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Low-energy p + He elastic scattering and the optical potential
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It is shown that the optical model potential with central, spin-orbit„and exchange terms can provide

reasonably good fits to the cross section, polarization, and the polarization transfer coefficients K„and
K'; for p + 'He elastic scattering in the energy range 6.8-16.2 MeV. The measured values of the

polarization transfer coeAicient K' are compared with those calculated by adding a spherical spin-spin

interaction term to the potential. -Both phenomenological and folding-model spin-spin terms are considered.
Good agreement is obtained for the 16.2 MeV data but not for the data at lower energies, The effects of
including a tensor spin-spin interaction are also studied.

tNUCLEAR REACTIONS p +3He elastic scattering; optical model calculations. ]

I. INTRGDUCTIGN

The study of elastic scattering of protons on
light nuclei has been a favorite subject with ex-
perimentalists during the past few decades.
There now exists a large number of measurements
of the differential cross section and polarization
for p + 'He scattering at incident proton energies
below 20 MeV. Because the target has nonvan-
ishing spin, there has recently been a widening of
the data base, by performing the more difficult
measurements of the polarization transfer coef-
ficients. " These measurements should be very
useful in clarifying the complicated spin structure
of the process.

Traditionally the data have often been interpreted
using a phase-shift analysis. ' However, it has
proved difficult to extract unambiguous phase
shifts from the data. In most cases, several sets
of phase shifts were found at a given energy which
fit the data equally well. The data, have also been
analyzed using the R-matrix formalism. ' ' The
results from these analyses are rather encourag-
ing. On the microscopic level, resonating group
calculations' have been performed for low-energy
p+ 'He scattering using a purely central nucleon-
nucleon potential. Reasonable fits to the differen-
tial cross section data were obtained. The most
important result of these calculations was the
finding that the requirement of antisymmetry of
the total wave function of the system causes the
effective potentials between the projectile and tar-
get to be very different for l-even and l-odd states.
As we shall see later, this result will have a bear-
ing on the form of the potential used in the present
analysis. Microscopic calculations with nucleon-
nucleon potentials containing central, spin-orbit,

and tensor terms have also been carried out. '
The results of these calculations were in good
agreement with cross section and polarization data
in the energy range E~ = 3 —8 MeV. There have
also been some attempts to apply the optical model
to the p+'He system. ' ' In an earlier note, Pod-
more and Sherif' have shown that one can use the
optical model to fit the cross section and polariza-
tion data in the energy range E~= 5. 51-156 MeV.
The presence of an exchange term" in the poten-
tial was confirmed in an analysis of the data at
30 MeV. Votta et al. ' have used the optical poten-
tial to fit the elastic cross section data at 85 MeV.
These initial successes encourage one to take a
more serious look at the optical model potential
as applied to the p + 'He system.

In the present paper, we apply an optical model
analysis to the low-energy p+ 'He data. These
data include not only the differential cross section
and polarization but also the measured polarization
transfer coefficients. These latter coefficients,
which have been measured at four energies in the
past few years, should offer a more stringent test
of the applicability of the model.

In Sec. II we give the form of the potential used
to fit the cross section and polarization data at the
four energies 6. 82, 8. 82, 10.77, and 16.2 MeV.
%e show how the polarization transfer coefficients
K„"and K," predicted by this potential agree with
those measured at these energies. Section III is
devoted to a discussion of the polarization transfer
coefficient E', . In order to predict the observed
deviations of K,' from unity one must include
spin-spin interaction terms in the potential. Sev-
eral possibilities are discussed and the K, pre-

, dicted using a distorted wave Born approximation
(DWBA) calculation are compared with the experi-
mental data.
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II. ANALYSIS

The optical model potential used in this analysis
consists of the Coulomb potential, a real central
potential, a volume-type imaginary potential, a
spin-orbit potential, and a real exchange poten-
tial. The latter is necessitated by the findings of
resonating group method calculations' which
showed that as a result of antisymmetrization,
the potential for even / states is quite different
from that for odd l states. The form of this term
is taken to be the simple Majoraga form suggested
by Greenlees and Tang. " Thus the potential has
the form

V(r) = V,(r) —V,f(r, r„a,) —i Wf(r, r, , a, )

)f 8 'I' 1 d+I I V — f(rr—
II p )I SO dy. ~ & SO& SO

—V, „(—)'f(r, r,„,a, „) .

The Coulomb potential V,(r) is taken to be that
due to a uniformly charged sphere of radius R,
= l. 3 A'~'fm. The form factor function f has the
usual Woods-Saxon shape. l is the orbital angular
momentum quantum number.

The search for the best fit parameters involved
only cross section and polarization data. How-
ever, reaction cross section data were also used
to constrain the values of the imaginary part of
the potential. The data considered here are the
differential cross section and polarization data at
the proton energies 6.82, 8.82, and 10.77 MeV, ' '"
and 16.2 MeV. "" The computer program SEFK"
was used in the search for the best parameters.
Starting with the data at 16.2 MeV, the search
was performed on all the parameters, but con-
straining the depth 8'such that the calculated re-
action cross section is kept in line with those
measured by Sourkes et ai. " After obtaining the
best fit parameters, the geometry parameters
were then held fixed and the fits to the cross sec-
tion and polarization data at the three lower en-
ergies were obtained by searching on the depth
parameters of the various terms of the potential.
The imaginary well depth W was constrained to be
zero at the lowest two energies, and to produce a
o„ in the neighborhood of 10 mb at 10.77 MeV,
as is suggested by extrapolation from existing
data. The best fit parameters are shown in Table
I. Figure 1 shows a comparison of the predicted
cross sections and the corresponding measure-
ments. We see that the agreement is excellent.
The polarization fits are shown in Fig. 2. The
data at 16.2 MeV are not shown here since they
have yet to be published. Except for some dif-
ferences near the polarization peak, and at the

TABLE I. Optical potential parameters for p+ He
scattering.

Vp 8' Vlo Vex
{MeV) (Me V) {MeV) (Me V) {MeV) {mb)

6.82
8.82

10.77
16-.2

41.1
36.2
34.1
33.2

0
0
0.1
0.44

1.54
1.93
2.23
2.75

-4.41
-5.87
-5.69
-3.18

7.8
20.8

Geometry (in fm)

yp = 1.489 K; = 1.35 t'Io = 1.049 re+ = 1.32
ap=0. 144 a; =0.378 ago =0.289 a,„=1.19
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FIG. 1. Differential cross section for p+ He elastic
scattering at 6.82, 8.82, 10.77, and 16.2 MeV. The
data are from Befs, 11 and 13. The solid curves are
optical potential fits using the parameters of Table I.

forward angles for the 6.82 MeV data, we find
the agreement with experiment rather satisfactory.

Because of the complex spin structure of the
p+ 'He scattering amplitude, more observables,
besides cross section and polarization, must be
interpreted before one can claim that the calculated
amplitude is good enough. We can answer the
question about the reliability of the potentials ob-
tained above by testing them against polarization
transfer coefficients. " The coefficients K"„and
K,"'

have been measured" at the four energies
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FIG. 3. The polarization transfer coefficient K, in

p+3He elastic scattering at 6.82, 8.82, 10.77, and 16.2
MeV. The data are from Refs. 1 and 2. The solid curves
are optical model predictions using the parameters of
Table I.

FIG. 2. Polarization in p + He elastic scattering at-
6.82, 8.82, and 10.77 MeU. The data are from Ref. 12.
The solid curves are optical potential fits using the
parameters of Table I. the values they would assume in the absence of

spin-dependent for ces.

under consideration and will be discussed here
(the K, coefficient requires the addition of spin-
spin interactions to the potential and will be dis-
cussed in Sec. III below). Using the amplitudes
corresponding to the parameters of Table I, we
have calculated the coefficients K„" and K," . The
results are shown in Figs. 3 and 4. Noting that
the transfer coefficients were not included in the
search for the best fit parameters, we find the
agreement with experiment rather impressive.
The present results are of the same quality as
those obtained from R-matrix calculations and
are superior to those calculated using matrix ele-
ments based on microscopic calculations. " The
success of the simple optical model potential used
here in predicting the observed values for K„and
K,' indicates that these two coefficients are not
sensitive to the finer details of the interaction and
that the spin-orbit interaction plays the dominant
role in causing the deviations of K; and K," from

III. THE K~ COEFFICIENT AND THE SPIN@PIN
INTERACTION

The optical model potential used in the preceding
section does not depend on the spin of the 'He
target. It follows that the polarization transfer
coefficients K,' calculated from this potential are
strictly equal to 1. D viations of K,' from unity
are related to the nonvanishing spin of the target
and thus offer a handle on determining the size of
the spin-spin interactions between projectile and
target. Following a suggestion by Feshbach, "
one may add to the optical potential a spherical
spin-spin interaction of the form

U„(r) = —V„F,(r) o ' I, (2)

where o is the Pauli spin operator for the nucleon
and I is the target spin operator.

There have been several attempts in the past
aimed Bt determining the strength of the spin-spin
interaction. Unfortunately these efforts have been
rather inconclusive. " Calculations by Satchler"
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FIG. 4. The polarization transfer coefficient K in
p+ He elastic scattering at 6.82, 8.82, 10.77, and
16.2 MeV. The data as taken from Refs. 1 and 2. The
solid curves are optical model predictions using the
parameters of Table I.
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and by Dabrowski and Haensel" showed that the
interaction is weak for heavier targets. The analy-
sis of experiments on the scattering of polarized
neutrons from polarized targets was often ham-
pered by the role played by compound nuclear
effects. " Deviations of K,'from unity for targets
with spin I & —,

' were shown to suffer either from
these sa, me difficulties" or to be mainly due to
quadruple spin-flip effects. " In this respect the
'He nucleus offers a unique case since the latter
effects do vanish for a, spin--,' target. Moreover,
'He, being a light nucleus, should have a stronger
spin-spin interaction since the strength of this in-
teraction should, in an approximate sense, have
an A ' dependence on the ta, rget mass number.

Our first attempt at interpreting the K, data in-
volved treating the interaction of Eq. (2) complete-
ly phenomenologica. lly. The radial dependence of
the interaction was taken to be of the same shape
as that of the real centra. l potential. The effect
of this potential on the scattering amplitude is cal-
culated, to first order, using the distorted-wave
Born approximation. " The depth V„wa,s treated
as a free parameter to be determined from a fit
to the data, . The results of these calculations are
shown by the solid curves in Fig. 5. The values
of V„corresponding to these fits are shown in
Table II. The quality of the fits at the two lower

FIG. 5. The polarization transfer coefficient K, in
p+ He elastic scattering at 6.82, 8.82, 10.77, and 16.2
MeV. The data are taken from Refs. 1 and 2. The curves
are the results of introducing spin-spin interactions
whose effects are calculated using DWBA. The solid
curves correspond to a phenomenological spherical in-
teraction (see Table II). The dashed curves result from
a microscopic folding-model spherical interaction. The
dash-dot curves result from a combination of micro-
scopic folding-model spherical and tensor interactions.

energies is marginal, but improves at E~ = 10.77
MeV, and for incident proton energy of 16.2 MeV
the fit is indeed excellent. Noting that the data
for this latter case do cover a wider angular
range, one should not be too discouraged by the
lack of fit at 6. 82 MeV, where the measurements
consist of only two data points. We should also
point out that the present fit to the j.6.2 MeV data.
is slightly better than the one obtained using R-
matrix calculations' and that our fits to the 8. 82
and 10.77 MeV data are comparable to those using
phase-shift analysis, R-matrix, or microscopic
calculations. '

A folding-model calcula. tion was also carried out
for the spin-spin interaction. In this calculation
the first-order potentials are obtained by folding
the appropriate terms in the nucleon-nucleon po-
tential into the target ground state wave func-
tion. ""For .example, the spherical spin-spin



Lo&-ENERG Y p + 3He ELASTIC SCATTERIN(" AND THE ~ ~ ~ 1653

TABLE II. The strength of the phenomenological
1

spherical spin-spin potential obtained from K, data.

Ep
{MeV)

&ss
{MeV)

6.82
8.82

10.77
16.2

4.5
7.0
6.0
7.0

The geometry is that of the reaL central potential
{Table I).

interaction of Eq. (2) is written as

U„=(C„~V,„(o,o„,r,„) 4„),
where 4„ is the internal wave function of 'He and

V,„ is the nucleon-nucleon spin-spin interaction
(the subscripts 0 and n refer to the incident proton
and the unpaired neutron in the 'He target, re-
spectively); This interaction was taken from the
work by Eikemeier and Hackenbroich" and the
single Gaussian wave function of Reiehstein et al.
was used for 4 „. The depth of the resulting po-
tential was left as a free parameter to be deter-
mined from the data. The fits obtained from this
procedure were found to be essentially the same
as those using the phenomenological interaction
[Eq. (2)]. This is shown by the dashed oui ves in
Fig. 5. We note, however, that both fits miss
the very forward point at the energies 6.82, 8. 82,
and 10.77. MeV. It is seen that the forward data
point near 6, =40', at these three energies, is
difficult to reproduce using a spherical spin-spin
interaction. This is in contrast to the situation
at 16.2 MeV where the corresponding data, show a
larger deviation of K', from unity and are in good
agreement with the calculations.

Finally, we carried out a calculation to study
the effect of a tensor-type spin-spin interaction
on the fits to the K„' data. This potential was cal-
culated using the folding-model procedure outlined
above and the nucleon-nucleon tensor interaction
of Eikemeier and Hackenbroich. " The effect of
this potential on the scattering amplitude was again
calculated using DWBA. " It was found that this
tensor interaction alone does not yield good fits to
the K,' data. A combination of folding-model
spherical and tensor terms was tried (their
strengths were treated as free parameters). The
results are shown by the dash-dot curves in Fig.
5. We find that a good fit to the 6.82 MeV data
is obtained and that the fit to the 10.77 MeV
data is noticeably improved. It is not possible,
however, to improve drastically the fit to the
8.82 MeV data. Moreover, it is found that the fit

to the 16.2 MeV data obtained using both spherical
and tensor terms is inferior to the one obtained
using the spherical term alone.

The inclusion of the spin-spin potentials into the
calculations also has some effect on the other ob-
servables. These effects are generally small.
We find that when the spin-spin terms are in-
cluded the calculated cross sections are increased
by about 10% at back angles. This results in a
slight deterioration in the fit Bt these angles. The
e3lculated polarizations are also slightly different,
but the quality of the fits remains very nearly the
same. The effects of the spin-spin terms on the
polarization transfer coefficients K„" and K," are
such that there is generally a slight improvement
in the agreement between the calculated and the
observed values of these coefficients.

IV CONCLUSIONS

It has been shown in this work that the ordinary
optical model potential does provide reasonably
good fits to the cross section and polarization
data in p+'He elastic scattering in the energy
range 6. 8 —16.2 MeV. The reaction cross sections
predicted at the two higher energies are reasonable
in the li.ght of available data. The potential con-
tains a simple Majorana exchange term which is
important in obtaining good fits to the data. With--
out this term, a forced fit would require unreason-
ably large values for the absorptive part of the
potential. The exchange term is closely connected
with the requirement of full antisymmetrization
of the total wave function. " It is interesting to
note that the volume integrals per nucleon for the
real central potentials obtained in the present work
agree well with the corresponding values one ob-
tains for much heavier targets such as Pb and
"'Sn. Because of the limited energy range
studied, it is not possible to comment here on the
energy dependence of these volume integrgls.

It is most encouraging to find that not only does
the optical potential provide reasonably good fits
to' the cross section 2nd polarization data, but it
also yields values for the polarization transfer
coefficients K"„and K, , which are in good agree-
ment with experiment. From this one concludes
that the spin-orbit interaction is responsible for
most of the effects of spin-dependent forces on
these two observables. The measured values of
the polarization transfer coefficient K', for 16.2
MeV protons are in very good agreement with
those calculated by introducing a spherical spin-
spin intern. ction. Both phenomenologieal and
microscopic folding-model potentials give similar
results. However, the agreement between the
calculated Bnd observed values of K,' deteriorates
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as the energy decreases. This seems to be re-
lated to marked differences between the two sets
of measurements near forward angles. Including
a tensor interaction leads to improvements in the
fits for the 6.82 MeV and the 10.77 MeV data,
but would worsen the agreement at 16.2 MeV. It
is not likely that the fact that the spin-spin effects
are calculated to first order only is responsible
for the above difficulties, since these same prob-
lems are also present in other types of analysis. "
However, we stress here that the spin-spin depths
given in Table II should be regarded with caution
since they result from first-order calculations.

A better calculation would involve solving approp-
riate coupled equations in which the spin-spin
terms (as well as the rest of the potential) are
treated exactly. This effort, however,

'

must
await the availability of more detailed polarization
transfer data.
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