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An optical model analysis of the anomalous large angle elastic a-' Ca scattering between 20 and 50 MeV

has been performed on the basis of a single fit at 29 MeV incident energy. The resulting potential gives a

good description of the characteristic energy dependence of the angular distributions. A nonresonant

interpretation of the phenomenon is proposed. A distorted wave Born approximation analysis of some inelastic

transitions is presented.

NUCLEAR REACTIONS Ca(n, n), Ca(n, n'), E= 20—50 MeV; calculated 0-(8);

optical model analysis; DWBA analysis.

I. INTRODUCTION

Much time has elapsed since the first experi-
mental evidences of the anomalous character of
the large angle elastic a-particle scattering from
some light- and medium-weight nuclei (ALAS)
have been reported; although many efforts have

been continuously devoted to the study of the phe-
nomenon, no clear-cut picture of the underlying
mechanism has emerged as yet. '"

None of the many theoretical models put forward
to explain ALAS around A =40 has up to now suc-
ceeded in giving a quantitative —or at least semi-
quantitative —description of the unmistakable en-

ergy dependence of the anomalous angular distri-
butions in the backward hemisphere. ' ' Many data
haVe however been gathered in the last ten years,
and enough material has now become available to
attempt a global analysis of the data over an ex-
tended energy range and "substantially eliminate
the confusion and often totally erroneous conclu-
sions which result from theoretical study of iso-
lated angular distributions, " as pointed out by
Gobbi et al.' for heavy ion scattering. It should be
noted in this respect that a recent high resolution
study of Eberhard et al.' indicates that statistical
fluctuations persist for 40Ca(n, o.) up to at least
27 MeV incident energy.

All the early optical model analyses of ALAS in
the A =40 mass region (to which we restrict our-
selves in this paper) resulted in unusual values of
the parameters of the real potential well, i.e.,
radii and diffusenesses respectively smaller and

larger than those used for normal targets, ' "and

aroused suspicion on the feasibility of a potential
explanation of the backward enhancement in this
mass region. However, simple folding model
ideas suggest that the presence of a correlations in

the low density region of the target nucleus could

affect the direct part of the n-target interaction in

the surface region" to which the calculated angular
distributions are known to be very sensitive at low

energies, and explain the anomalous values as-
sumed by the parameters in optical model analyses
of ALAS (the plausibility of the cluster hypothesis
and its ability to account for the strong isotope ef-
fect showing up in ALAS have been thoroughly dis-
cussed by the Heidelberg group"'""). Encouraged

by the success of calculations based on the crude
semimicroscopic approach developed in Ref. 13,
we have extended the optical model analysis of

anomalous elastic n-particle scattering from "Ca
to the energy range 20 to 50 MeV: the optical pa-
rameters were adjusted to the experimental 29
MeV elastic scattering data, ' and the resulting po-
tential was kept fixed at all other energies except
for a linear increase of the radius of its imaginary

part. The results of our analysis are presented
and discussed ir' Sec. II. Section III is devoted to
a conventional distorted wave Born approximation
(DWBA) analysis of inelastic ~Ca(n, n') data ex-
tending up to large angles in the investigated en-

ergy range, i.e., those of the Heidelberg group at
29 MeV,"of the Munich group at 24 MeV,"as well

as a sample of new data obtained at Louvain-la-
Neuve between 40 and 62 MeV. '~

II. ANALYSIS OF THE ELASTIC SCATTERING DATA

A. Experimental situation

In this subsection, we recall very briefly the
salient features of the anomalous ~Ca(n, n) dif-
ferential cross sections at low energies, with

particular emphasis on the characteristic energy
behavior of the angular distributions in the back-
ward hemisphere.
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One of the most striking peculiarities of the
large angle oscillations pointed out in the early
experimental investigations is the fast variation
of their amplitude with energy; however, the an-
gular position of the backward maxima was shown
to remain relatively fixed over wide energy
ranges, in contrast to that of the forward-angle
pattern which regularly shifts to small angles ac-
cording to the usual diffraction theory as the in-
cident energy is increased. "'" Exceptions to
this empirical rule are observed around 20, 30,"~
and 45 MeV', at these energies, a sudden change
in the position of the backward oscillations is ob-
served together with a rapid increase in the 'slope
of their envelope: This contrasts to the contin-
uously decreasing behavior of this slope at other
energies (see, e.g. , Figs. 4 and 5). The data of
the Berkeley group' show no further discontinuity
of this type beyond 45 MeV: The slope of the large
angle envelope continuously decreases up to the
highest investigated energies; this has been con-
firmed by the recent measurements of the back-
ward angle ~Ca(o, n) differential cross sections
up to 62 MeV at J ouvain-la-Neuve. '8

Prominent structures, several MeV wide, show
up in the large angle excitation function; their
maxima are located for "Ca around 22 and 31
MeV.""'"A recent extention of the measurements
up to 66 MeV incident energy (Louvain-la-Neuve-
Mons collaboration) has revealed the existence of
a broad plateau around 45 MeV incident energy. "

B. Optical model analysis of the elastic scattering cross

sections between 20 and 50 MeV

In order to gain additional flexibility in the sur-
face region of the potential to which the a-target
interaction is most sensitive at low energies (see,
e.g. , Hef. 24), we decided to modify the conven-
tional Woods-8axon geometry; this led us to the
choice of some real adjustable power of the Woods-
Saxon form factor:

f(r;R, a, v) =(1+exp[(r —R)/va]] ",
which contains but one additional parameter. Form
factors of this type (with v=2) have been used suc-
cessfully in the analysis of a-particle elastic
scattering data at low'"" as well as hi.gh ener-
gies"; their radial dependence is very similar to
that of potentials calculated in the frame of the
folding model2' which has been shown to be es-
pecially appropriate for strongly absorbed pro-
jectiles (see, e.g. , Hef. 29 and references there-
in). As the calculated angular distributions do not
markedly depend on the details of the imaginary
part of the potentiaP4 and in order to keep the
number of variable parameters to a minimum, use

V, =-287.9 Mev,

W, =-29.9 Mev,

R =4.87 fm,

a =0.56 fm,

v =2.65.

(4)

The real part of the corresponding potential is
very similar in the surface region (say, from
5 to 8 fm) to that of the Cracow potential and that
built in an earlier semimicroscopic calculation of
Ref. 13. This is displayed in Fig. 1 where we have
also plotted the real part of the folded potential
used in the analysis of 44Ca(o. , n) elastic scatter-
ing between 18 and 49.5 MeV" which is known to
be free from any backward anomaly""'": The
slope and depth of the latter potential markedly
differ in the outside region from their anomalous
counterparts. The calculated angular distribution
corresponding to the parameter set(4) appears in
Fig. 2 which reveals quite a satisfactory agree-
ment with experiment, especially with regard to
the position and slope of the backward oscillations.

We then investigated the two nearby energies
2 V and 31 MeV ' with the same values of the param-
eters; as can be seen in Fig. 3, the experimental
angular distributions undergo a spectacular change
in this restricted energy range. This peculiar be-
havior is nicely described by our calculation; in
particular, it is comforting to note that the model
adequately describes the sudden jump observed in

was made of identical real and imaginary geo-
metries:

U(r) =(V,+iW, )f(r; R, a, v)+ Vo(r);

Vo(r) denotes the usual Coulomb potential due to
a unifoI mly charged sphere of radius 1.3A'~' fm.

The five parameters V„lV„R, a, and v were
adjusted to the experimental data of Gaul et al.'
at 29 MeV incident energy; the fit was performed
by means of an automatic search procedure in or-
der to minimize the quantity

1 ~ o,„(8,) —a,„p(8,) '
(2)

d, o(8,)

where o,h (8,.) is the theoretical cross section at
angle 8„o,„„(8,.) is the experimental cross section
at 8, , and 4&r(8, ) is related to the error in o„.„(8,)
and takes into account the error on angle 0, No
attempt to search the usual potential ambiguities
was made in this work. Potential No. 4 used by
Hudzanowski et af. in their investigation of "K(o!,
n) anomalous scattering around 25 Me& (hereafter
referred to as the Cracow potential)" was chosen
as a starting point in parameter space; the search
resulted in the following values:
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1

C. Behavior of the scattering reflection coefficients in the

investigated energy range

Examination of the reflection coefficients re-
veals that the gross structure of the backward-
angle excitation function is not related to single
particle shape resonances developing inside the
"potential pockets" of the combined nuclear, cen-
trifugal, and Coulomb potential. This structure
thus seems to be very similar to that observed in
elastic n-particle scattering from well-behaved
targets such as Ni, Co, and Cu, which is conven-
iently described in the frame of a conventional op-
tical model approach"'": The analysis reveals
that the bumps observed in the large angle exci-
tation function result from a coherent superposition
of several partial waves which do not display a re-
sonant behavior. "

To illustrate the nonresonant nature of ALAS
in the A. =40 mass region, simple numerical ex-
periments were carried out with the energy-depen-
dent potential of (4) and (5). We first calculated the
elastic excitation function at 0 = 180' between 20
and 50 MeV for increasing depths of the imagin-
ary part of the potential. Many resonances cor-
responding to short-lived quasibound or virtual
states appear when the absorption is turned off:
the narrowest of them can be directly identified
in the calculated excitation function (Fig. 7); the
others are detected by inspection of the energy be-
havior of the reflection coefficients. Figure 8
displays the /=13 reflection coefficient for ener-
gies ranging from 25 to 35 MeV, together with the
modulus of (q» —1) which gives a direct measure
of the contribution to the scattering amplitude of
the l =13 partial wave resonating at about 30 MeV
incident energy.

Now, if the absorption is progressively turned
on, the trajectories of the reflection coefficients
correspondingly deviate from the unit circle and

a rapid vanishing of the resonant maxima is ob-
served (Figs. 7 and 8); these are replaced by
broader structures whose peak to valley ratios
tend to increase with absorption (see also Ref.
36). Inspection of Fig. 8 shows that from about

~
W~ =20 MeV onward, the energy behavior of the

reflection coefficients closely resembles that
predicted by conventional strong absorption models
such as that of Frahn and Venter. "

To elucidate the physical origin of these new
structures, we decomposed the complex scattering
amplitude for 0 = 180 in its real and imaginary com-
ponents; this decomposition is displayed in Fig.
9(a) for energies ranging between 20 and 30 MeV:
This figure indicates that the structure observed
in the excitation function mainly results from a
corresponding variation of the imaginary part of
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the scattering amplitude. The latter was then split
into its various angular momentum components
Imf, (8 =180'); components showing a significant
variation in the investigated energy range (i.e.,
those whose angular momentum is near to AR,
where 9 is a distance of the order of the nuclear
radius) are displayed in Fig. 9(b), as well as the
result of selective summations over angular mo-
mentum. This figure shows clearly how inter-
ference between the contributions of adjacent par-
tial waves of angular momenta ranging from about
9 to 14 accounts for the bump observed in the im-
aginary part of the total complex amplitude (solid
line); similar results have been shown to hold at
higher energies. " Our interpretation is consistent
with both the partial wave analysis of optical model
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calculations performed by the Cracow group"'"
and the recent investigation of the calcium case by
Brink, Grabowski, and Vogt" in the frame of their
semiclassical approach to the study of barrier
penetration effects" (cf. supra); in the latter work,
the structures observed in the backward-angle
excitation function when strong absorption is ef-
fective are discussed in terms of the interference
between the internal and barrier-reflected waves.

We also would like to discuss the quasimolecular
picture of the ALAS phenomenon for A. = 40'*4'

which has recently been investigated from a micro-
scopic point of view in the frame of the resonating
group method. ~'43 This resonant interpretation is
supported by the fact that, at some energies, an-
gular distributions are well represented by the
square of a single Legendre polynomial in the
backward hemisphere; moreover, plotting these
energies against the extracted l values in a
[E„,/(/+ 1)j diagram (where E„denotes the exci-
tation energy of the compound system) nearly gives
a straight line. This behavior could be a mere re-
flection of the strong absorption encountered in el-
astic a-particle scattering at low energies. "'"
As a matter of fact, the e-target interaction is
characterized by the so-called strong absorption
radius //«, (see, e.g. , Ref. 46), which is fairly
energy independent. 4' If q, denotes the lth scat-
tering reflection coefficient, this radius is related
to the cutoff angular momentum L, for which Beg,
= —,

' by the relation":

where the various symbols have their usual mean-

ing. If the transition in angular momentum space
between strongly absorbed partial waves (li)r I

=0) and nearly completely transmitted ones (~r/,
~

= 1) is steep enough, then the large angle angular
distributions will exhibit backward oscillations
which can approximately be represented by the
square of a Legendre polynomial of order L Lo.,
in fact, in the limit of the sharp-cutoff model, it
can be shown that at large angles

L()

g (2/+ l)P, (cos8) =(L,+1)Pi (cos8).
l =o .

(6)

Current estimates of the strong absorption radius
for 4'Ca he around V fm4"4' insertion of B
=6.4 fm into Eil. (/) gives

E„=0.14L,(L, + 1)+ 14 MeV,

that is, values of the slope and "bandhead" energy
very near the experimental values (due to the
roughness of our estimations, the value R, &, =6.4
fm is in reasonable agreement with the above-
mentioned experimental values). ln this picture,
the localization of the bandhead above the 44Ti

ground state- is interpreted as a mere Coulomb
effect.

Finally, we examined the reflection coefficients
generated by the l-dependent optical potential of
Eberhard" at 24 MeV: they turned out to differ
considerably from those obtained from the poten-
tial of (4) and (6), especially for low / values. Any
modification of the optical potential coefficients is
likely to strongly affect the large angle behavior
of the elastic cross section because of the strong
cancellations between the individual partial wave
amplitudes occurring near 8 =180 . In the l-de-
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seem to substantiate the hypothesis relating ALAS
to an angular momentum mismatch between the
elastic and nonelastic channels. "

III. ANALYSIS OF THE INELASTIC SCATTERING DATA
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pendent optical model picture, the back-angle
peaking results from a decreased absorption for
surface partial waves, as compared with thai used
in the average potential of Gaul et al.' (this de-
scribes the "normal" scattering from heavier mass
targets). In our model, the partial wave ampli-
tudes differ from those of this latter potential for
all E values; in fact, our total reaction cross sec-
tion is even somewhat larger than that computed
from the Gaul potential. Our results thus do not

A further test of the validity of the present op-
tical model approach consists in applying it to the
study of inelastic transitions in ~Ca. The avail-
able data including large angle inelastic cross sec-
tion (Schmeing and Santo, "Trombik, Eberhard,
and Eck,"and also the new measurements taken
at Louvain-la-Neuve'8) indicate a back-angle in-
crease for the low spin 0' ""and 1 "*"states.
In particular, the cross sections for excitation
of the lowest 0' states show, for energies ranging
between 24 and 40 MeV, a large angle behavior
which is very close to that for elastic scattering.
No notable back enhancement seems to be present
for other states (with a possible exception for the
6.29 MeV 2 state at an impact energy of 29 MeV"),
although the large angle cross sections remain
well above those predicted by a DWBA calculation
using a usual optical potential, e.g., the above-
mentioned potential of Gaul et a/. ' A distinctive
feature of the 3 state at 3.73 MeV in the large
angle region is the presence of a well marked,
broad maximum of the differential cross section
centered between 0 =165' and L9 =170 .

The most interesting object for our purpose is
the 3 state at 3.73 MeV excitation energy. Indeed,
the collective vibrational nature of this state seems
to be well established, ' '" it is strongly excited
and fairly well separated in energy from neighbor-
ing states to which it appears to be only weakly
coupled. '""'" As a consequence, we expect the
0%HA approximation, assuming a collective in-
elastic form factor, '~ to be valid; the resulting in-
elastic scattering cross sections should thus main-
ly reflect the properties of the optical potential
which was used to generate the distorted waves and

the complex inelastic form factor. '~ Our results,
.obtained using the code BRUCE,"with suitable
modification to allow the use of potentials of the
form of (1)and (2), are shown in Figs. 10-12, where
they are seen to be in good agreement with the ex-
perimental data"'": the angular behavior is well
described at E =24, 29, and 40 MeV, and the sud-
den change observed between E =40 and 46 MeV
is qualitatively reproduced. Results obtained from
the average potential of Gaul et ai.' are also shown
in Fig. 10 for comparison: they fall much lower
than experiment at large scattering angles. Values
extracted for the parameter P,

"at E =24 and 29
MeV are compared in Table I with those deduced
from DWBA analyses of the excitation of the same
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FIG. 11. Comparison of the predictions of the poten-
tial of (4) and (5) with the experimental data at E~ = 29
MeV (Ref. 16).

FIG. 10. e- Ca elastic and inelastic differential cross
sections at E =24 MeV. Dashed curves were generated
from the potential of (4) and (5); the dashed-dotted curve
from the potential of Gaul et al. (Ref. 6). Experimental
data: inelastic, Ref. 17; elastic, Ref. 17 (triangles),
Ref. 6 (dots).

FIG. 12. Comparison of DWBA calculations using the
potential of (4) and (5) with experimental data of the Lou-
vain-la-Neuve- Cracow —Munich collaboration (Ref. 18)
at E~ =40 and 46 MeV.

level by various projectiles. "'"'"'"" The slight
disagreement between our P, values at 24 and 29
MeV is probably related to important discrepan-
cies between the experimental elastic scattering
data from different groups (see Fig. 10) which

might also affect measurements in the inelastic
channels. The important fluctuations put in evi-
dence in a recent study by Eberhard et al.' could

partly explain these differences. Our I3, values
at E, =40 MeV and E, = 46 MeV (0.18 and 0.26, re-
spectively) are less satisfactory, as' a consellu-
ence of the gradual degradation of the validity of
the optical potential as energy increases. The
cross sections for excitation of the 0' state at
3.35 MeV are also shown in Figs. 10 and 11. This
state has been described as a 4p-4h configuration
which supports a rotational band including the 2'
and 4' states at 3.90 and 5.28 MeV."~' Consequen-
tly, it cannot be accounted for by our model, the
inadequacy of which is probably reflected by the
large variations of p, with energy (Table I). In
fact, the good agreement between experiment and
our (relative) large angle cross sections persists
when large variations are imposed on the collective
inelastic form factor, because the localization of
this factor in r space, together with the strong
absorption of low-l partial waves, selects a small
number of partial wave amplitudes peaked around
l = 10 at E = 24-29 MeV. As a consequence, the
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TABLE I. Deformation parameters p& for z-particle excitation of Ca, as obtained from a DWBA analysis using the
potential of (4) and (5), compared with previously published values.

J 8

(excitation en

Reference
energy (MeV)
process

Present work
24 29

(e, n')

50 56 31
31 96 100

(n, n') (n, e') (n, n')

52
24-31
(e, n')

57
55

(P.P')

58
12.8

(d, d )

0' (3.35 MeV)
3 (3.73 MeV)
5 (4.49 MeV)

0.03 0.015
0.28 0.24
0.17 0.13

0.24
0.13

0.24 0.25 0.25-0.25 0.33
0.16-0.14 0.17

0.05-0.08
0.30-0.32
0.13-0.16

angular distribution for 0 ~ 110' is nearly propor-
tional to the square of a Legendre polynomial of
order 10—and also to the elastic cross section,
as discussed in connection with Eq. (8). This be-
havior persists at the higher energies (40 and 46
MeV), the dominant l value increasing roughly
like (E }'~', as could be expected.

The collective DWBA model is less suitable to
describe the excitation of other levels in "Ca,
except in the small scattering angle region where
good agreement with experiment is obtained, yield-
ing P, values which agree well with previously
published ones. Some of these are given in Table
I. This merely reflects the well-known model
independence of the small angle DWBA excitation
cross sections for inelastic a-nucleus scattering, "
while the failure at large angles must be attributed
to the nonapplicability of the collective picture, or
to important couplings to other reaction channels.

IV. CONCLUSIONS

The feasibility of an optical model description
of the anomalous large angle scattering for n-' Ca
at low energies (20 MeV~ E ~ 50 MeV) has been
demonstrated. To this end, a fit to experiment
was performed at a single energy (E =29 MeV}
and a single parameter of the resulting potential
(the imaginary part radius) was thereafter allowed
to vary with energy. It has been shown that this

potential gives a good description of the charact-
eristic energy behavior of the large angle differ-
ential cross sections in the investigated energy
range.

Examination of the corresponding reflection co-
efficients reveals the nonresonant nature of the
phenomenon; an interpretation of the "rotational
band" behavior of the large angle elastic cross
sections in terms of strong absorption has been
suggested.

Finally, a DWBA analysis of some inelastic
transitions using the same potential has been
carried out. The predictions of the calculations
for the strongly excited collective 3 state at
3.73 MeV are in good agreement with experiment
over the whole angular range; the extracted de-
formation parameter is consistent with previous
estimates.
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