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Angular distributions of the differential cross sectionmglastic scattering by*Mg, 28Si, and®*°Si nuclei
have been studied for various incident energies. The observed enhancement of differential cross sections at
back angles, usually known as anomalous large angle scatt&imgS), cannot be explained in terms of the
normal optical model potential. A molecular type or squared Woods-Saxon optical potential can account for
the ALAS and produce satisfactory fits to the angular distributions. A mass dependence of the potential
parameters in the range=24—30 and energy variation in the regifip=15—-45 MeV for the’®Si target and
22-120 MeV for the®*Mg target have been investigatd0556-281@9)03104-(

PACS numbgs): 25.55.Ci, 24.10.Ht

I. INTRODUCTION in a consistent manner for a number of targets and over a
considerable energy range. This analysis is restricted to the
The nucleon-nucleus optical potential has been well unds-2d shell targets, for which complete angular distributions
derstood for quite some time. However, the situation is no@ire available. For this analysis the squared WS potential used
so clear in the case of the-nucleus potential, particularly by Michel and his collaboratof®,10], henceforth referred to
for light nuclei. « elastic scattering by these nuclei have as the Michel potential, and the molecular potenitil, 12
some distinctive features that cannot be consistently expave been chosen. The rationale for the choice of the above
plained by the “usual” Woods-SaxofWS) type of optical ~ tWo potentials is discussed in details in Sec. Il but the key
potentialg 1]. The inadequacy of the WS potential is obvious 'eason is that other types of potentials used failed to account
from the fits ofa-silicon data by Jarzcykt al.[2]. This has ~ for ALAS.
led Hodgson 3] to note that it has not yet been possible to
obtain a really satisfactory globaklnucleus potential.
An important characteristic feature of experimental elastic
scattering data by light nuclei at incident energies up to
about 50 MeV is the unusual enhancement of cross section at The failure of the standard WS potential to account for the
large angles first noted fol?0 and 32S targets by Correlli data for targets and energies considered herein is well docu-
et al.[4]. It has since been observed for several other targetsiented, e.g., ii1,2]. A typical example is provided in Sec.
up to *8Ca. This enhancement is commonly known as thdll.
anomaly in large angle scatteriGgLAS). This phenomenon The squared Woods-Saxon Michel potential, i.e., "WS
is most prominent in, but not unique t8,=4n nuclei. At  with n=2, has provided the first successful description of
higher energies, the ALAS effect rapidly dies down giving a-4°Ca scattering from 20 to 170 MeV incident energy range
rise to the so-called “rainbow scattering” characterized by a[13]. With the inclusion of an energy dependent Gaussian
sharp decrease of cross section beyond a certain scatterifagtor to the real part, it has then been appliedatd®0
angle. scattering data between 20 and 150 MeV incident energies
The ALAS problem has, in the past, been approachedl14] and produced excellent fits to the experimental data.
from diverse directions using different local potentials. Some_ater investigations by the same group using this potential
have tried to solve the problem by adding Hauser-Feshbadmave also been successful in describing ¢heluster struc-
contributions to cross sectiofig,5], which is, however, not ture in **Ti [15—17 and oscillations in the fusion excitation
expected to play a significant role at the energies above 2function [18]. Adding a slight angular momentum depen-
MeV. Some added ah-dependent absorptiof6,7], while  dence to this potential and an increase in barrier height, it has
others have used arbitrary W$n>2) form factors[8].  also been possible to explain low energy data down to 3.5
None of these has been able to give a consistent and thedeV incident energy[19]. This purely phenomenological
retically sound description af-elastic scattering over a sig- form of potential has been found to be very similar to the
nificant range of targets and energies. equivalent local potential obtained in microscopic analysis
The aim of this work is to examine the local potentials using the resonating group methf@20]. The Michel poten-
that can describe the elastic scattering in the ALAS region tial including the Coulomb ternv(r) is comprised of the

Il. CHOICE OF POTENTIAL
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FIG. 1. (a) Michel-potential fits to thex-22Si elastic scattering data Bt,(lab)=14.47, 25, 26, 27, 28, 40, and 45 MeV afii molecular-
potential fits to the same set of data. The molecular fits up to 28 MeV are basically reproductiohsZtéon comparison with the fits using

the Michel potential. The data are frof#,12,34.

following forms [14] of the realV(r) and imaginaryW(r) (lezez)< r2>
: Ve(r)= - =|, r=<Rc,
parts: (1) R R'é c
r 2 r-R 2 212292
V(r)=—V, 1+aexp{—(—) H/ 1+exp( R) = . r>Re,
P 2aR
+VC(r)1 (1)
w(r) W/ 1+ p(r_Rl 2 @
ry=-— ex
with 0 2a,
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TABLE I. Michel potential parameters obtained from the analysis.

E, Vo Rr ag p W, R a NZY NZY
(MeV) (MeV) (fm) (fm) « (fm) (MeV) (fm) (fm) rc(fm) (MeVim®) (MeVfmd)
285i 1447 210 50 060 18.0 139 385 0.65 1.3 886.35 22.41
25.0 6.38 25.2 359.36 40.62
26.0 8.39 33.1 450.52 53.35
27.0 582 6.25 289 333.97 46.58
28.0 5.23 325 307.21 52.39
40.0 5.02 74.9 297.69 120.73
45.0 4.34 93.5 266.85 150.71
305i  26.6 25.0 520 046 7.21 645 353 405 065 1.3 522.66 60.91
Mg 22.0 250 4.65 0.60 8.08 30.6 345 0.65 1.3 484.71 43.14
28.0 7.60 39.6 460.58 55.83
42.0 7.12 106.9 436.46 150.72
50.0 7.00 5.85 128.3 430.43 180.89
67.0 6.09 147.0 384.69 207.26
81.0 5.43 158.4 351.52 223.33
120.0 2.96 94.5 227.38 133.24

W, increases with energy due to the opening of more nonf23,25, even for thea-28Si system[11,12,25. Phase shift
elastic channels, while the variation @fwith energy reflects  analyses, also, suggest such a potential for't@e'*C and
the energy dependence of the real part and thus, allows the-'°C systems[26,27. Empirically, it has also provided
analysis to be extended from energies exhibiting ALAS, intogood fits to the*?C-*2C [28], 1%0-1%0 [29] and other heavy-
that relevant for rainbow scattering. ion-heavy-ion elastic scattering datd0,31]. This type of

On the other hand, the molecular potential has its roots ipotentials could cause substantial scattering at large angles,
the early works of Block and Malik21] and other$22—24. characteristic of ALAS, for the elastic scattering and nucleon
The initial motivation for proposing the molecular type of transfer reactiof32]. This complex potential has the follow-
potential, has been the recognition of the role of the Pauling forms[12] for real, V(r), and imaginaryW(r), parts:
principle in heavy-ion-heavy-ion scattering. This kind of po-

tential is characterized by a short range repulsive potential r—Rg r\2
followed by an attractive region plus the usual Coulomb po- V(r)= —Vo/ 1+ex;{ a +Vy exp{ - (R_)
tential. Such potentials are expected from a many-body !
theory utilizing the energy-density functional method +V(r), )]

TABLE Il. Molecular potential parameters obtained from the analysis.

E, Vo Ro a R A W, Rw Rc Jrl4A NZY
(MeV) (MeV) (fm) (fm) (fm) (MeV) (MeV) (fm) (m) (MeVim® (MeVfmd)
285 1447 260 535 034 2380 420 1.0 4.00 9.35 109.01 3.16
25.0 14.0 44.31
26.0 14.5 45.89
27.0 15.0 47.47
28.0 18.0 56.96
40.0 24.0 75.95
45.0 29.5 93.36
305 26.6 26.3 545 034 290 425 175 410 9.45 112.79 55.63
Mg 22.0 254 515 034 260 41.0 13.0 3.80 9.15 116.10 41.20
28.0 18.0 57.05
42.0 26.0 82.40
50.0 27.0 85.57
67.0 29.0 91.91
81.0 33.0 104.58

120.0 35.0 110.92
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r\2 potential. It is therefore intriguing to examine whether such
W(r)=—-Wpexg — Ry (4)  an overwhelmingly successful potential is truly a failure in

the case of &%Si target, and if not so, what would be the

_ . nature of its energy and target dependence.
Here, W, is the only energy dependent parameter within

moderate energy intervals. However, the real part might need
to be varied at different energy mtervals if the analysis is Il ANALYSIS AND DISCUSSION
extended to a large energy domain.

As noted already this potential has been successfully used It has been noted that angular distributions with only
in the description of thex-%8Si elastic scattering in the small or large angle data are not sufficient for a definite
ALAS region for incident energy interval of 21 to 28 MeV determination of the optical potentifB3]. Therefore, data
with an energy independent real potenfiaR]. Through a containing cross sections over a complete range of angles are
simple scaling procedure, as described in Sec. Ill, it coulcchosen for this analysis. For the fitting of the angular distri-
also describe reasonably well the elastic scattering par-  butions, the chi-square minimization codeNuIT [34] has
ticles from 3°S and®*S isotopes. Therefore the applicability been used in conjunction with the optical model cedaT2
of such a potential to other targets and its target and enerdy5] to find the parameters of the potentials. The cedeT2
dependence have also been a part of this investigation.  had to be modified to incorporate the Michel and molecular

In a preliminary search, Mannghet al. [12] failed to  potentials. The least squared method is used as a guide and
describe the elastie-2Si scattering data using the Michel tool in locating the best-fit parameters, but the final choice
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FIG. 4. (a) Michel-potential fits to ther-2“Mg elastic scattering data &t,(lab)=22, 28, 42, 50, 67, 81, and 120 MeV afil} molecular-
potential fits to same set of data. Data are fi{@4.

has been made visually, since it is quite possible for a physiwhile the values of the potential parameters are given in
cally defective distribution, to have a set of parameters withTables | and II.

a lower x? value than a more physically meaningful one. It is also possible to fit the 26.6 MeV data fé?Si of
Unlike the results of the preliminary search[df], it is ~ Siemaszkeet al. [37] using both the potentials as shown in
possible to obtain a reasonable fit to the 14.47 Me¥8si  Fig. 2. In case of the molecular potential the suggested scal-
data of[12], the 25—28 MeV data df2] and the 40 and 45 ing [11] of the parameters, noted below, has been used:

MeV data of[36] using the Michel potential witlx and W,

as the only varying parameters. It is also possiple to extend R= Ra”oAyS (i=0,1,W, and C), (5)
the analysis of12] to the 40 and 45 MeV data without any

variation of the real part of the molecular potential. The fits

with the Michel and molecular potential are shown in Fig. 1,with ry=1.35fm, and
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Vi=b[4%3+AZP—(4+A)?? (i=0,0). (6)  to its extension into higher energy regions. For thé*Mg
scattering the parameter can be represented by the linear

Thus, the scaling could be applied successfully for nuclelreIatlon

adjacent tc*®Si. w=9.28-0.0%,,, )

In Fig. 3, fits to thea-28Si data at 25 MeV are provided
using the standard optical mod@S), the Michel and the whjle the corresponding real volume integral has the linear
molecular potentials for the sake of comparison. Clearly, thenergy dependence
standard optical potential is not suitable. The situation is
similar at other energies. Jr/4A=544.8-2.5F,, (8)
From the fits to the angular distributions, one can note
that there is little to choose between the deep Michel andvhich has a slightly higher slope and intercept than those
shallow molecular potentials. Since, the Goldberg criterionderived for the*°Ca[13] and the'®0O case$14]. The drop of
[38] requires analysis of data in the rainbow scattering regionhe MichelW, at higher energies is also puzzling.
for the elimination of the discrete ambiguity, which are not  With the exception of the 120 Me%¥*Mg data beyond 60°
available for thea-28Si system, the analysis is extended tothe molecular potential too, describes all the data quite well.
the 22—-120 MeVa-2*Mg data of Newet al.[39]. Here again  This potential is found to have a smooth variation with en-
it is possible to obtain almost equally good fits with both theergy. Within the energy interval considered hell, is
potentials. The fits are shown in Fig. 4, while the potentialfound to be approximately given by
parameters alongwith the volume integrals are given in

Tables | and II. W,=—20.85+1.7F,— 0.01E 2
Looking at the energy dependence of the parameksgs
5) one observes that they follow a regular pattern. There is, for 28Si between 14 and 45 MeV, (9)
however, some scope for improvement. For example, the
values ofe in the Michel fits to?®Si at 25, 27, and 28 MeV Wy= —2.46+ 0.6 ,— 0.00FE 2
are a bit too small, while that for 14.47 MeV is perhaps too
large compared to the one expected from thé*Mg case. for Mg between 22 and 120 MeV. (10

Its dependence on energy has also departed from the ex-

pected linear behavidrl4]. One also notes that the corre- It is a surprise to be able to fit all the data with the same real
sponding values of the real volume integral depart from thepotential. The volume integral for the real part, thus, has no
line drawn through the points féfMg (Fig. 6). Thea-**Mg  energy dependence and is about 110 MeV frar nucleon
Michel potential derived here is probably more reliable duepair for all the targets. The volume integrals for the imagi-
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nary part for all the targets taken together can be paramwhile the backward angles determine the strength of the

etrized by the following quadratic relation: imaginary part. Due to th& R" type of continuous ambigu-
ity, one should preferably keep the geometry fixed while
J|/4A=2.2FE ,—0.01E 2. (1)  searching for the depths. The diffuseness is found to have no

_ o meaningful energy or target dependence for both the poten-
It is observed that the real part of the potential is almostials. A variation of the diffuseness is found to affect only the
completely determined by the position of the forward peaksmagnitudes of the oscillations in angular distributions. It is
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50 determined, or transparent, in interior regions. This has led
us to perform the notch tef14] where the real part of the
potential is perturbed by introducing small Gaussian notches
through multiplication by the factor

f(r;S,b,d)=1—dexp{—[(r—S)/b]?}. (12

The notch is given a depth of 10%d€0.1) and width of
about 1 fm p=0.5fm), while S has been varied from 0 to
or Molecular 10 fm in 0.5 fm steps. The effect is judged by the radial

e Michel dependence of the normalized variation of chi-squpfg?
—x38)/x31?. The results obtaine¢Fig. 9 show that the scat-
tering really does occur mostly from the surface region at
4—6 fm, giving an explanation for the discrete ambiguity. In
this region the two potentials are similar, but not identical.
The fact that they still produce similar scattering cross-
r(fm) sections might be reconciled if one considers their different
absorptive strengths. The transparency of the potential is, as
expected, found to be less than that #® and“°Ca (down
to ~4 fm as opposed te-2 fm in those cas¢g13,14.

V (MeV)

-150 -

FIG. 8. Comparison of the real part of the Michel and molecular
potentials for?®Si at 26 MeV.

possible to fit all the data without any energy or target de-
pendence in the diffuseness, with the sole exception of the
Michel fit to the 3°Si data whereag had to be adjusted from Both the Michel and molecular potentials have been
0.46 t0 0.60 fm.. o i shown to give a satisfactory description of the alpha elastic
There are, still, ambiguities in the choice of the real andscattering for targets in the mid-sd shell region including
imaginary parts of the Michel potential. For example, the 675| AS, without any resonance contribution. The same poten-
MeV « scattering data b§*Mg can be fitted with more than {ia1s could also describe the rainbow scattering ¥Mg at
one pair ofa-W, values, as shown in Fig. 7. This ambiguity higher energies with reasonable variations of the parameters.
may be used to smoothen the energy evolution of the volumenhe inclusion of resonances explicitly may be needed at
integrals and lead to further studies in the field of dispersiongwer incident energief31].
relations. No such clear ambiguity is found for the molecular Taking earlier works togethg.3—19, the Michel poten-
potential. tial already seems to be valid over quite a large region span-
As mentioned earlier, the Michel potential is a deep ONéhing targets withA=16 to 44 anda energies as low as 3.5
(Jr/4A~400 MeV fr’ per nucleon pajr while the molecu-  Mev up to 166 MeV. The molecular potential has also
lar potential is quite shallow(Jg/4A~110MeVfm® per  proven to be valid over quite a wide energy interval. Both
nucleon paiy. The plots of the two potentials describing the the potentials now have a predicting power over a large en-
scattering fron?®Si at 26 MeV(Fig. 8 show that they differ ergy range which is very helpful in analyzing inelastic and
considerably in the interior regiom €5 fm) but have simi- particle transfer data. With a more rigorous and comprehen-
lar magnitudes at the surface. The implication may be thasive analysis along the lines mentioned in the preceding dis-
the surface region is primarily determining the scattering. Atcussion, it seems possible, that both these potentials could
the same time, it also means that the potential is not welprove to be good global potentials.

IV. CONCLUSION
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FIG. 9. Notch test results fax-22Si at(a) 26 MeV and(b) 45 MeV.
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However, according to Satchlg¢d0] the real test of a finish, one can see the promise of this vacuum being filled.
potential is in the description of non-elastic processes. PreFhe applicability of these potentials to not only elastic scat-
liminary results from our group already indicate that the mo-tering, but inelastic scattering and reactions as well, is there-
lecular potential seems to have an edge over the Michel pdore worth further investigation.
tential when it comes to the description of inelastic scattering
and transfer reactions. This is in accordance with Baye’s
observatior41] which suggests that a shallow potential with
a singularity, which the molecular potential bears, eliminates
the unphysical states of the bound system and hence, is ex- The interests and assistance of Professor P. E. Hodgson
pected to produce a better description of non-elastic proand Professor M. Brenner are gratefully acknowledged. This
cesses. research was made possible by Grant No. INT-9808892 of

We began this paper with Hodgson’'s comment on thehe U.S. National Science Foundation. This grant is thank-
absence of a satisfactory globalinucleus potential. As we fully acknowledged.
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