea=5x1 cn?) placed at 7.8 cm from the target,
tial. Furthermore, although there do not appear to be measn both sides of the beam, and covering angles between 15°
surements of excitation functions available for this systemand 50°, and-35° and—70°, respectively. The electronics
in this energy range, there are for similar light heavy-ionand data acquisition system of the spectrometer detector and

Il. EXPERIMENTAL DETAILS
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of the Si detectors were independent from each other. At o
each bombarding energy, about 50 different measurement
were performed at forward angles with the Q3D spectometel
while acumulating data in the fixed Si detector setup. The
two detector systems had an overlapping angular domain an X
thus angular distributions of the elastic scattering betweer _, g,

0.m=10° and 145° could be obtained with good statistics at

the seven bombarding energies of this study. All details con-z
cerning the data analysis, in particular the identification of2
the elastic channel in both detection systems, and the extracz
tion of cross section can be found in the thesis of Nigbli].

lll. OPTICAL MODEL POTENTIALS Folded, N=1

LIS S B S I A B B

The use of a simple optical model potential implies that T WS, VR3S Mev

there are no effects, such as due to the coupling to nonelasti L
channels, which vary rapidly with energy, or which cannot -300 >~
be represented, at least in an average way, by a local r
L-independent potential. These effects could include elastic i | ( | |
transfer of ana-particle cluster between the two nuclei. It 0 1 2 3 4 5 6 7 8
has been suggesté¢ii2] that such a process could be repre- ¥
sented by a term in the optical potential that depends upon
the parity (—1)- of the partial waves of relative motion. In FIG. 1. Comparison of the folded potenti@ith N=1) with a
particular this could have the effect of increasing the yield atVoods-Saxon-squaretVS2) one withRy=4 fm anday=1.4 fm,
the largest angles and introducing additional structure in th@nd a depttV=343 MeV, chosen to have the same volume integral
angular distribution. We have no direct evidence of such £f Jv=366 MeV fn?’ as the folded one.
process(which is indistinguishable from elastic scattening ] ] )
and in the present analysis we assume that, if present, it may An analogous volume integral, for the imaginary po-
be subsumed in the properties of the local potential. tential can be obtained by substitutiVg(r) in the above
Several choices were tried for the real parg(r), of Eq. (D).
these potentials, as described below. Relatively weak absorp-

Loev o v v

o

tion is a characteristic of the potentials for these light heavy B. Folding model
ions[2], so that a very helpful measure of the real potential oy ynderstanding of the deep real parts of the optical
strength is the volume integral per interacting pair, potentials needed to describe light heavy-ion scattering is
largely based upon the folding model, in which a realistic
- 4_77 2 nucleon-nucleon effective interaction is folded over the dis-
Jy(E)= Ve(r)redr. (1) o o .
AA, tributions of nucleons within the two ions. Some account has

to be taken of the exchange of the two interacting nucleons,
Then one expects thad, values to be similar for adjacent which arises from antisymmetrizing the system. The result-
heavy-ion pairs. Experience suggests that we shouldXjnd ing potential then represents the leading term in the Feshbach

around 300 MeV fr in the present case. expression for the interaction of the two iof513].
We use a density-dependent effective nucleon-nucleon in-
A. Imaginary potentials teraction, called BDM3Y1, which is based upon the Paris

i nucleon-nucleon force and which has been developed re-

We adopted a sum of conventional Woods-Sak&fE),  cently together with a realistic treatment of the exchange

and the derivative of Woods-SaxdwsSD), forms for the  yormg[14-16. This has been shown to give a good account

absorptive, imaginary potentia/(r). This is defined by ¢ jight heavy-ion scattering at higher energies, as well as
W(r) = — W (r) W fp(r) @) properties oft?C+ 2C scattering at low energi¢40]. It also

’ accounts for the saturation properties of cold nuclear matter.

The density distributions of the two ions are described by
two-parameter Fermi forms, with radii 2.60 fn{%Q) and

[<r— ”—1 2.115 fm ¢2C), and a surface diffuseness 0.45 fm for both.

1+ex ,

where the “volume” (WS) term is

Rw (3)  These values are in agreement with the rms charge radii de-
duced by the electron-scattering studi&g].

The resulting folded potentials have a weak dependence
on energy, mostly arising from the exchange terms. The
1 shape varies insignificantly with energy, so we adopted the

(4) potential evaluated at 124 Me¥the highest energy in the
present workas our standard. Then the theoretical potential

fw(r)=

W

while the “surface” or derivative WSD) term is

r-R
1+ex;{ D)
ap

fp(r)=—4apd/dr
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FIG. 2. Comparison of the measured cross sectfonsatio to the Rutherford cross sectigngith the theoretical cross sections obtained
with the WS2 potentials of Table I. In those cases where two alternative potentials are listed for a given energy, the solid curve corresponds
to the first entry, and the dashed curve corresponds to the second one.

at 62 MeV(the lowest energy studied hgiis predictedto be  allowed to vary from these values, they generally deviate
only 3% stronger. In practice we use the folded potential forvery little and with only small changes in the value pf.

124 MeV times a normalization factdd, adjusted to opti- Consequently, we chose to adopt this WS2 potential as a
mize the fit to the dataN should be close to unity for this standard one, varying only its strengih

procedure to be meaningful.

C. Woods-Saxon real potentials D. Spline model of the real potential

The Woods-Saxon shape provides a simple analytic form

for the real potential. Indeed, parameters for the square of Spline potentials are defined by their values at certain

this form (WS2), radial knots, with cupic spline interpola'tion between them.
The values at the radial knots, or a certain subset of them, are
V(r)=—Vfy(r)?, (5) treated as the variables in a search. We chose the ten knots to
be atr=1 (1)10, and applied this model to the real potential.
where The imaginary potential was taken to be given by &), as

before. The additional adjustable parameters almost guaran-
1+ex;{ f—Rv) tee a better fit. The hope here was that this procedure would
ay indicate any systematic deficiency in the folded or WS2
shapes. However, while somewhat better fits could be ob-
can be chosen to give a shape that is very close to the foldadined at the higher energies with spline potentials that did
potential (except for radii less than about 1 fm which have not deviate strongly from the WS2 or folded ones, this was
little effect on the scatteringIn the present case, a radius of not the case at the lower energies where quite violent oscil-
Ry=4 fm and a diffuseness af,=1.4 fm give a potential latory deviations were indicated by the automatic search pro-
very similar to the folded onésee Fig. 1L Equivalent fits to  cedure. This was taken to indicate the presence of features
the data can be found with either the folded or the WS2hat could not be represented by a smooth, local, and
potentials. Furthermore, when th& anda, parameters are L-independent optical potential.

-1

, (6)

fu(r)=
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TABLE |. Potentials with Woods-Saxon-square¥S2) real parts withR,=4 fm anda,=1.4 fm.

Energy®  V Iy W Ry ay W, Ry @ Jw Jeur Jvol ogr"”

(MeV) (MeV) (MeV fm®) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV fm®) (MeV fm®) (MeV fm® (mb)

124°¢ 296 316 14.5 4.258 0.131 9.2 5.973 0.453 64 40 25 1513
12449 301 322 30.0 2.819 0.750 8.5 6.076  0.437 61 36 25 1527
115.9¢ 288 308 15.7 4.378 0.090 7.0 6.089 0.461 61 32 29 1507
115.9¢ 294 316 37.9 2.548 0.602 8.8 6.067 0.413 57 35 21 1473
100° 302 323 14.0 4.363 0.001 7.2 6.171 0.421 56 31 25 1464
100 289 308 10.3 5.319 0.149 3.8 6.640 0.437 53 19 34 1530
94.8¢ 285 304 11.3 5.231 0.127 3.5 6.725 0.360 51 15 36 1452
94.8 303 324 22.6 4.242 0.042 6.5 6.067 0.370 61 23 38 1352
80f 290 309 13.6 4915 0.076 3.1 6.276 0.427 49 14 35 1337
80¢ 287 307 12.2 4952 0.144 2.8 6.558 0.461 47 15 33 1428
75 305 326 11.7 5.147 0.072 4.4 6.566 0.304 50 15 35 1331
62h 298 318 78.7 4.881 0.093 3.9 6.547 0.361 216 16 200 1290

@The %0 laboratory energy.

PThe total reaction cross section.

‘The solution with smalb,, .

9The solution with largea .

This solution has an imaginary part which more closely follows the systen{agesFig. 3.
fObtained using statistical uncertainties.

90btained using uniform uncertainties.

"The parameters are poorly determined at this energy.

IV. RESULTS OF OPTICAL MODEL ANALYSES uniform (10%) uncertainties for the four highest energies, the
statistical uncertainties for the data at 75 and 62 MeV, and

The usualy? criterion was used to judge the quality of both choices at 80 MeV

agreement with the data, where

1 E” (Th— Tex)? @ A. WS2 potential results

o Np =1 (Aog? After verifying that there was no evident need to allow the
radius and diffuseness of the real potential to vary freely, we
whereay,, o, andA o, are the theoretical cross sections, froze these quantities at the valueg=4 fm anda,=1.4
the experimental cross sections, and the uncertainties in tHen, and only allowed the dept® and the parameters of the
experimental cross sections, respectival, is the total imaginary potential to be varied for the optimum fit to the
number of angles at which measurements were madéignd data. The resulting fits are shown in Fig. 2 and the corre-
is the number of free fitting parameters. The fits were obsponding parameter values are given in Table I, along with
tained using the automatic search option in the progranthe associated volume integrals and the predicted reaction
PTOLEMY [18]. Cross sections.

Two choices for the cross section uncertainties were con- As anticipated, there is no difficulty in reproducing the
sidered. The first was to use the statistical uncertainties agorward diffractionlike structure in the angular distributions.
sociated with the measurements. At the highest energiesjowever, the fits at larger angles, while suggestive, only
these tend to weight the larger angles more heavily, while ateproduce the observed structure in a qualitative way. An
the lower energies they weight more the smaller angles, ooverall increase in cross section at these angles is predicted
some combination. (although often by not as much as seen experimenjdty

In previous work, it has been common to use uniformgether usually with the same number of oscillations as ob-
uncertainties at all angles. This was done because the expeserved.(It was determined that varying the radius and dif-
mental uncertainties in those cases usually were smallest féuseness of the real potential did not remedy these
the small angles, and it was felt that this gave too little im-deficiences.
portance to the large angles where the evidence for refractive The addition of a surfac@VSD) imaginary term seems to
effects was most likely to be seen. However, in the presenbe important; omitting it results in too little structure at the
case we anticipate the most difficulty in fitting the large largest angles. Some trends in the parameter values can be
angles and we wished to avoid biasing the searches to fdeen. The real depthé correspond to real volume integrals
these angles at the expense of poorer fits at the forward, of about 3110 MeV fm?®, which are compatible with
angles. Studies showed this to be a real danger for the datate values found for other systems in this energy re¢ijn
the higher energies. Consequently, after some experience Wée volume (WS) term in the imaginary potential has a
arrived at a compromise, presenting here results from usingmaller radius than the surface term. At the highest energy of
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124 MeV, fits could be found in which the diffuseness of this 0 r I T T T T
volume term is either large or smalsee Table I, for ex-
amples. At 115.9 MeV, solutions could be found with either
large or smalkyy, with similar x? values, but subjectively the

small a, was judged much superior. No such ambiguity
seems to exist at the lower energies; a very small value f0|; | —— 116 MeV
ay seems to be required. These values may be compare § ---- 100 Mev
with the reduced wavelengths which range from 0.24 to

0.34 fm in the present case, although tbeal wavelengths

within the attractive potential will be somewhat shorter. It is
true thatay, could be fixed arbitrarily at some small value,
such as 0.1 fm, without much change, but we chose to quoteg=*2
the values resulting from the automatic search. As a result.a ___________________ I
the total imaginary potential has an almost square profile§ [——————————""" -1
with a surface peak outside. Some typical examples are iI-"'_16 o — 3y
lustrated in Fig. 3.

— 124 MeV

)
@

T
|

potential

B. Folding model results

As indicated earlier, the theoretical folded potential ap- % 1 2 3 4 5 6 7 8 9
propriate for a bombarding energy of 124 MeV was used at
all energies. We have already remarked that our adoptec o : , ,
WS2 potential Ry=4, ay,=1.4) is very similar in shape to
the folded ondsee Fig. 1, so it is not surprising that we find F
fits with the folded real potential that are equivalent to those
obtained with the WS2 version just discussed. Comparison:
with the data are very similar to those shown in Fig. 3 for the
WS2, so they are not shown here. The optimum values for
the renormalizing factoN and the imaginary potential pa-
rameters are given in Table Il, together with the associatec.
volume integrals and the predicted reaction cross sections
The N values range from 0.83 to 0.89, except at 62 MeV
where its value is rather poorly determined. However, even s-12 {===--""""""7--7777-m7m==o---
here a valudN=0.87, fixed to give the same volume integral g
as the WS2 fit and more in line with the other energies, was.'g" T T T ]
shown to give an equally acceptable fit. The same ambiguity-
in ay at the two highest energies is also found here, while -16 - 7]
the volume integrals of the imaginary potentials show the
same kind of behavidjincluding being anomalously large at
62 MeV) as those associated with the WS2 real potentials. 20 \ | | , | , | |

0

b)

-4~ ——— 95 MeV
—— 80 MeV

---- 75 MeV

-8

tial (MeV)

en

R ]

ry po

C. Spline results ¥ ()

The imaginary potential was still represe_nted by a sum of FIG. 3. The imaginary potentials associated with the WS2 po-
volume (WS) and surfaceWSD) terms as in Eq(2), but  oniais of Table I(except for the energy of 62 MeVWhere two
attempts were made to improve the agreement with the meajiernatives are given in Table I, the curves correspond to the first
sured cross sections by using the more model-independepigice.
shapes for the real potential that are allowed by the spline
procedure. It was hoped that these studies might reveal argmple, it is still local and does not allow any explitit
systematic departures of the real potential from the foldedlependence which, in principle, would arise from these cor-
shape that arise from higher-order corrections to the foldingection terms.
model. For example, such deviations could be expected to The experimental statistical cross section uncertainties
arise from the dispersion relation that connects the real andiere used when applying this spline technique. Generally,
imaginary parts of the potentig®]. Then the existence of a the searches were initiated using starting values for the po-
prominent surface component in the imaginary potentialtential that were close to the folded one. Large reductions in
such as indicated here and which is itself a consequence difie y? values could be obtained with a variety of solutions. If
higher-order corrections to the optical potential, would resulione takes as a criterion that the spline potential should be
in a corresponding surface correction to the real potentialphysically reasonable, that is, it should not differ from the
This spline approach still has limitations, however; for ex-folded one too violently, an example could be found at each
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TABLE Il. Potentials obtained using the folded real part tinhes

Energy N Jv W Rw aw Wp Rp ap Jw Jsur Jvol OR

(MeV) (MeV fm®)  (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV fm®) (MeVfn®) (MeV fm®) (mb)

124 0.86 316 14.7 4,329 0.186 8.6 6.031 0.458 65 38 26 1520
115.9 0.85 311 16.4 4,336 0.089 7.0 5.986 0.468 59 30 29 1474
100 0.84 308 10.3 5.316 0.148 3.7 6.611 0.453 54 20 34 1527
94.8 0.83 304 11.3 5.206 0.127 3.6 6.663 0.376 51 16 35 1443
80 0.84 308 13.5 4931 0.078 2.9 6.254 0.449 49 14 35 1330
75 0.89 326 9.6 5.281 0.091 2.9 6.731 0.356 43 12 31 1362
622 0.96 353 213 4767 0.141 2.9 6.618 0.388 521 13 508 1299

&The parameters are poorly determined at this energy.

energy except at 62 MeV. These do not necessarily corre- V. DISCUSSION OF RESULTS

spond to. the lowesg®, nor do they necegsa.rily reproduce all We have seen that the overall behavior of the measured
the details of the measured angular distributions. They arg,ss sections can be reproduced by optical potentials with
compared to the data in Fig. 4, and the real spline potentialgeep real partésee Figs. 1 and 5, for examplevhose shape
are shown in Fig. 5. The associated imaginary potential par given by the folding model, or an equivalent Woods-
rameters, etc., are given in Table Ill. The imaginary potenSaxon-squared form. The strengths of these real potentials
tials have the same characteristics as were found when usin@rrespond to volume integraly, of 310+10 MeV fnr,

the WS2 or folded real potentials, namely an almost squargith no evidence of dependence on energy in the region
volume part(small ay,) with a surface peak outside. sampled here. Such values are closéaithough somewhat
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FIG. 4. Comparison with the measured cross sections of the cross sections predicted by the spline real potentials, which are shown in
Fig. 5.
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tions from such a profile might introduce subsidiary scatter-
ing amplitudes whose interferences could produce the kind
of structure observed in the angular distributions at large
angles. Of course, one cannot tell whether this corresponds
to reality or is merely a device for producing structure whose
true origin may be quite different. An analysis of the ampli-
tudes, such as by the semiclassical techniques of McVoy
et al.[19,20, could be helpful here. Within our restriction to
local, L-independent potentials, this type of imaginary part
was the only one which would give a consistent description
of the data at all energies. However, one is tempted to specu-
late about a simple interpretation of this imaginary part, and
identify the volume term with absorption due to fusion and
associated processes, and the surface term with more direct
reactions. In the tables we show separately the contributions
of these two terms to the volume integral of the imaginary
potential. It is interesting that the volume term decreases
only slowly as the energy decreaséise anomalously large
value at 62 MeV is poorly determined and is presumably due
to our inability to obtain a good description of the data at this
energy, whereas the surface contribution is reduced by a
factor of 2 or more when the energy drops to 62 MeV. The
latter behavior might be expected for direct, surface-type re-
actions as the energy falls. Furthermore, the r&gjiof the
surface peak fall between 6 and 7 fm, just inside the “strong
absorption radius.’(If this is defined as the distance of clos-
est approach on a Rutherford orbit with the angular momen-
tum for which the transmission coefficient is one-half, its
value ranges from 7.4 fm at 124 MeV to 7.8 fm at 62 MeV.
The analyses using the spline form for the real potential
resulted in better agreement with the measurements, espe-

FIG. 5. The spline real potentials obtained, corresponding to theially at the large angles, although the improvement found at

fits shown in Fig. 4.

62 MeV was quite minor and the potential itself deemed to
be unphysical. It is difficult to judge the physical significance

smaller thaim those predicted using a recently derived effec-of these results, except to say that relatively small and oscil-

tive nucleon-nucleon interactiqd4—16. A renormalization

latory departures of the real potential from the smooth WS2

factor N of about 0.86-0.03 is required. They are also simi- or folded shape usually can result in considerably improved

lar to the values found for the adjacent systelfG+ 1°C and

agreement with the datas judged by the? criterion). It is

160+ 160 at similar energies, as well as showing continuityalso difficult to discern any systematics in these deviations,
with those found at much higher energ[3.

The associated imaginary potentials also display a consist15.9 MeV, and between those for 94.8 and 80 MeV, while
tent behavior, seeming to be driven by the data to have athose for 100 MeV appear to be intermediate.

almost square “volume” term, together with a “surface”

except to note some similarities between those at 124 and

The various optical potentials that we have obtained also

term peaked at larger radii. One can understand how refleqqualify as relatively weakly absorbing, hence allowing the

TABLE lIl. Imaginary potential parameters and volume integrals associated with the use of the spline model for the real potential.

Energy Jy w Ry aw Wp Rob ap Jw Jsur Jvol OR

(MeV) (MeV fm®)  (MeV)  (fm) (fm)  (MeV) (fm) (fm)  (MeVfm®) (MeVim® (MeVfm®) (mb)

124 313 12.4 4,964 0.165 6.0 6.084 0.447 60 33 27 1498
115.9 316 13.0 5.002 0.158 4.7 6.197 0.399 55 19 36 1422
100 313 11.2 5.057 0.192 4.2 6.266 0.383 49 17 32 1402
94.8 294 13.6 4,413 0.160 2.8 6.321 0.459 39 14 26 1395
80 316 14.5 4,930 0.080 3.1 6.309 0.419 52 14 38 1331
75 325 8.3 4,722 0.169 7.0 6.256  0.265 39 19 19 1304
622 322 24.7 4.874 0.050 5.7 6.499 0.275 80 17 62 1285

&The parameters are poorly determined at this energy.
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scattering to be sensitive to the potential at small distancescattering data in the same energy interval studied here are
[2]. A measure of this is given by the magnitude of theconsistent with the conclusions reached in the present study.
Smatrix element for the low partial waves. In the present
case the magnitudes for tisawvave range from 0.02 to 0.04,
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