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The el', stic scattering of Hes by He4 at 44.5 MeV (c.m. ) is considered within the resonating-
group formalism. The existence 'of open reaction clmanels is taken into account approximate-
ly by the introduction of a phenomenological local imaginary potential into the usual resonat-
ing-group formulation of the scattering problem. By choosing the shape and strength of this
potential in a reasonable manner, it is found that a fairly good 5t to the experimental differ-
ential cross section can be obtained in both the forward and the backward directions. From
this study it is also found that the contribution to the differential cross section at backward
angles comes mainly from exchange processes which are contained in the resonating-group
forxitt~kism through the use of a totally antisymmetrized wave function. The real part of the
phase shiS is found to have a distinct odd-even feature, and from this it is shown that if one
wishes to describe the experimental scattering data by using a complex local potential, then
the real part of this potential must have a significant amount of Majorana space-exchange
component.

I. INTRODUCTION

The resonating-group method in the one-channel
approximation has been used to describe the elas-
tic scattering of He' by He~. ' 8 In the low-energy
region close te- the reaction threshold, it was found
that the phase shifts calculated with this method
are in good agreement with- those determined from
a phenomenological analysis' of the experimental
data. At higher energies, where a large number
of geaction channels are open, one expects that
the one-channel calculation will become less valid.
Indeed, at an energy of 1S MeV ' a comparison
between the calculated and experimental differen-
tial cross sections showed that the calculated posi-
tions of the diffraction maxima and minima agree
we11 with the expeximental positions, but that the
calculated magnitude is too large. ' This indicates

that at these energies the inQuenee of reactiqn
channels on the elastic scattering cross section be-
comes quite important, and an approximate way
of taking these channels into account must be in-
cox'pox'ated into the x'esonating- gx'oup formalism.

In a recent investigation of the a+e system" a
local phenomenological imaginary potential was
introduced into the resonating-group formalism.
By choosing the energy-independent geometry
parameters of this potential in a reasonable man-
ner and by varying the strength with energy, it
was found that the resultant complex phase shifts
agreed quite well with the empirical shifts of Dar-
riulat et aE.'2 at energies from 24 to 60 MeV. This
suggests that in the energy region where a number
of reaction channels exist, such a simple descrip-
tion may in fact be quite adequate. In the present
calculation we shall adopt this procedure to exam-
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ine the He'+He4 scattering problem at 44.5 MeV,
where the differential cross section in the angular
region from 20 to 160' has recently been measured
by Fetscher et a5.'

We have chosen to analyze this particular data
for two reasons. First, the energy is high enough
so that the probability that narrow resonance lev-
els might exist in this energy region is small.
This gives us reason to believe that our calcula-
tion, which employs a macroscopic description
of the reaction channels and omits spin-orbit ef-
fects by the adoption of a central nucleon-nucleon
potential, could yield a reasonable description of
the experimental data. Second, the exchange ef-.
fects, which are present in our formulation through
the use of a totally antisymmetrized wave function,
wi11 be particularly evident. At such an energy
the direct potential, which is the only nuclear in-
teraction between the two clusters if antisymmetri-
zation is not carried out and which is of the form
commonly employed for the real central part of
the usual optical potential, "will yield a scattering
amplitude which is very small in backward direc-
tions. Thus, in these directions, the main contri-
bution to the scattering amplitude will come from
exchange processes, and any omission of these
processes would cause a serious discrepancy be-
tween theory and experiment. '~" In fact it has
been found by Fetscher et al.~ that the use of the
usual optical model at this energy is entirely in-
adequate to describe the differential cross section
at backward angles. " In this paper we shall at-
tempt to demonstrate the importance of the ex-
change processes in a straightforward and trans-
parent manner.

It should be mentioned that Fetscher et a/. ' have
also analyzed their data by transforming the real
phase shifts obtained from a one-channel resona-
ting- group calculation into complex quantities
through the introduction of an arbitrary absorp-
tion factor and obtained qualitatively successful
results. As wQI be seen below, our results agree
better with experiment simply because the com-
plex phase shifts in our calculation arise from the
introduction of an imaginary potential which,
though phenomenological, does have some logical
foundation.

In Sec. II, we shall present a brief formulation
of this problem. Section III is devoted to a presen-
tation of the results and a discussion of the ex-
change contributions. Finally, in Sec. IV, a con-
clusion from this investigation is given.

H. FORMULATION

The formulation of the He'+He4 problem with

no imaginary potential was discussed in Refs. 1

and 3, and the full details of the formulation wQ1

not be repeated here. With the introduction of a
local imaginary potential i W(r), the function E(f'),
which describes the relative motion of the two

clusters, satisfies the integrodifferential equation'~

E PEr dr

where p. is the reduced mass, E is the total kine-
tic energy of the two clusters at large separation
in the c.m. system, and VD(r), Vc(r), and K(r, r')
are the direct nucleax potential, the direct Cou-
lomb potential, and the kernel function for the non-
local interaction, respectively.

The quantities Vo(~), Vc(r), and E(r, r') a're de-
rived using a nucleon-nucleon potential of the form

V;;=-Voe ""&& (sv mP;;P-;q+ bP„—hP;g)+ &gg
fj

where the values of the various parameters are
given in Ref. 3. When this nucleon-nucleon poten-
tial is used and if the wave function describing the
system is not antisymmetrized with respect to the
exchange of nucleons between the He' and He4 clus-
ters, then the nonlocal interaction represented by
the right side of Eq. (1) will vanish, and the only
nuclear interaction betw'een the two clusters will
be the direct potential V(~D) given by

12AQK
X exp-

12o.a+ ~(8o. + 9a)

with 0. and n being the cluster width parameters
specified by Eq. (9}in Ref. 3.

For the choice of the absorptive potential W(r)
we use the information learned recently from a
study of the ++a scattering problem. " There we

found that the complex phase shifts determined
empirically by Darriulat eI; aL" can be fitted rath-
er well by using

which contains both a volume and a surface term.
The geometry parameters used were & = 3.0 F and
a=0.5 P. These parameters are such that the rms
radius of the volume part of W(r) is approximately
equal to the rms radius of the direct nuclear poten-
tial VD. Since it seems reasonable to expect that
the absorption mechanism in the He'+He4 case



m. RESULTS

Differential cross sections calculated with g 0
=0 and YVo =4 MeV are compared with the experi-
mental data in Fig. 1. From this figure we see
that the addition of an imaginary potential affects
the magnitude of the differential cross section,
but not the general features. The agreement with
the experimental data is quite satisfactory in the
formard and backmard directions, but is rather
poor in the intermediate angular region around 90
where the calculated diffracbon minimum is much
too deep. At first, we thought that this discrepancy
is caused by the omission of spin-orbit effects in
our calculation, but this is unlikely, because the
recent calculation of Fetscher et aE.' showed that
spin-orbit effects are unimportant at the energy
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Flo. 1. Comparison of the differential cross section
for Hee+ He4 scattering calculated from Eq. (1) with Ãp
=0 tdashed line) and $Vp =4 MeV (solid line) with e~ri-
mental data at 44.5 MeV. The experimental data are
those of Ref. V.

should be similar to that in the at+0. case, we
shall also use Eq. (4) for W(r), and since the He'
nucleus is somewhat larger than the He~ nucleus,
me choose"

g =3.2 F,
@=0.5 F.

With VD(r), Vc(r), and X(i', f') determined from
the resonating-group calculation, and the geometry
parameters in W(t) chosen according to Eq. (5),
thexe is only one parameter, W„ left, which will
then be chosen to yield a best fit to the experimen-
tal data for He'+He4 elastic scattering at 44.5 MeV.

TABLE I. Real and imaginary parts of the phase shift,
in degrees, calculated with 8'p=0 and W&=4 MeV. .

gR+ i'
t~p=0~

6~+in,
(S'p =4 MeV)

0
1

4. '

5
6

8
9

10
11

174.4
186.5
137.9
144.0
68.5
77.6
15.8
20.0
1.9
4.2

-0 2
0.9

175.6+i 28.9
186.7+i 16.4
140,2+i 31.6
144.5+i 18.3
78.0 +i 41.4
79.4+i 23.2
11,8+i 22,P
18.6+i 11.0

1..5+i 4.2
4.,1+i1.8

-0.2+i 0.7
0.9+i 0.3

undex consideration. Instead, it is our px'esent
opinion that, in this particular angular region,
both direct and exchange processes are contribut-
ing significantly, and therefore, because of the
interference between these processes, even minor
deficiencies in the model could cause the observed
discrepancy. This point should be examined in -the

future with the hope that such an examination
mould help reveal features missing in our calcu-
lation.

The calculated values of the real and imaginary
parts of the /th-wave phase shift, 5", and 5'„are
tabulated in TaMe l for 8' = 0 and +,= 4 MeV.
Here it is seen that even with W', as large as 4
MeV x'esultlng ln a total reaction cx'oss section
of 4VV mb, the values of 6~ are not markedly dif-
ferent from those for 5'0=0. Tlie largest differ-
ence is only about 10', which occurs at 7=4 in this
particular ease. This indicates that even at rela-
tively high energies where the reaction cross sec-
tions are not small, the values of 5", obtained in a
one-channel resonating-group calculation couM
still be used as starting values in a phase-shift
analysis of the experimental data.

To bring out an important feature of the phase-
shift behavior, we shorn in Fig. 2 the values of
5~ as a function of l with 5,=4 MeV. These val-
ues are shown as ~'s with a connecting dashed
line as a visual aid. In this figure it is apparent
that the phases posses an odd-even feature mhexe-
in the odd-l and even-L phases show distinctly dif-
ferent decreasing trends with l."

To obtain a connection between the odd-even be-
havior in 5", and the effective local intex action"
between the He' and He~ clusters, me are guided
by the information learned from a recent inves-
tigation in which the properties of the local and
nonlocal interaction in the n+ a problem mere
studied in detail. " In that investigation it was
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wllel'8 W(t') is sgRlll glv811 by Egs. (4) Rlld (5) with

~o =4 MeV. The results mith ~,g =0 95~D~ 1 I5

200 I I & I ~ I I I / I I I

found that one can construct an effective local in-
teraction between the clusters which, in the Born
approximation, yieMs the same scattering ampli-
tude as that calculated mith the resonating-group
method. This effective local interaction has the
form

v„=(v,+ v.)+ v, s ",
where P" is a Majorana operator exchanging the
position coordinates of the tmo clusters, and V,
and 7'~ are potentials representing exchange pro-
cesses2' mhich are automatically included in the
resonating-group calculation through the use of a
totally antisymmetrized wave function. Thus, in
our present case of He'+He4 scattering, me are
led to see whether or not the odd-even feature in
5", can be reproduced by the use of such an effec-
tive llotentlal; that ls, instead of Eg. (1) we shR11

solve the folloming equation:

k'
2

eff
—- v +&- V 8 (r) Vo(r-) - i W(r) E(r) = 0

y

and I.35VD are shown by the solid and dot-dashed
lines in Fig. 2. Here one sees that the real parts
of the odd- l and even-l resonating-group phase
shifts are fairly mell reproduced by using effective
potentials of 1.35VD and 0.95VD, respectively,
mhile the curve representing the result with Y~
= l.j.5VD cuts right across the dashed line. From
this we conclude that, to a fair approximation, it
is possible to represent the interaction between
the He' and He4 clusters by an effective potential
of the form given by Eq. (6) with

y, =0.15y„

~~=-0 2~0

The fact that V, and 7, are quite different from
zero indicates that at this relatively high ener-
gy of 44.5 MeV, the effects of antisymmetrization
are very important and cannot at a11 be neglected.

As a comparison me note that in the n+ e prob-
lem, V, and V, are about equal to 0.067'D and
-0.08VD, respectively, "when the energy is
chosen such that the mave number k is the same
as that in the He'+He4 case at 44.5 MeV. This
indicates that at relatively high energies, the
effects of antisymmetrization are more important
for He'+He~ scattering than for e+ n scattering,
a result which is more or less to be expected.

In. a local-potential approach to solving scatter-
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FIG. 2. Real part of the phase shift as a function of
the orbital a~mlar momentum. The x's represent the
values obtained from Eq. (1) with 8'0 —-4 MeV, while the
solid and dot-dashed lines represent the values obtained.
from Eq. (7& with V.« =O.e5V~, 1.15V~, and 1.35V~.

FIG. 3 CoQlpar ison of the differentlaI cross section
calculated with Eq. (1) and II'o=4 MeV (solid line) with
the differential cross section calculated with Eq. (7}and

Veg =1.15') (dashed line).
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FIG. 4. Imaginary part of the phase shift as a function
of the orbital angular momentum. The dashed line rep-
resents the values obtained from Eq. (1) with lV&=4 MeV,
while the solid line represents the values obtained from
Eq. (7) with Vlf given by Eqs. (6), (8), and (9).

ing problems, such as the usual optical-model
consideration of nucleon-nucleus scattering, it
has been common practice to employ an ordinary
local potential without a Majorana space-exchange
component. To see the consequence of such a sim-
plification, we calculated the He'+He4 differential
scattering cross section using Eq. (I}with V.ff set
equal to 1.15VD only. The result is shown by the
dashed line in Fig. 3, in which a comparison is
made with the differential cross section calculated
with Eq. (I), shown by the solid line. As is clearly
seen, the agreement between the results of these
two calculations is fairly good at forward angles,
but becomes very poor at backward angles. This
shows convincingly that to obtain a satisfactory
description of the differential scattering cross sec-
tion at backward angles, proper consideration of
the exchange processes is very important, and
one simple way to accomplish this is by adding a
Majorana component to the real part of the ordin-
ary local potential. '4

Finally, we have made a brief study of the be-
havior of the imaginary part of the phase shift.
In Fig. 4 the values of bl„calculated with Eq. (I}
and 8', =4 MeV, are shown as a function of l by
the dashed line. Here it is seen that for small val-
ues of l less than about 6, 5, also has a distinct
odd-even feature. As a comparison, we have
shown by a solid line in this same figure the val-
ues of 8', calculated using Eq. (7) and with V,s
given by Eqs. (8}, (8), and (9). Quite surprisingly,
one finds that even though the reaction cross sec-
tions obtained in these two calculations are about
the same (-=480 mb), the solid line demonstrates
almost no odd-even structure. This indicates that
if one wishes to perform a relatively simple anal-
ysis of the scattering data with a complex local

potential, then it may even be necessary to intro-
duce a Majorana component into the imaginary po-
tential. " At present, we are examining a number
of scattering. problems involving light- and medi-
um-weight nuclei to ascertain the necessity of this
extra precaution. Meanwhile, however, we will
consider this merely as an interesting possibility
but not yet proven, since, unlike the real quantities
VD(r), Vc(r), and K(f, r'), the imaginary potential
W(r) used in this calculation is not derived from
microscopic considerations, but is constructed
from a phenomenological viewpoint.

IV. CONCLUSIONS

The elastic scattering of He' by He' at 44.5 MeV
has been considered with a modification of the
usual one-channel resonating-group formalism.
This modification consists in taking approximate
account of the existence of many open reaction
channels at this energy by including in the theory
a phenomenological local imaginary potential. For
this potential, the form and geometry parameters
are chosen according to the information gained
from a recent study of the a+0, problem using a
similar method. " The strength parameter is then
chosen to yield best agreement with the experi-
mental data. In this way it is found that a rather
good fit can be obtained in both the forward and
the backward directions.

From this study we have also found that, at this
energy, the contribution to the differential cross
section at backward angles comes mainly from
exchange processes which are automatically in-
cluded in the resonating-group formalism through
the use of a totally antisymmetrized wave furiction.
If these exchange processes are not taken into
account, then the calculated differential cross sec-
tion in this particular angular region will be much
smaller than the experimental cross section.

The real parts of the phase shifts have been
shown to exhibit a marked degree of odd-even
structure, wherein the odd-l and even-/ phases
follow distinctly different decreasing trends with
the orbital angular momentum. From this finding
we conclude that if one wishes to describe the
scattering data by a complex local potential, then
the real part of this potential must have a signifi-
cant amount of Majorana space-exchange compo-
nent.
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