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Exact calculations are carried out for the optical model in the 20-Mev region. A complex potential of
spherical well shape is assumed in addition to the Coulomb potential. Results for the elastic scattering of
protons by Al, Cu, and Ag are compared with experiments. Though all relevant parameters are varied
over large domains, no satisfactory agreement is obtained. Various possible alternatives are discussed.
It is also shown that the “boundary condition model” offers a good approximation to the optical model

within its range of validity.

1. INTRODUCTION

HE optical model for the scattering of mesons

and nucleons by nuclei has enjoyed considerable
success. In this model the interaction of the incident
particle with the individual constituents of the scat-
tering nucleus is represented by an effective potential
which enables one to reduce the problem to an equiva-
lent one-body problem. The effective potential is in
general complex, thus making a rather close analogy
with the scattering of an electromagnetic wave by a
medium of complex index of refraction.

The first success of the optical model was in high-
energy neutron scattering.! Later, meson reactions were
analyzed,? and, most recently, low-energy neutron
scattering data were very successfully explained by
this model.? Though the eventual theoretical justifi-
cations for the model may be of very different nature
at high and low energies, respectively, it is reasonable
to expect satisfactory results also at intermediate
energies. Indeed, Le Levier and Saxon? obtained fairly
good agreement with the elastic proton scattering
experiments on Al at 18.6 Mev.5 However, further
experiments® soon showed that the calculated differ-
ential cross section is too large near 180° and in general
too flat. For these reasons it was felt that further
investigation of the 20-Mev region is appropriate.

Unfortunately, all recent experimental differential
cross sections at that energy are for protons rather
than for neutrons. Since the Coulomb and nuclear
potentials are here of equal importance, this fact implies
a considerable complication of the calculations. We
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have carried out exact calculations for several elements
on the basis of the optical model but were limited by
the lack of tables of Coulomb functions for parameters
corresponding to proton scattering by elements of
Z>50. Results are presented for Al, Cu, and Ag.

In addition to allowing a comparison with experi-
ments, the exact calculations also enable one to check
on approximate theoretical treatments. In particular,
the boundary condition model is here investigated.” In
this model it is assumed that the logarithmic derivative
of the wave function ¢; at the boundary R of the nucleus
is independent of the angular momentum / of the
incident particle, and that inside the nucleus ¥; is of
the form of an ingoing wave only:

€Y

k' is an average wave number of the incident particle
inside the nucleus. This assumption is expected to be
valid when the energy of incidence is sufficiently high
so that exit through the entrance channel after pene-
tration into the nucleus is very improbable. The
logarithmic derivative at the boundary is

fi= (d Inu,/d Inr),_p=—ik'R.

w=nry~exp(—ik'r).

2)

This relation provides an approximate treatment of
the optical model. The results of this treatment will be
compared with those of the exact calculation.

In the next section we shall outline the method of
calculation and in Sec. 3 we shall present the results
for a variety of parameters. These are compared with
the results of several experimenters and lead to the
conclusions stated in the final section.

2. METHOD OF CALCULATION

A nonrelativistic particle in a complex potential
satisfies in a stationary state the Schrodinger equation

VA4 (2M /) E—V (r)—iW (r) ¥ =0, ©)

where V and W are the real and imaginary part of the
potential. In the usual way one finds an equation of
continuity,

9p/3t+V j= 20/ W)W, 4
7H. Feshbach and V. F. Weisskopf, Phys. Rev. 76, 1550 (1949).
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with p=y*y and j= (%/2M1) Y*vy—y¢vy*). It follows
that the nucleus absorbs the incident beam of particles
at a rate (20/%)|W|, (W <0). We shall assume

—Ve (<R —W, (<R
(r<R) W)= (r<R) )

V(") = ) ’
Zé/r (r>R) 0 (>R

where R is the radius of the nucleus. The potential (5)
corresponds to the assumption that the charge of the
nucleus is distributed uniformly over its sur face. If the
nucleus had a uniform charge density throughout its
volume a correction would have to be added for r<R
which is small compared to V. Also, the large absorp-
tion—the experimental absorption cross section is
approximately geometrical—would prevent the incident
particle from penetrating deep enough to detect such
variations of the potential. The parameters Z, R, V,, W,
completely characterize the nucleus in this model.

The solutions #; of the radial equation for each
orbital angular momentum ! are nonrelativistic Cou-
lomb wave functions: F;(kr) and G;(k7) for >R, and
k'rji(k'r) for r<R. Here,

B=2ME/%?, K=k+QM/12)(Vo+iWo), (6)

and j; is the regular spherical Bessel function of order /.
The phase shifts are obtained from the requirement of
smoothness of the wave function. We define the loga-
rithmic derivative at 7=R as in Eq. (2):

fl= ar+1b;. (7)

The calculation now proceeds in the usual way,? except
that &2 is a complex number. Therefore, the solution
u; will also be complex and the phase shifts will be of

the form
’61—|— €. (8)

For the comparison of f; on both sides of the discon-
tinuity we find
k'Rj/(k'R)
=
7R ,
kR[F/ (ER)+tan(8;+2€,)G/ (kR)]

F, (k.R)+ tan (5l+’iez)Gz (kR)

An easy calculation yields from this:

exp(—4e)=1—4r,/[124 (ri+1)], (10)
b= —arg(G+iF)+1 arg[ti+i(ri—1)]
—Yarglti+i(r1)], (11)
where
t1=GiG/+F.F/— (Fl2+Gl2)al/kR; (12)
ni=(F2+G?)|bi| /kR; (13)

the differentiation is with respect to k7, and all functions
are to be taken at »=R.

8 See, e.g., J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear
Physics (John Wiley and Sons, Inc., New York, 1952).

In order to evaluate the phase shifts from Egs. (10)
and (11) the Coulomb functions must be known and
the functions j;(k¥'R) and 7/(k¥’R) in Eq. (9) must be
separated into their real and imaginary parts. For the
determination of the Coulomb functions F; and G; the
tables by Breit and collaborators proved most helpful.®
However, four and five point interpolation and extra-
polation is necessary in some cases, since the tables list
only functions for angular momenta /<4 and these
must be known very accurately so that recursion
formulas can be used to obtain functions for higher
values of /. For a given argument p=%R and parameter
n=Ze*/hv the four functions F,, F/, G;, and G/ are
connected by the following relations:1°

F/Gi—G/F,=1, (14)
Fl_.lGl"Fle_1=l/[l2+772]%, (15)
D[P+ 1Y = 241 (0+10+1)/p) Y,
HILC+H1)* 471 14.=0, (16)
DY/ = ((+1)%/p+0)Y.
+[(l+ 1)2+772]§Yl+1= 0, (17)
{4 +P/p)Y1— [P+ PV 1=0, (18)

where
Yl= Gz+’LF1

These relations are not all independent. In particular,
Eqgs. (14) and (15) follow from (17) and (18). If, for a
definite /, any three of the set of four values (F;, F//, Gi,
G/') are known, this set can be calculated for all values
of /. For example, all F;, F/, Gi, G/ can be calculated
from Fy', Fo, and Go,. However, as one proceeds to
larger / the accuracy decreases rapidly. In this connec-
tion those of relations (14) to (18) which seem super-
fluous can be used advantageously in checking the
numerical work. Unfortunately, the range of the argu-
ment of the aforementioned tables is not sufficient for
heavy elements at 20 Mev. Indeed, for 18.3 Mev and
the usual nuclear radius [see Eq. (22)] one finds for Ag:
kR=6.36, which is just outside the range of the tables
but can be reached by extrapolation.

The separation of j;(¥'R) into its real and imaginary
part can be accomplished either by the series

Gulartita) = (140) >°':0jm<x> ()" (3t—i)»/nl, (19)

or by expressing 7; in terms of sine and cosine functions
of complex argument. The separation 7;’ can be reduced
to that of j; and j,—; by well-known relations among
Bessel functions. The spherical Bessel functions 7; of
real argument are tabulated.

9 Bloch, Hull, Broyles, Bouricius, Freeman, and Breit, Revs.
Modern Phys. 23, 147 (1953).

10 J. L. Powell, Phys. Rev. 72, 626 (1947).

1t National Bureau of Standards, Mathematical Tables Project,
Tables of Spherical Bessel Fumctions (Columbia University
Press, New York, 1947).
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After these somewhat laborious auxiliary calculations
the phase shifts can be obtained from Egs. (10) and
(11). The differential cross section is found to be

do/dQ= (S*+T2) /4R, (20a)
S@) =3 (214 1)[exp(—2¢)) cos(26,420)
- —c0s201 )P (cosd)+ (n/sin?sd)

Xsin (29— 29 In sind), (20b)
T(9) =3 2+ 1)exp(—2¢;) sin (26,4 20)
- —sin2e; P (cosd) — (n/sin?d)

X cos(200— 2 In sinkd).  (20c)

The Coulomb phase shifts oo can also be found in
tables.!?
The absorption cross section is

cra=(w/kz)lz;(Zl—l-l)[l—-exp(—4e1):]. 1)

It is not explicitly dependent on the Coulomb potential.
The formulas (20) express clearly the coherent effect
of the Coulomb and nuclear scattering. It is clear from
these equations that the amplitudes cannot be written
as the sum of an exclusively Coulomb and another,
exclusively nuclear, contribution. This fact makes the
strict concept of interference between two scattering
effects inapplicable for the case of Coulomb and nuclear
scattering. Nevertheless, we shall refer to such inter-
ference in the sense of comparison of this scattering
with pure Coulomb scattering. For simplicity we shall
take the pure Coulomb scattering for a point nucleus
(Rutherford scattering).

The summation in the first term of S(#) and 7'(@) in
(20) extends up to the highest angular momentum I/,
which contributes to the nuclear scattering. For Al,
1, is about 5 or 6, whereas for Ag, l;=7.

3. RESULTS®
We choose for the nuclear radius
R=1.424¥X10"8 cm, (22)

and for the energy 18.3 Mev, the energy at which
Gugelot’s experiments are carried out. The results are
not very sensitive to the choice of R as will be shown
below. The choice of Vy and W, is somewhat arbitrary.
A reasonable value would perhaps be V,=30 Meyv,
corresponding to the usual Fermi gas well, where for
light elements (Al) one may expect that the Coulomb

2 See, for example: National Bureau of Standards, Tables of
Coulomb Functions (U. S. Government Printing Office, Wash-
ington, D. C., 1952), Vol. 1.

18 Most of the results discussed in this section were first reported
at the Washington Meeting of the American Physical Society,

May, 1953; see F. Rohrlich and D. M. Chase, Phys. Rev. 91,
454 (1953).

barrier of a few Mev should be subtracted; Le Levier
and Saxon claim best results with Vo=45 Mev. The
value of W, for a given V, depends, of course, on the
energy. The optical model gives the relation

Wo= 2[V2 (E+ Vo)+ V22:P, (23)

where V,=#ks2/2M, ky=1Imk’. We can introduce the
penetration depth A which is the distance a nucleon
beam travels in nuclear matter before its intensity is
reduced by 1/e. It follows that 2A=1/k,. For practical
purposes V, can be neglected compared to E+V, such
that Eq. (23) may be written conveniently

Wo=4.5(E+V0)Y/A, (24)

where the energies are in Mev and A is in units of
10~ cm. We can obtain an estimate of Wy at 20 Mev
by a somewhat daring extrapolation from the 90-Mev
neutron data. The penetration depth A may be taken
approximately equal to the mean free path in nuclear
matter. The latter increases at most proportionally to
E+V,, but at lower energies the exclusion principle
will reduce this dependence considerably. With these
assumptions we find from! A(90 Mev)~4X10— cm,
Vo~30 Mev, a value A(20 Mev)~1.7X107# cm.
Equation (24) now gives W¢~20 Mev. The potential
—V'=30+420; Mev thus seems to be a reasonable first
approximation near E=20 Mev.

The most important results of our calculations are
shown in Figs. 1 to 6, together with experimental

100

Ve=Vo-iWo
Vo= 45 Mev.
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F16. 1. Elastic scattering of protons by aluminum. The solid
curve is the result of an exact calculation at 18.3 Mev. The
dashed curve represents the experimental results of Dayton at
19.140.2 Mev. The experimental points in this and the following
figures are those of Gugelot at 18.3 Mev.
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Fi1c. 2. 18.3-Mev protons on Cu. The good approzimation
offered by the boundary condition model is compared with the
exact calculation (square well shape).

results of Gugelot and of Dayton.® These are the only
experiments at the present time which give absolute
values of the cross section.

In Fig. 1 we present the recalculated Al cross section
for — V' =45+420:7 Mev first obtained by Le Levier and
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F16. 3. 18.3-Mev protons on Cu. The dependence of the cross
section on V, and W, is exhibited.
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Saxon.* The calculations agree with the general trend
of the measured differential cross section but certainly
do not reproduce the pronounced maxima and minima.
We notice that nuclear and Coulomb scattering interfere
constructively for Al in the sense that the measured
cross section over most of the angular range is greater
than that for pure Coulomb scattering from a point
nucleus.

On the other hand, there is no constructive inter-
ference for Cu (Fig. 2). The experimental points indicate
that the total scattering cross section is about equal to
that for Coulomb scattering. The two theoretical curves
for —V=45420; Mev represent the exact optical
model and the boundary-condition model, respectively.

1000

100

S
~<o
~

\‘ V=-45-i20 (157)
NS
?

N

Coulomb ~~~=-——eum
°r \i
Ve -45-120(1-0) é\ :
1 1 i 1 1 1
20° 40° 60°  80° 100° 120° 140°  160°

Fic. 4. 18.3-Mev protons on Cu. At large angles the cross section
is about four times s-wave scattering in a Coulomb field.

The latter is seen to give a fairly good approximation
to the former, but is in general smoother, i.e., it shows
less pronounced minima and maxima. Both curves are
far above the experimental data.

In order to study the dependence of the theoretical
cross section on Vo and Wy, in Fig. 3 several extreme
assumptions are compared with the results of Fig. 2.
The effect of a relatively too small absorptive part, Wo,
is seen in the extreme case, — V=45 Mev. The angular
variations are much too large and the cross section is
orders of magnitude too large for angles above 90°.
(This result is of special interest in connection with the
potential — V=207 Mev recently proposed by Weiss-
kopf® which explains the total neutron cross sections
below 3 Mev.) However, a reduction of the real part
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of V by a factor of two or even four has relatively little
effect as long as the imaginary part is kept large.

One might be inclined to think that for large angles
the scattering is primarily due to s waves. That this is
not at all the case is shown in Fig. 4, where s scattering
is compared with previous results. Indeed, s scattering
accounts for only one-fourth of the cross section at
large angles. (The Coulomb scattering is, of course,
always fully taken into account.)

For larger Z, nuclear and Coulomb scattering inter-
fere destructively (in the above sense). The actual
cross section is only a fraction of Coulomb scattering.
Figure 5 shows the results for Ag. A reasonable po-
tential, — V' =2354-20; Mev, gives about six times more
scattering than is observed. Even a rather extreme
case, — V'=>5+45¢ Mev, gives much too much scattering
between 70° and 150°.

Finally, in Fig. 6 we show the effect of a variation
of the nuclear force range. Conveniently, only the first
five phase shifts were calculated. For Cu, 2R=5.33 if
we use Eq. (22). The corresponding cross section (in
the boundary condition approximation for —V =45
-+20:; Mev) is shown, first with all contributing partial
waves (I<7) included, and again with only the first
five included. Also shown are the cross sections for two
different radii corresponding to kR=35.0 and 5.8 (1 <4).
We see that even a variation of almost 4=10 percent
leaves the theoretical curves several times higher than
the measured values.

A number of further results will be mentioned in the
following section.

4. CONCLUSIONS AND DISCUSSION

(1) Comparison of the differential cross section in
the approximation of the boundary-condition model
with that from exact calculations shows that this
approximation yields very good results, but gives
somewhat less pronounced structure. A typical instance
is shown in Fig. 2.

(2) When the experimental results are compared
with pure Coulomb scattering by a point nucleus, a
marked dependence on Z appears: For small Z the
nuclear forces contribute constructively to the scat-
tering; for Z~29 (Cu) they do not change the total
scattering cross section, but cause maxima and minima
in the differential cross section; for larger Z they
contribute destructively. This Z dependence is most
pronounced at large angles, as can be seen from the
following four cases at 150°:

zZ 13 29 47 78
Texp(150°)/0cou(150°) 6.1 1.0 0.31 0.16

(3) The optical model with a square well shape and
with the accepted nuclear radii [Eq. (22)] gives con-
siderably more scattering than an equally large point
charge, so that reasonable agreement with experiments
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Fi1G. 5. 18.3-Mev protons on Ag.

can be attained only for small Z. This result is valid
over a very large range of both V, and W, and over
considerable variations of the nuclear range.

(4) The absorption cross section is found to be be-
tween 60 and 90 percent of the geometric cross section
for Wy~20 Mev in qualitative agreement with experi-
ments.
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F16. 6. 18.3-Mev protons on Cu, dependence of the cross section
on the nuclear radius. The accepted radius (#R=35.33) gives an
approximate cross section (/<4) which is compared with cross
sections for larger and smaller radii in the same approximation.
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(5) The experimental minima and maxima of the
differential cross section are more pronounced than can
be reproduced by this optical model, if the absorption
is to be large enough and the backward scattering small
enough.

Several assumptions made in this paper can be held
responsible for the negative results presented above.
The lack of a ‘“tail” of the nuclear potential and the
consequent discontinuity of the total potential on the
nuclear boundary is perhaps the most obvious defect
of the model investigated here. Also, for wavelengths
of 10~ cm the assumption of a sharp nuclear boundary
is questionable.

Other deficiencies include the neglect of the Pauli
principle and the absence of other forces not usually
included in the optical model. It should be pointed
out that the large absorption does not permit a particle
to be scattered after it has penetrated an appreciable
distance into the nucleus. Therefore, the scattering
cross section should be practically independent of the
detailed shape of the potential for r <R. Furthermore,
the experiments show no dependence on magic numbers
or spins of the target nuclei. Spin-dependent forces,
therefore, should not be of importance.

However, there seem to be at least two strong
arguments in favor of a small absorption potential W.
One is the excellent agreement of the potential? —V
=19(1+0.057) Mev with the neutron scattering data
up to 3 Mev; the other is.the strong angular dependence
of the 20-Mev proton scattering data observed by
Cohen and Neidigh® and by Dayton (see Fig. 1). The
steep maxima and minima require a very small W,
perhaps of the order of 5 Mev. From Eq. (24) we see
that this implies A(20 Mev)~6.5X10"% cm, which is
of the order of magnitude of the radii of the investi-
gated nuclei and means that the scattering would be
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much more sensitive to the shape of the potential well.
In this case, it also follows that the extrapolation from
the 90-Mev data with the accepted energy dependence
of the mean free path [see the argument following
Eq. (24)] is completely wrong and that A is actually a
decreasing function of energy, at least for ES 50 Mev.
This situation is in very nice agreement with the great
success of the shell model at very low energies: the
more independently the particles move, the larger is
their mean free path. If we accept these arguments and
use a potential —V=304-20; Mev, say, then our
calculations show that it may indeed be possible to fit
the observed angular distribution for not too large
angles (up to 90°, say), but that for larger angles this
potential gives much too much scattering. The latter
effect may then be blamed on the spherical well shape
whose large discontinuity causes too much reflection.
Thus, with these arguments we are led to believe that
a potential of approximate magnitude —V=30+35:
Mev which has a sufficiently long tail may fit the observed
angular distributions. However, such a model would
probably give a rather small absorption cross section.
Calculations along these lines are in progress.

It will be extremely interesting to study the scat-
tering of neutrons by nuclei in this energy region. If
the model presented here can account for neutron
scattering, our results show that the optical model can
give the correct nuclear scattering amplitude except for
a phase factor. This phase factor is of no interest for
neutron scattering, but is essential for proton scattering.

In conclusion, we wish to thank Professor P. C.
Gugelot and Dr. I. E. Dayton for discussing their
experimental results with us and Mrs. Ruth Shoemaker
for her able help in the early stages of the numerical
work.,



