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Angular distributions for a particle elastic scattering by
' ' Ca and excitation of the 3.73 MeV 3

collective state of Ca were measured for incident energies ranging from 40 to 62 MeV. An extensive optical
model analysis of these elastic scattering cross sections and other available data, using squared Woods-Saxon
form factors, results in potentials with fixed geometry for both real and imaginary parts and depths with
smooth energy behavior over a broad incident energy range. These results are discussed in the frame of the
semi-classical approximation developed by Brink and Takigawa. The sensitiveness of the calculated elastic
scattering cross sections to the real part of the potentials as a function of the projectile-target distance has
been investigated by means of a notch test. Distorted-wave Born-approximation calculations for the excitation
of the 3.73 MeV 3 state of ' Ca are presented.

NUCLEAR REACTIONS Ca(e, n) (n, e' ), E~= 40, 42, 44, 46, 48, 50, 54, 58,
62 MeV; 4Ca(n, a) E =40, 42, 46, 48, 50, 54, 58 MeV; measured 0 (8), 110'
~ 0 «176", deduced optical model parameters and P 3 for the 3.73 MeV3 state of

4 Ca; enriched targets Ca, Ca.

I. INTRODUCTION

Scattering of o. particles from "Ca and from
some other nuclei exhibits special features which
are frequently called the anomalous large angle
scattering (ALAS). As one can see from Figs. 1
and 2 the "Ca(o., o.)40Ca cross section is enhanced
for angles larger than about 90', while that for
the '~Ca(o. , o.)'~Ca behaves "normally. " The en-
hancement of the back angle cross section depends
regularly on the energy of z particles and the
whole effect disappears above 55 MeV.

Many explanations of ALAS have been proposed:
potential scattering, exchange effects, angular
momentum mismatch, and quasimolecular reso-
nances. A more detailed description of ALAS,
discussion of its possible explanations, and a
comprehensive list of references can be found in
one of several review articles. "'

Some analyses of ALAS performed for targets
with A around 40 have given rise to controversy.
For instance, some authors suggest a purely po-

tential description, ' whereas other groups dis-
agree with this statement. ' " In an attempt to
clarify this situation backward angular distribu-
tions for the '44Ca(o. , a)4'44Ca elastic scattering
and for the excitation of the 3.73 MeV 3 collec-
tive state in Ca have been measured for incident
energies ranging from 40 up to 62 MeV (Sec. II).
The elastic scattering data, together with data ob-
tained by Gaul et al. ,

"Lohner et a/. ,
"Eickoff

et al. ,
"Goldberg, ' and Brissaud and Brussel"

were analyzed using the optical model with
squared Woods-Saxon form factors. Angular dis-
tributions for excitation of the 3 state of 'Ca
were calculated using the distorted-wave Born ap-
proximation (DWBA). Results of our analysis are
presented in Sec. III and are discussed in Sec. IV.

II. EXPERIMENTAL METHOD

The experiment was performed at the Louvain-
la-Neuve isochronous cyclotron. The incident +-
particle beam was focused on self-supporting tar-
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gets located in the center of a 1 m diameter scat-
tering chamber. Data were taken at eight incident
energies 40, 42, 44, 46, 48, 50, 54, and 58 MeV,
for both "Ca and Ca in the backward hemisphere
for cen'.er-of-mass scattering angles between HO'

and 176 . I~'ol "Ca, measuxeIHents were also
made at 62 MeV in the sa,me angular range. The
accuracy of the beam energy given by the cyclotron
was checked many times by the crossover method
and is consistently of the order of +100 keV. The
energy spread of the beam is of the order of 0.3%.
The size of the beam spot on the target is 3 x3
mm.

The isotopically pure '- Ca and Ca, targets were
supplied by the Munich group. Their thicknesses
were measured both by weighing and by transmis-
sion of + particles emitted by an '4'Am source.
Measurements by the two methods were found to
agree within 10%%uo. The target thicknesses were,
respectively, 0.'78 and 2.04 mg/cm' for the 'Ca
and "Ca isotopes. All targets contained some car-
bon (0.21 mg/cm') and oxygen (0.26 mg/cm'). The
thicknesses of these eontaminants were estimated
by comparison with the data published by Van Gers
et aI.'6 and by Baron et aI,." Within the accuracy
of our measurements, the amount of carbon and
oxygen did not vary during the experiment. This
allowed us to obtain ba, ckward angular distribu-
tions for "C(n, o.)"C and "O(n, n)"O elastic scat-
tering in the same energy range as for the calcium
expe rinl ent.

The detection system consisted of seven Si(Li)
semiconductor detectors cooled to about -20 C.
They were manufactured at the Department of
Physical Electronics, IFUJ, Cracow, and their
depletion depths were about 3000 p, m. These de-
tectors are placed 10' apa, rt on a turntable rotat-
able around the target axis. The accuracy of the
detection angles was checked by Rutherford scat-
tering GQ both sides of the beam axis aQd was .

found to be accurate to +0.2'. The solid angles
were measured by Rutherford scattering of 15
MeV n particles from a thin gold target and were
found to agree with the geometrical estimate. All
solid angles were of the order of 0.3 msr.

Each detector amplifier chain was connected to
one input of a rnultiplexer, the output of w'hieh was
fed into a. 1024 channel. Al3C. Energy calibrations
were done on-line by placing '"Bi ~-particle
sources in front of each detector. The overall
full width at half maximum for the elastic peak
was about 150 keg. The dea. dtime in each chain
was monitored continuously with a random pulser.
The bea, m intensity was adjusted to get deadtime
corrections less than 10%%uo. Data are on deposit in
PAPS.

The errors on the data points shown in Figs.

1-3 are statistical only. The absolute cross sec-
tions are estimated to be accurate within +15%%uo.

An optical model with Woods-Saxon squared
form factors for both real and imagina, ry parts of
the potential was used to describe the elastic scat-
tering data. The use of the Woods-Saxon squared
form factor or similar forms is becoming in-
creasingly popular as they have been shown to be
superior to the traditional Woods-Saxon para-
metrization at low" as well as at high incident
energies. '~ A Woods-Saxon squared form factor
has recently been used by Chang et aE."in their
extensive analysis of the "Ca(o., o. )4OCa and"¹(o., o.)"Ni scattering at small and intermediate
angles. It was also reeeQtly applied by Budzan-
owski et a/."for both real and imaginary parts
of the potential, yielding excellent fits to the
".~ "Ni(o. , o)58'6ONi data in the broad energy range
from 26.5 up to 139 MeV and for scattering angles
approaching 180 . In addition„ it has been de-
monstrated that the energy break in the parameters
found by Put and Paans"' in their extensive opti-
cal model analysis of "Zr(n, o.) data could be
eliminated by the choice of a convenient real form
factor of the folding"'" or of the squared Woods-
Saxon type." A Woods-Saxon form factor raised
to a variable power v was used by Michel and
Vanderpoorten' in the study of "Ca(o., o.)"Ca data
covering the whole angular range. The optimal
value v =2.65 was found in this analysis. This al-
lowed a very convenient description of the compli-
cated energy dependence of the backward enhance-
ment from 18 up to 50 MeV incident energy.

Finally double folding type calculations suggest
that the shape of the real part of the n-nucleus
optical potential is different from the Woods-
Saxon form" and a, theoretical study" of the in-
fluence of antisymmetrization effects in a-particle
scattering indicates that the sum of the direct and
local exchange equivalent parts of the n-nucleus
interaction can be adequately represented by a
squared Woods-Saxon form factor.

Two parametrizations A and 8 of the optical po-
tential were used in the optical model analysis of
the experimental data for 'Ca. In the A para-
metrization, six-parameter automatic searches
using the standard g' technique were first carried
out with the new data taken at Louvain-la-Neuve
for the "Ca nuclei; the optical potential was de-
fined by the expression

V(~) = V, (r) —U,f'(r, d„b,) —i W,f'(r, d„b,),
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U =Aj+A2E~,

W„=A, —A, exp(-A, E„),
W~ =A, exp(-A, E„)+A, .

All the geometrical parameters were assumed to
be energy independent. As for the potential A, the
discrete ambiguities were avoided by fixing the
depth of the real potential from fits at high in-
cident energies. ' Extrapolation towards lower in-
cident energies was made keeping in mind a reaso-
nable slope of the energy dependence of the real.
potential. Parameters of the potential B are given
in Table II; results of the global search are pre-
sented in Fig. 1. A similar global search using
the parametrization jp was performed for Ca.
Resulting parameters are given in Table II and
corresponding cross sections are displayed in Pig.
2.

IV. DISCUSSION

As one can see from Figs. I and 2 it is possible
to get a reasonable description of the energy be-
havior of the elastic scattering of ~ particles

from both ~'Ca and "Ca nuclei using the optical
model withWoods-Saxon-squared form factors of
the potential. In particular, the energy dependence
of the anomalous large angle scattering from "Ca
is properly reproduced. In addition, DWBA cal-
culations for excitation of the 3.73 MeV 3 state
in Ca performed with the same potentials and
with the value of the collective deformation para-
meter fixed at P~=0.22 give a good description of
the rapid energy variation of experimental data
(Fig. 3). This value of P, is coinpatible with pre-
vious estimates (see references quoted in Ref. 7).

Figure 4 presents the energy dependence of the
volume integrals calculated for the real (J'„) and
imaginary (J~) parts of the potentials A and B,
respectively. The volume integrals of real parts
show the following linear dependence:

g~/4A„= (383.8 —0.64E„) MeV fm', 'Ca-potentialA,

JU/4Ar = (378.9-0.49E ) Me V fm', ~'Ca-potential B,
JU/4Ar = (368.2-0.31E„)MeVfm, Ca-potential B.
The energy dependences found here are compar-
able to those found in other optical model studies
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TABLE I. Best fit parameters an. volume integrals obtained in the framework of paramet-
rization A, defined byEqs. (1) and (~j. Energies are in MeV, lengths in fm, volume integrals
in MeV fm3.

40
42
44
46
48
50
54
58
62

Up

181.0
180.9
177.8
180.0
175.7
179.0
182.6
187.6
182.6

1.38
1.37
1.38
1.41
1.39
1.39
1;36
1.36
1.35

b(

1.30
1.28
1.29
1.31
1.28
1.27
1.27
1.31
1.29

Wp

25.0
22.9
22.0
23.0
23.6
17.5
22.7
22.9
21.4

1.44
1.50
1.56
1.61
1.61
1.75
1.65
1.70
lo72

b2

1.77
1.6 1
1.37
1.48
1.37
0.93
1.18
0.52
0.94

362.1
352.5
354.6
378.1
354.2
358.7
346.0
355.5
338.7

Jw
4Ag

60.0
69.6
62.8
71.8
73.0
72.4
76.1
94.0
83.4

for both light and heavier targets and in micro-
scopic model estimates. """"""

Whereas volume integrals of the real part of the
potential are similar for both ' Ca and "Ca nuclei
the volume integrals for the imaginary potential
differ considerably. As can be seen, the absorp-
tion in the "Ca+ z scattering is strongly reduced
for lower incident energies. For higher energies,
z particles are always less absorbed in "Ca than
in 'Ca but the energy dependence of both absorp-
tions looks similar. This reflects the known fact
that although ALAS in "Ca does not exist above
55 MeV, cross sections for Ca(o, o, )' Ca are
always smaller than for 'Ca(n, o, ) Ca in the
whole region of scattering angles,

Figure 5, where the function r'8'( )ris pre-

sented suggests some additional information on
the absorption of ~ particles in "Ca and '~Ca in
the framework of the potential jg. This function
is proportional, in the first order perturbation
theory, to the amount of flux of incident o. par-
ticles absorbed from the entrance channel in a
spherical layer at a distance p from the center of
the nucleus. As one can see, at 30 MeV incident
energy, most of the absorption in the ~Ca nucleus
is located by the derivative term of the imaginary
potential 9'~ between about 3 and 6 fm while in
'OCa the absorption is shifted slightly toward the
center of the nucleus. Figure 5 displays also the
effective charge distribution p~(r) of the f,~,
neutrons" multiplied by r'. It seems that the
space distribution of the absorption in ' Ca is to

TABLE II. Numerical values of the global search parameters defined for the potentialB
by Eqs. (6) and (7). The geometry parameters for potentialB are defined by Eqs. (1), (2),
and (3). Values of r&/2 and tgp 9p for the potentialA and B are also presented. Energies are
in MeV, lengths in fm.

Ag A4 As

"Ca
44@a

179.9
171.8

—0.233
—0.146

26.3
29.6

49.5
51.6

0.0319
0.0414

226.2
79.95

0.1051
0.0683

2.27
1.53

Geometry parameters
b2 d3 b3

"Ca
"Ca

1.41
1.42

1.24 '

1.25
1.79
1.75

1.00
0.934

0.620
1.36

1.04
0.378

40ea
44Ca

1.09
1.11

Potential B
t$) $0- 90

4.57
4.61

r2, 1./ 2

1.53
1.52

t 2, X0-90

3.69
3.44

40Ca 1 04

Potential A

~f, f0-90

4.76 1.49

0- 90

3.69
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meters, as the scattering amplitude is built up
from two components which are sensitive to the
values of the potential in different parts of space,
and which vary differently with energy. The
squared Woods-Saxon form factor used in the pre-
sent study appears to be suitable for this purpose,
although a more flexible form could probably bring
further improvement into the quality of- the fits.
In contrast, when an unappropriate form factor is
used (as the usual Woods-Saxon shape seems to be
in our case), the potential parameters may pre-
sent discontinuities as a function of energy
when the relative importance of both compo-
nents varies markedly in the investigated angular
range. In all cases a good description is expected
to be more difficult to obtain for angles where

fz and f~ interfere destructively.
Figure 6 presents also the results of similar

calculations performed for Ca at 36.2 MeV with
a modified version of the parametrization B. Po-
tential B has a very small diffuseness in the deriv-

ative term [b~ =0.378 fm in Eq. (6)] and as such
introduces many additional turning points near the
real axis. This complicates very muchthe semi-
classical interpretation. ""

The modified potential uses the same real part
as potential & and an imaginary volume part only,
adjusted to give a similar quality of fit to the 36.2
MeV data (W„= 25 MeV, d, = 1.64 fm, b, = 1 fm).
As one can see, due to the larger absorption in

Ca the contribution of the internal part of the
scattering amplitude is much smaller than for

Ca and now the barrier part dominates even at
backward angles.

A related point of interest is to investigate the
range of interdistance for which the cross sections
are sensitive to the potential. This was done for
the potential B and for "~'Ca at the 36.2 MeV in-
cident z-particle energy, according to the notch-
test technique. ~

Results are presented in Fig. 7. We see that
angular distributions for both Ca and ' Ca nuclei
are influenced not only by the tail region of the
potential (~ &A,„,„, ,„~„,„)but also by the inner
part around r =2 fm. The effect is particularly
striking for the "Ca case. At such small dis-
tances, exchange effects are expected to be im-
portant; however, according to a prescription
recently given by Le Mere et g)."on the basis of
resonating group calculations, one can expect that
most of these effects can be included in a central
$-independent real potential.

V. CONCLUSIONS

It is demonstrated that both anomalous large
angle scattering from "Ca nuclei and "normal"
scattering from "Ca nuclei can be described as
potential scattering in the full range of scattering
angles and a wide range of incident energies. No
additional resonance amplitude is necessary for
this purpose.

The potentials used have squared Woods-Saxon
form factors for both real and imaginary parts
and energy-inde'pendent geometric parameters.
Strength parameters of these potentials display a
regular energy dependence.

In the low incident energy region absorption of
z particles in Ca is strongly reduced in com-
parison with 'Ca. This reduction seems to be
located mostly in the surface part of the nucleus
(see Fig. 5). Due to the reduced absorption the
internal contribution f, of the semiclassical
amplitude is enhanced, and is responsible for the
ALAS. The energy dependence of the volume in-
tegral of the imaginary potential almost completely
vanishes at higher splattering energies although
there is indication of some decrease of W with en-
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ergy above 100 MeV. A similar tendency was ob-
served in optical model calculations performed
by van Gers ' for the 'Ca+p scattering, where 5'
decreased with energy of protons above about 25
MeV.

The quality of the optical model fits is not as
good for "~Ca nuclei as for Ni and gr targets,
particularly in the low incident energy region. """

It is likely that further refinements of the po-
tential form factor can still improve the descrip-
tion of scattering from light target nuclei. "'3
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