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The amplitude for elastic scattering of protons on a light nucleus is treated in a manner
which takes into account the indistinguishability of the incident and target protons. We
propose a simple model in which the direct and knockout amplitudes are represented by an
optical potential amplitude. The rest of the exchange amplitude is cast in a form which

represents the exchange of a heavy cluster between projectile and target; the heavy particle
stripping amplitude. A modified distorted wave Born approximation appropriate for such
elastic channel rearrangement is developed. This approximation simplifies the handling of
finite range and recoil effects. The calculation of the heavy particle stripping amplitude re-

quires knowledge of the proton-cluster overlap function of the target nucleus. The present
model is applied to the scattering of protons on He in the energy range 0.1—1.2 GeV.
Several overlap functions derived from fits to the charge form factor of 4He are used in the
calculations. The general behavior of the large angle cross section is reproduced by our
model. Of particular importance is the finding that the results are rather sensitive to the
large momentum behavior of the overlap function. Moreover, functions that are derived
from the charge form factor after correcting for meson exchange current effects appear to
do better at higher energies than those with no correction. Good qualitative agreement with
the 180' excitation function is obtained and the calculations predict a second shoulder near
1.1 GeV. We have also investigated the effect of the heavy particle stripping amplitude on
the calculation of the large angle polarization.

NUCLEAR REACTIONS Large angle p + 4He scattering
(T~=0. 1—1.2 GeV). Exchange effects, heavy particle stripping, modi-
fied DWBA. Calculated cr(8),P(8). Compare different ~He overlap

wave functions.

I. INTRODUCTION

One of the important contributions of the inter-
mediate energy accelerators to nuclear studies has
been the possibility of studying nuclear processes at
high momentum transfer. This, of course, will have
significant implications for our understanding of the
nuclear wave functions. Among the processes stud-
ied are complex reactions such as pion production
reactions and (p, d) type of pickup reactions, etc.
The theoretical investigation of these reactions has
already influenced in a serious fashion the way in
which we handle the calculations of their ampli-
tudes. In particular, it appears that relativistic ef-

fects play an important role in these reactions. ' At
the other end of the spectrum there have been
several studies of seemingly rather simple processes
such as proton elastic scattering on light nuclei.
Some very interesting experimental measurements
have been performed on the elastic scattering of in-

termediate energy protons on He and He nuclei,
particularly at large scattering angles. An example
of the wealth of physics contained in such data can
be found in the intriguing structures observed in the
180' excitation functions. Moreover, in some in-
stances, such as in the case of p+ He scattering,
complete angular distributions for the cross section
and analyzing power are available at several proton
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energies.
There has been a great deal of work on p-d

scattering, both theoretical and experimental, at in-
termediate energies. However, this process is not
covered by the present work; a discussion of recent
developments in this subject has been given by Igo.
Our treatment here is more concerned with proton
elastic scattering on light nuclei such as He and
He. Several approaches have been developed in the

recent past toward an understanding of the behavior
of this process at large scattering angles. The ma-
jority of them are concerned with the particle ex-
change effects resulting from the indistinguishabili-
ty of the incident and target protons. Among these
are calculations, based on the resonating group
method, which have been successful in treating the
scattering of protons on light systems in the energy
range up to 150 MeV. On the phenomenological
level these exchange effects could be simulated
through the addition of Majorana exchange terms to
an optical potential. Such an approach has met
with some success in dealing with the behavior of
the cross sections at large angles. '

In another approach the contribution of the triton
exchange graph to backward p + He scattering was
studied in the Born approximation and used to
predict a strong dependence of the backward cross
section on the incident energy. ' Later Lesniak
et al. ' included absorption effects in this model,
through the use of eikonal distorted waves, and
found these to be important. The structure observed
in the 180' excitation functions in both p+ He and

p+ He scattering and particularly the change of
slope observed in the former for proton energies in
the range 400—600 MeV and 900—1300 MeV, and
in the latter process in the energy range 200—400
MeV, has aroused interest in interpreting these as
being due to the excitation of 4 resonances during
the scattering process.

In this paper we give the details of a model which
was outlined earlier in Ref. 15. This model, similar
to the work of Refs. 13 and 14, is based on particle
exchange effects as the major contributor to back-
ward scattering. The present approach differs from
earlier works in the following main respects.

(i) The contribution of the direct part of the
scattering matrix is included in the calculations.

(ii) We introduce a modified distorted-wave Born
approximation (DWBA) for treating the rearrange-
ment amplitude.

(iii) Optical model distorted waves are used in the
calculations with full account for spin-orbit distor-
tions.

(iv) We discuss in more detail the role of the tar-
get wave function in the calculations and show how
the behavior of the cross section at large angles is

sensitive to the large momentum behavior of the
overlap wave function.

This model is applied here to p+ He scattering
in the energy range 0.1—1.2 GeV. A reasonable ac-
count for the observed large angle cross section is
obtained. We find that at higher energies overlap
functions that are derived from the charge form fac-
tor, after taking into account the meson exchange
current effects, generally lead to better agreement
with the large angle data' than those that neglect
these effects. We show that this is intimately related
to large differences among these functions at high
momenta. Reasonable agreement with the 180' exci-
tation function is obtained and a second shoulder is
predicted near 1.1 GeV. The inclusion of the HPS
mechanism is found to improve the large angle po-
larization at 147 MeV. At higher energies, however,
one is not yet able to get a good agreement with the
measured polarizations at large angles. In a subse-

quent paper the model will be applied to the p+ He
process.

In Sec. II we give the basic ingredients of the
model and carry out some details of the calculations
as they apply to the p+ He case. In Sec. III we

present the comparison of our results with experi-
ments and discuss in some detail the role of the tar-
get wave function as it is derived from the charge
form factor and the effect of allowing for meson ex-

change currents. A conclusion is given in Sec. IV.

II. FORMALISM

Consider the elastic scattering of a proton on a
light target nucleus which has np protons. When ex-
change effects between the target and projectile pro-
tons are taken into account, the elastic scattering t
matrix can be written as'

T =TD —npTEx

where TD and TEx are the direct and exchange ma-
trix elements, respectively. The latter, of course,
refers to the situation where the outgoing proton is
one of the target nucleons. There are two mechan-
isms through which this can be accomplished,
namely, the knockout (KO) and the heavy particle
stripping (HPS) mechanisms. ' These are illustrated
by the diagrams in Fig. 1. Equation (1) can thus be
rewritten

T TD np TKQ np THps

Because it is likely that the KO term will generally,
like the direct one, be forward peaked we combine
these together in one term. The first ingredient of
our present model is to represent this term by an op-
tical potential t matrix. The justification for this is
in the fact that the emphasis of the present study is
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center of mass of the target.
Our expression for THps then becomes
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FIG. 1. Schematic diagrams of rearrangement scatter-
ing. {a) The knockout mechanism. {b) The HPS mechan-
ism. The blob denotes the interaction responsible for the
particular rearrangement.

on investigating the role of the heavy particle strip-
ping term and, hence, we wish to have as simple a
description as possible of the other two matrix ele-
ments. The optical potential provides us with this
as well as with a reasonably good account of the for-
ward angle data. We, therefore, rewrite Eq. (2& as

T—TQPT 5p THPs

TopT is calculated in the usual manner from an
optical model (OM) potential. In the following we

give details of our calculations of THps.
If the target nucleus is regarded as being made up

of a core cluster c plus a proton f and if i denotes
the incident proton, then the exact expression for the
HPS t matrix is

THps ——(,e ~ r4(i, c)
~

Vj,
~

4'+'(i, f,c)) . (4)

4(i,c) is the target wave function in the final state,
made up of proton i and cluster c, V~, is the interac-
tion potential of proton f with cluster c, and the
wave function ql'+'(i, f,c, ) is the total wave function
of the system with appropriate boundary conditions.
For the moment, spin indices are suppressed for
simplicity. We approximate 4'+' in the usual way
by the product of the target wave function 4(f,c)
and an optical potential distorted wave X'+'(k;, r;)
describing the motion of proton i relative to the

THps (e—— 4(l', c)
~

Vf ~
0(f c)X'+'(k;, r;)) .

(5)

The distorted wave X'+' is generated using the
same optical potential used to calculate TopT.

The above expression is our distorted-wave Born
approximation for THps. It is different from the
usual DWBA expression in that the outgoing chan-
nel is represented by a plane wave. The origin of
this difference is due to the fact that we are dealing
with a rearrangement leading to the elastic channel
and, hence, the usual practice' of adding and sub-
tracting an exit channel optical potential (from
which the outgoing distorted wave is generated) is
not applicable. One must also add that the presence
of a plane wave in the exit channel does indeed
make it easier to handle both finite range and recoil
effects.

A. They+ He case

We now consider the calculation of the HPS am-
plitude for the specific case of proton scattering on
He. The target is considered to be made up of a tri-

ton cluster t and proton f. The spin structure in this
case is simple and the internal space wave function
is an s state. Likewise, in the final state, the He nu-
cleus contains proton i and triton t. Assuming the
interaction V~, to be free of any explicit spin depen-
dence, after some simple spin algebra is carried out
one gets

THps= &
(e ~P(r;, )

~
V(ri, )

~
P(r~, )X„'+„' (k;, r'))

(6)

where the subscripts p; and JM~ refer to the initial
and final proton spin projections, respectively, and
f(r) is the radial overlap function.

In an earlier short account of this work, ' we
showed how the use of the spherical 5-shell approxi-
mation' can simplify the six-dimensional integrals
on the right-hand side (RHS) of Eq. (6). This ap-
proximation works well up to proton energies near
200 MeV. We shall not use it in the present treat-
ment, but rather will carry out full finite range cal-
culations since we wish to apply the model at higher
proton energies. We choose as integration variables
the coordinates r; and r = r&, and express the other
coordinates appearing in Eq. (6) in terms of these
(see Fig. 2):
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and

+ ltd pI g=r + r 1 +4
H

pP?l

r =r —, r-=—r ——r ~f i~ && &s 4i' H

where mz and MH are the masses of the proton and
the He nucleus, respectively.

The wave function g(r) is assumed to satisfy the
Schrodinger equation with V(r) as the interaction
potential. As usual we then use such an equation to
eliminate V(r) from Eq. (6):

where m is the proton-triton reduced mass and eb is
the proton-triton relative binding energy in the He.
The specific choice of the wave function g will be
based on consideration of the He charge form fac-
tor as determined from electron elastic scattering.
This is discussed in Sec. IIA1. For now we need
only to state that the function 1( is written as a sum
of exponentials:

—ar
P(r) =

which reduces asymptotically to -e "/r (where
tx =2m 6b) This .particular choice of the wave
function simplifies somewhat the evaluation of the
integrals in Eq. (8). These are now carried out by
expanding the plane waves and the distorted wave
into sums of partial waves. The only remaining
difficulty lies in the wave function 1(t(

~
r;+ —,r ~)

which is made up, according to Eq. (9), of sums of
exponentials. Each exponential term is expanded in
terms of appropriate spherical harmonics and modi-
fied Bessel functions. The integrations are then
evaluated numerically.

The He wove function
and meson exchange current effects

The wave function P describing the p trelative-
motion in He is determined from considerations of
the 4He charge form factor. ' ' Some authors' '

FIG. 2. Relative coordinates.

t

have successfully found simple wave functions that
fit the measured form factor F,(q). In recent years,
it has become evident that one must make al-
lowances for meson exchange current contributions
to F,(q), before determining 1(t. This is particularly
relevant in the domain of intermediate energy nu-
clear reactions where one generally probes the high
momentum components of the wave function. An
example of this can be found in the work of Shepard
et al. on (p, d) reactions on He. A similar investi-
gation has been carried out for the He(p, 2p) H reac-
tion by van Oers et al. We shall investigate here
the impact of using two kinds of wave functions:
those which do not take into account the meson ex-
change current effects on the charge form factor
(NOMEC) and those that do (MEC). We shall see
that the results obtained with the latter are superior
particularly at higher energies.

Lim2i has suggested the use of an Eckart type of
wave function for g(r) and obtained a generally
good fit to the observed He charge form factor.
Later, Lesniak et al. ' managed to improve the fit
by selecting slightly different parameters. We adopt
their wave function to represent the class of function
based on the form factor with NOMEC. We shall
refer to this function as ECKART4. It is given by

n

PECKART4( r ) (10)
l'

with P= 1.42 fm ' and n =4.
The MEC contributions to F,(q) for several nuclei

have been calculated by Gari et al. These authors
point out that their calculations for He are reliable
up to q =4 fm '. Shepard et al. have used the
calculated meson exchange corrected form factor to
determine a relative motion wave function where the
internal part is based on a (ls) configuration for
He. Their wave function is finite at the origin; its

behavior at short distance is more or less Gaussian.
On the other hand van Oers et al. and later Gre-
ben followai a somewhat different procedure in
which the MEC corrected form factor is obtained by
subtracting the theoretical meson exchange contribu-
tion from the experimental charge form factor.
These authors then used this to determine the
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parameters aj and PJ of a relative wave function of
the type given by Eq. (9). In this work we use the
wave function given by van Oers et al. in some of
the comparisons given in the next section. We refer
to this function as EXP2. Its parameters are given
in Table I. The wave function given by Greben
turned out to yield results that differ only slightly
from those obtained using the EXP2 overlap func-
tion.

We have also investigated two other functions
that are based on MEC. One of these is of the
Eckart type with n =3 (referred to here as
ECKART3). This function provides a reasonably
good fit to the corrected form factor up to q =4
fm '. It is used here as part of the illustration of
the impact of the high momentum behavior of the
wave function on our calculations.

As mentioned above, Shepard et al. used a wave
function which is finite at the origin, whereas all the
above-mentioned wave functions vanish at the ori-
gin. We have derived a wave function EXP1 of the
form used in Eq. (9) which is constrained to be finite
at the origin and to fit the corrected form factor due
to Greben up to q slightly above 4 fm '. The
parameters of the function were first started by fit-
ting the radial wave function provided by Shepard
et al. and then were further refined to fit the form
factor.

In Table I we give the parameters of the above
wave functions. The Eckart wave functions are cast

1Oo

4He

EXP1 (MEC)

EXP2 (MEC)——ECKART3 (MEC)
————ECKART4 (NO MEC)

in a form in which they are written as a sum of ex-
ponentials. In the last row we give the asymptotic
normalizations C for each wave function and note
these all to be within the range of values given by
Ljm and Locher and Mizutani. In Fig. 3 we
show the behavior of these wave functions in
momentum space. There is very little difference
among these functions up to q =2 fm-i. In the
range q=2 —3 fm ' all the MEC functions are
smaller by a factor of 2—3 compared to the
NOMEC function. Further out the ECKART3
function drops much more slowly than the EXP
functions and inches closer to the ECKART4 func-
tion. The two EXP functions drop in magnitude
much faster than the other two and show additional
secondary maxima in the range of q beyond 4 fm
In summary these functions are close to each other
at small q but show substantial difference at high q.
In the next section we shall discuss the implications
of these features on the calculations of the p+ He
large angle elastic scattering.

TABLE I. The parameters of the overlap functions
used in the calculations. C is the asymptotic normaliza-
tion.

ECKART4'b ECKART3' EXP 1
(NOMEC) (MEC) (MEC)

EXP2'
(MEC)

a~

a2
a3
a4
a5

1.305
—5.222

7.832
—5.222

1.305

1.455
—4.364

4.364
—1.455

1.402
—5.790

8.882
—5.852

1.358

1.376
—6.595
13.563

—13.161
4.817

1

Pi
Ps
P4
Ps

0
1.42
2.84
4.26
5.68

0
1.091
2.182
3.273

0
1.337
2.709
4.358
6.648

0
1.42
2.84
4.26
5.68

12.65 15.72 14.6 14.07

'The ECKART functions are expanded here as a sum of
exponentials [see Eq. (9)].
'The parameters are from Ref. 14.
'The parameters are from Ref. 24.
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FIG. 3. The He overlap wave function f(q) in

momentum space. The (short-dashed) curve is the func-
tion ECKART4 (NOMEC). The (dot-dashed) curve is the
function ECKART3 (MEC). The (long-dashed) curve is

the function EXP2 (MEC). The {solid) curve is the func-
tion EXP1 (MEC).
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III. RESULTS AND DISCUSSION

Calculations were performed for p-4He scattering
in the energy range 156—800 MeV. The data
analyzed here are the cross section data at 156
MeV, ' at 300 MeV, ' at 200, 350, and 500 MeV,
and at 800 MeV. In addition the polarization data
at 147 MeV, 2~ and at 200, 350, and 500 MeV (Ref.
6) have also been analyzed. The optical potential
parameters for 156 and 300 MeV data are taken
from Ref. 33. For the other energies these were ob-
tained using the computer search code MAGALI.
The differential cross section and polarization data
at forward angles (8 & 85') at a given incident energy
were analyzed together. Reasonable fits to the data
at 200 and 350 MeV were obtained. However, for
the data at 500 and 800 MeV, this procedure of
simultaneous searches on cross section and polariza-
tion did not lead to satisfactory fits to the data. It
was possible, nevertheless, to get for each case a
reasonably good fit by making separate searches on
either the cross section or the polarization data.
This resulted in two sets of optical potentials for
each of these two cases. When discussing the large
angle cross sections for these two energies we shall,
therefore, use the set of optical model parameters
that best fits the forward cross sections and likewise
for polarization. The best fit parameters used in the
present analysis are given in Table II.

Lesniak et al. ' have calculated the full exchange
amplitude using an eikonal approximation for the
distorted waves, but neglecting any contributions
from the direct scattering term. In the present
work, the direct amplitude is included in the calcu-
lations and hence it is possible to assess its effect on
the predicted large angle cross section. This point is
clarified by the comparison in Fig. 4 where we show
the calculations for the large angle cross sections for
Tz ——350 MeV using the overlap function EXP1.
The solid curve represents the calculations using the
full amplitude of Eq. (3), i.e., the (OM+ HPS) am-
plitude, while the other two curves are those due to
the individual HPS and OM amplitudes. For com-
parison, the experimental points of Moss et al. are
shown. Note that the OM result is very low com-
pared to the HPS one at back angles. However, the
inclusion of the OM contribution at back angles in-
creases the predicted cross section by roughly a fac-
tor of 1.5 at this energy. This indicates that the in-
terference between the two amplitudes is not negligi-
ble. Moreover, the combined amplitude calculations
are in much better agreement with the data for
0&130'. It should be noted, however, that the
shoulder exhibited by the data around 120 is not
reproduced; in fact the interference appears to wor-
sen slightly the agreement with experiment in the
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FIG. 4. Large angle p+ He differential cross section
at 350 MeV. The (solid) curve represents the calculations
using the full amplitude (OM + HPS). The (short-dashed)
and (long-dashed) curves are those due to the individual

OM and HPS amplitudes, respectively. The overlap func-
tion used is EXP1. The experimental data are from Ref.
6.

angular range 90'—120'.
Now we would like to discuss the effect of the

He overlap function on the calculations. Figure 5
shows a comparison of the large angle differential
cross sections at T~ =350 MeV using different over-
lap functions. The dashed curve shows the calcula-
tions using the ECKART4 function (NOMEC).
The solid and dash-dotted curves are those using
ECKART3 and EXP2 functions, respectively,
where MEC was taken into account, as discussed in
Sec. II. We find large differences among the
predicted cross sections and further note that the
ECKART3 function yields good agreement with the
data for 8& 140', with the EXP2 function faring
slightly better near 8-100' but doing worse else-
where. The prediction based on the ECKART4
overlap function is the least satisfactory. All three
functions produce rather deep interference minima
in the 8=100'—120' region. The observed differ-
ences among these calculated cross sections are

FIG. 5. Large angle p+ He differential cross section
at 350 MeV. The (short-dashed) curve is the full ampli-

tude calculations using the overlap function ECKART4
(NOMEC). The (dot-dashed) curve shows the full ampli-

tude calculations using the function EXP2 (MEC). The
(solid) curve represents the full amplitude calculations us-

ing the function ECKART3 (MEC). The experimental
data are from Ref. 6.

closely related to the momentum space behavior of
the associated overlap functions. Inspection of Fig.
3. shows that in the momentum region of interest
(near the second maximum} the ECKART4 func-
tion lies highest while the EXP1 and ECKART3
functions almost coincide and the EXP2 function is
lowest. These are basically the respective positions
of the corresponding back angle cross sections as
shown in Figs. 4 and 5.

It is appropriate at this stage to look at the level

of accord with experiment over the full angular
range and to discuss the effect of the interference be-
tween OM and HPS amplitudes at forward angles.
Figure 6 shows the full angular distribution of the
differential cross section at Tz

——350 MeV. The
short-dashed curve represents the calculations using
the OM amplitude alone, while the long-dashed and
solid curves show the calculations using OM+ HPS
for ECKART4 (NOMEC} and EXP1 (MEC),
respectively. It is to be noted that the calculations
using OM and OM+ HPS are the same up to 85',
indicating that HPS has no effect at forward angles.
Note also that, overall, we have a reasonably good
agreement with experiment (except for the dip near
120') when the MEC effects are accounted for. We
obtained similar results for the angular distributions
at 156 and 500 MeV.
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p + 4He---- OM——OM + HPS (ECKART4)

OM + HPS (EXP1)
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FIG. 6. Full angular distribution of the p+ "He dif-
ferential cross section at 350 MeV. The (short-dashed)
curve is the optical potential (OM) result. The (long-
dashed) curve shows the full amplitude calculations using
the overlap function ECKART4 (NOMEC). The (solid)
curve represents the full amplitude calculations using the
function EXP1 (MEC). The experimental data are from
Ref. 6.

500 MeV
10

1O-4

1P—5

1p—4 — 800 MeV

10—5

1P—6—

The energy dependence of the cross section at
back angles is shown in Fig. 7. The incident proton
energies are 156, 200, 300, 350, 500, and 800 MeV.
The curves shown are the same as those described in
the preceding paragraph. We note the following.

(i) In all cases, the OM calculations invariably un-

derestimate the large angle cross sections.
(ii) Substantial improvement in the accord with

the data is obtained when one includes the HPS con-
tribution and when one uses an overlap function
(EXP1) which accommodates the effects of meson
exchange currents on the charge form factor.

(iii) There is very little difference between the pre-
dictions of the ECKART4 (NOMEC) and the
EXP1 (MEC) functions at 156 and 200 MeV. These
differences become progressively more pronounced
as the energy increases, reflecting the greater dispari-

10-7 ~ ~ ~ l I ( I

90 100 110 120 130 140 150 160 170 180
~c.m.

FIG. 7. Large angle p+ He differential cross sections
in the energy range 156—800 MeV. The (short-dashed)
curves are the optical potential (OM) results. The (long-

dashed) curves show the full amplitude calculations using
the overlap function ECKART4 (NOMEC). The (solid)
curves represent the full amplitude calculations using the
function EXP1 (MEC). The experimental data at 156
MeV are from Refs. 29 and 30, at 200, 350, and 500 MeV
from Ref. 6, at 300 MeV from Ref. 31, and at 800 MeV
from Ref. 32.

ty between these overlap functions at high momenta.
(iv) The ECKART4 calculations do better than

the EXP1 calculations at 300 MeV. This, however,
is the one case for which the optical potential
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parameters were derived from sparse forward angle
data and hence may not be very well determined.
We, therefore, hesitate to draw any conclusions con-
cerning the relative merit of these two functions at
this particular energy.

(v) The calculations at 800 MeV fail to reproduce
the observed diffraction minimum near 8= 155'.

We have also investigated the behavior of the dif-
ferential cross section at 8, =180' as a function of
the incident proton energy. Figure 8 shows this
behavior. The (extrapolated) data points shown are
taken from Refs. 5, 10, and 35—41. The dashed and
solid curves are obtained using the present model
with the overlap functions ECKART4 (NOMEC)
and EXP1 (MEC), respectively. Earlier calcula-
tions' ' have predicted a dip in the energy range
190—240 MeV. We note that, for the case of the
ECKART4 function, (i) the calculated cross section
has a dip at about 280 MeV, and (ii) the calculated
cross section is in good agreement with the data
points up to 300 MeV; above this energy the calcula-
tions are rather high compared to the data. On the
other hand, for the EXP1 function we notice the fol-

100

1O-1=

lowing: (i) the calculated cross section is in good
qualitative agreement with the data points over all
the energy range, and (ii) the calculations show two
dips, one near 300 MeV and the other near 950
MeV. The appearance of these dips at these particu-
lar energies is closely related to the behavior of the
overlap function %(q) of Fig. 3, where we notice
that ECKART4 has one dip while EXP1 has two
dips for q & 10 fm '. Berthet et al. have measured
the p- He elastic backward scattering cross section
in the energy range 700& T& &1700 MeV. They
found a change in the slope of the cross section
(8, =180') at about 500 MeV and a bump at about
1300 MeV. They explained these features as due to
baryonic excitations in intermediate states.

Now we focus our attention on polarization. Fig-
ure 9 shows the complete angular distribution for
the polarization at Tz ——350 MeV. The data shown
are those of Moss et a/. The solid curve represents
the calculations using the (OM+ HPS) amplitudes
and the overlap function EXP1. The short- and
long-dashed curves represent the calculations using
the individual OM and HPS amplitudes, respective-
ly. Note that the OM and OM+ HPS calculations
are the same up to 90'. The effect of the inclusion
of the HPS term becomes noticeable in the angular
range 120'—180'. Note also that in this region the
HPS and HPS+OM predictions are both con-
sistently negative, which is qualitatively what the
data show. However, it is clear that a detailed

b 10-3

E

10 4
~/C

1O-5

10—6=

1.0

0.8

0.6—

0.4
Z
O 02-

CC

—0.2—
CL

—0.4—

p + 4He

350 MeV
—--—OM——HPS

OM + HPS

10 7
0

I I I I I

200 400 600 800 1000 1200

Tp (MeV)

—0.6—

—0.8—

FIG. 8. The p- He elastic scattering cross section (at
8, =180') as a function of incident proton energy. The
dashed curve shows the full amplitude calculations using
the overlap function ECKART4 (NOMEC). The solid
curve represents the full amplitude calculations using the
function EXP1 (MEC). The optical model parameters
used in the calculations are from Table II and R|:f. 33.
The experimental data: open circles are from Ref. 5; the
squares are from Refs. 10 and 35—41.
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FIG. 9. Polarization in p+ He scattering at 350 MeV.
The (short-dashed) curve is the optical potential (OM) re-
sult. The (long-dashed) curve shows the HPS result. The
(solid) curve represents the full amplitude calculations.
The overlap function used is EXP1 (MEC). The experi-
mental data are from Ref. 6.
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agreement with this large angle data is lacking. The
back angle distribution for polarization in the energy
range 147—500 MeV is shown in Fig. 10. The data
points at 147 MeV are taken from Ref. 29 and those
of 200, 350, and 500 MeV are taken from Ref. 6.
The short-dashed curve represents the calculations
using the OM amplitude. The long-dashed and solid
curves represent the calculations using OM+ HPS
amplitudes with the overlap functions ECKART4
(NOMEC) and EXP1 (MEC), respectively. It
should be noted that, with either function, the agree-

ment between experimental data and the OM + HPS
calculations at T =147 MeV is reasonably good. As
the incident energy is increased we find that the in-
clusion of the HPS contribution does not lead to any
consistent improvement in the calculated polariza-
tions. Specifically, we note that at 200 MeV there is
actually some worsening in the accord with the data
near 8=100', with only small differences between
the ECKART4 (NOMEC) and the EXP1 (MEC)
predictions. At 350 MeV, the ECKART4 calcula-
tions are worse than the OM calculations near
8=100', whereas the EXP1 calculations are only
marginally better than the latter. On the other
hand, at T~ =500 MeV, these same ECKART4 cal-
culations do better than the other two calculations in
the angular range 90'—120'. None of the above cal-
culations predicts the correct polarization for
8) 150' for the three proton energies mentioned
above. Thus, aside from the 147 MeV case, the situ-
ation for polarization remains unclear.

IV. CONCLUSION
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FIG. 10. Large angle polarization in p+ He scatter-
ing in the energy range 147—500 MeV. The (short-
dashed) curves are the optical potential (OM) results. The
(long-dashed) curves show the full amplitude calculations

using the overlap function ECKART4 (NOMEC). The
(solid) curves represent the full amplitude calculations us-

ing the function EXP1 (MEC). At 147 MeV the experi-
mental data are from Ref. 29; at 200, 350, and 500 MeV

they are from Ref. 6.

In this paper we have described a simple model
for treating:particle exchange effects in the elastic
scattering of nucleons on light nuclei with particular
emphasis on large angle scattering. The thrust of
this investigation is to see how far one can go
without introducing exotic effects such as b, reso-
nances, etc., and if one can in fact learn anything
useful about the target wave function. The main in-
gredient of the present approach is that the scatter-
ing amplitude is approximated by the sum of an op-
tical potential amplitude and a heavy particle strip-
ping amplitude. The latter represents the part of the
exchange amplitude likely to dominate at large an-
gles and is calculated using a distorted-wave Born
approximation. The model has been applied here to
p+ "He scattering at intermediate energy. Target
overlap functions derived from electron scattering
data (with and without allowance for meson ex-
change current effects) have been used in the calcu-
lations. We have found that the calculated large an-
gle cross sections are sensitive to the large momen-
tum behavior of the overlap function. Large differ-
ences among the several wave functions investigated
here at high momentum were reflected in large
differences in the corresponding back angle cross
section. Moreover, we have found that the results
obtained with wave functions which take into ac-
count the meson exchange corrections to the charge
form factor are generally in better agreement with
the data than the wave function that does not. The
difference is more pronounced at higher energies.
From this one concludes that one must take MEC
contributions into account when dealing with pro-
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cesses involving large momentum transfer. The gen-
eral behavior of the large angle cross section in the
energy range 0. 1—0.8 GeV is reproduced by our cal-
culations particularly when the wave function EXP1
is used. This makes one hope that eventually large
angle p+ He scattering can play a role in probing
the large momentum behavior of the He wave func-
tion. We have also obtained good qualitative agree-
ment with the 180' excitation function up to -0.8
GeV, when the MEC corrected wave function EXP1
is used. In contrast, the ECKART4 wave function
deviates appreciably from the data for Tz&0.4
GeV, again an indication of the importance of the
MEC corrections. One interesting result of the
present calculations is the appearance of a second
dip in the excitation function near 1 GeV. An ex-
perimental check of this feature would be highly
desirable. We note here that a similar feature has al-

ready been observed experimentally by Berthet
et al. for the case of p + He scattering.

Our simple model, however, does not do as well
for polarization as it does for the cross section. We
can only claim some improvement for large angle
polarization at Tz ——147 MeV. At the other three
energies considered, one still does not successfully
account for the observed large angle polarizations.
This may indicate that the model requires further
refinements. One natural improvement upon the
present method is to actually invoke the HPS contri-
bution while one is attempting to determine the
parameters of the optical potential. This may ulti-
mately lead to improved results for the cross section
near the interference region as well as for the large
angle polarization. Because the HPS calculations
are rather complicated, this would naturally be a
lengthy computation but, nevertheless, one which we

hope to be able to do in the near future.
Recently Kowalski developed a formal treat-

ment of the optical potential in which Pauli effects
are taken into account. He has shown that in lowest
order the full potential contains a heavy particle
stripping term. A calculation using this type of full

optical potential would be interesting to compare
with the results of our present model and with the
experimental data. We remark that if one chooses
to treat the contribution of the HPS term in the po-
tential in a DWBA framework, then the resulting
amplitude will be slightly different from that given

by Eq. (4). In particular, the plane wave in Eq. (4)
will have to be replaced by an appropriate distorted
wave. On the other hand, we note that, as pointed
out in Sec. I, Greenlees and Tang have suggested
the use of Majorana exchange terms in the potential
to simulate the exchange effects. This may be re-
garded as a specific simplified version of the result
given by Kowalski. Such simple phenomenological
potentials have been used in the analysis of the
scattering data (see, for example, Refs. 24 and 33).

One criticism of our model is the way it handles
the knockout amplitude, which is here assumed to
be well represented together with the direct ampli-
tude by the optical potential amplitude. It is possi-
ble that the knockout amplitude may have impor-
tant contributions at large angles which may not be
accounted for by the TOPT. In this connection we
wish to mention the work of Alexander and Lan-
dau, who have carried out a microscopic calcula-
tion of the p- He optical potential in which the full
angular behavior of the elementary N Nampli-tudes
was taken into account. Their initial results for the
cross section data in the energy range T&

——100—200
MeV were rather encouraging. A detailed calcula-
tion along these lines, with application to data at
higher energies, is extremely desirable.

In a forthcoming publication the case of p+ He
scattering will be discussed.
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