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section given here by as much as a factor of four. Self-
absorption corrections are necessary for the primary
beam only, since the Doppler shift should prevent
nuclear resonance absorption of the scattered photons.
Experiments are now being planned to study the self-
absorption eGects in detail.

In spite of the crudeness of the experiment, there are
significant diGerences in the elastic scattering cross
section as a function of photon energy for the various
nuclei studied. The differences depend on the level
structures and oscillator strength distributions for the
individual nuclei.

Bethe and Ashkin' have predicted the qualitative
features of the scattering cross section reported here.
For heavy nuclei the scattering cross section just below
the (y,e) threshold is expected to approach the value
obtained by extrapolating the (y, ts) cross section into
this energy region. For all of the nuclei studied except
Au the general features of Fig. 42 of reference 2 are
well reproduced when the present scattering data are
combined with the available data on a(y,e). The fact
that in the case of Au the neutron yield curve does not
join smoothly with the elastic scattering curve is
probably an indication that the inelastic scattering

TsnLE I. Elastic scattering cross section in cm'/sterad.

Energy
{Mev)

4.2- 4.7
6.5- 7.8
7.0- 7.8
8.9—9.9

11.1-12.2
18.5-14.7
15.2-17.0
17.8-19.5
21.0-28.0
24.9-28.2

Cu
X10

2.1 +1.1
9.4 +1.2
2.8 &1.2
0.79&0.55
0.95+0.54
4.4 &1.2
8.9 &1.8
5.6 &1.1
4.8 +1.0

Mn
X10 "
5.7%5.7
9.1+2.5

80 +5
&0.42

1.8+0.7
2.5W0.9
3.5+1.Q
5.0&1.4

Sn
X1Q2g

0.57&0.82

7.4 &0.6
1.4 a0.4
0.17&0.17
1.1 &0.4
1.9 a0.4
1.9 +0.4
1.1 %0.8
1.2 +0.8

Au
X10 2g

2.8%1.8
1.6%0.7

1.1&0.4
2.6&0.7
6.0&1.0
5.8&1,0
8.2+0.6
1.1&0.4

Pb
X10~

1.8&0.6

9.9+2.1
1.6&0.8
4.8&1.8
9.8%1.7
8.2~2.2
4.4+1.1
1.9&0.9
2.7&0.9

Bi
X10~

8.8&2.2
18.2+2.9

0.57&0,38
0.25&0.07
7.6 &1.6
6.7 &1.5
4.8 +1.2
8.9 &1.7

2—

pl I I I I I I I I I I I I I I

0 2 4 6 8 0 l2 l4 l6 l8 20 22 24 26 28 30
E, Mev

FIG. 1.Di6erential cross section at 120' for the elastic scattering
of photons by lead. The energy spread indicated for the points is
the width of the differential discriminator channel and the stand-
ard deviations on the intensities are based only on the number of
counts registered. The open circles at the low- and high-energy
end of the graph show, respectively, the magnitudes of the Thomp-
son scattering cross section by the whole nucleus and by the Z
free protons. The point at 17.6 Mev is taken from the data of
M. B. Stearns )Phys. Rev. 87, 706 (1952)j.

cross section in Au is considerably larger than the
elastic scattering cross section for energies just below
the (y, ss) threshold. A large inelastic scattering cross
section peaking near the (y,e) threshold has been
observed for gold. '
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the Once of Scienti6c Research of the Air Research and Develop-
ment Command.' E. G. Fuller and Evans Hayward, Phys. Rev. 94, 732 (1954).
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[N CERTAINTIES in the analysis of recent
p,-meson scattering experiments' ' have empha-

sized the necessity for a reasonably accurate estimate
of the modi6cation in the Coulomb multiple scattering
distribution required to properly take into account the
finite extension of the nucleus.

In particular, cosmic-ray experiments' performed
recently have been interpreted as indicating the ex-
istence of an anomalous (i.e., nonelectromagnetic)
p,-nuclear interaction which cannot be explained in
terms of known p,-meson interaction processes. In most
of these experiments the multiple scattering distribu-
tion of relativistic p mesons from 2- or 5-cm lead plates
is measured; then the experimental results are com-
pared with the predictions of the Olbert' and Moliere4
multiple scattering theories. Although by no means the
only di%culty arising in the interpretation of such ex-
periments, one of the most striking is the absence of a
reliable estimate of the expected electromagnetic
multiple scattering distribution at large angles.

In the Moliere multiple scattering theory the nucleus
is treated as a point charge. The single scattering cross
section is taken to be the Rutherford cross section
modi6ed at small angles due to electron shielding. In
the Olbert theory an attempt is made to estimate
the effect of the nuclear extension by multiplying the
single scattering law for projected angles by a step
function which cuts o6 all single scattering beyond a
certain projected angle. This gives a very great under-
estimate of the multiple scattering at angles beyond
the cuto6 angle where the Olbert distribution has a
Gaussian dropoff and soon falls greatly below any
reasonable single scattering curve. It is easily seen that
the correct multiple scattering curve should always fall
above the single scattering curve at large angles (for a
reasonable choice of the single scattering law).

We have, therefore, attempted to develop procedures
for solving the multiple scattering problem starting



LETTERS TTO THE ED ITOR

with single scatterinering cross sections of the form
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same result as choosing R=1.0A&X10 "cm with Ftv
applied to the law for total angle scattering. Inelastic
scattering was not included here, but will be discussed
in the article to follow.

* This work was supported in part by the joint program of the
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Commission.' W. L. Whittemore and R. P. Shutt, Phys. Rev. 88, 1312 (1952).
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44, 1101 (1953).' S. Olbert, Phys. Rev. 87, 319 (1952).

z G. Moliere, Z. Naturforsch. 2a, 133 (1947); 3a, 78 (1948).' L. I. Schiff, Phys. Rev. 92, 988 (1953).' See S. Olbert, (reference 3) for def'mitions of zo, x, G, Q, and
other symbols used in the modi6ed Moliere theory.

'H. Margenau and G. M. Murphy, Tfze Mathematics of Chem
istry aid Physics (D. Uan Nostrand Publishing Company, Inc. ,
New York, 1947},p. 461.

ments at 300Mev are not sufFiciently extensive or
accurate to 6x all the parameters involved.

In addition to the above considerations there is
another still unconsidered point that has a bearing on
the interpretations of the calculations. A formal analysis
of the justification of the optical model of high-energy
nucleon-nucleus scattering has been Inade, which leads
to the conclusion that in general the predictions of
this model are valid only for small scattering angles.
The exact line between small- and large-angle scattering
is, of course, not precise. For the light elements, Be
and C, however, the predicted first diGraction minima
and the associated polarization phenomena occur at
an angle ~20'. One notes that not only is the dip in the
polarization not observed, but also that the first dif-
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HE polarization of high-energy nucleons elasti-
cally scattered from spin-zero nuclei must be a

consequence of an effective spin-orbit potential in the
nucleon-nucleus interaction. This suggests a simple
generalization of the conventional optical model of the
nucleus by the addition of a spin-orbit potential. Calcu-
lations of the polarization to be expected from this
model as applied to beryllium and carbon have been
made in several instances. ' The results are in qualitative
agreement with the experimental measurements in that
they show that a small spin-orbit potential, of the order
of 1 Mev, can lead to the large polarizations observed.
However, the calculations indicate that in the region
of the diffraction minima, the polarization shows a
double reversal of sign within an angul'ar region of a
few degrees. This double reversal, or dip, is not experi-
mentally observed in Be or C.' It has been suggested
that this dip as it appears in the calculations is a reQec-
tion of the use of a square-well central potential. ' Our
calculations for the polarization of 290-Mev neutrons
elastically scattered from carbon indicate that if the real
central potential is taken to be zero or su@.ciently small
compared to the imaginary potential, the dip is not
eliminated by rounding o8 the edges of the square well. 4

However, if for a given potential-well shape the real
central potential is increased sufficiently, relative to
the imaginary central potential, the dip in the polariza-
tion becomes of less significance, so that experimentally
it would not be observed. Both the shape of the well

and the magnitudes of the potentials should of course
be fixed by a comparison with the experimental scatter-
ing measurements. It is felt, though, that the measure-
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Fxo. 1. The calculated polarization of 290-Mev neutrons elas-
tically scattered from aluminum. The crosses, X, are the experi-
mentally measured polarizations for protons elastically scattered
from aluminum as given by reference 5.

fraction minimum is not observed. Now if the absence
of these phenomena in Be and C can be ascribed to the
lack of validity of the model for large scattering angles,
one would expect that for the heavier nuclei, where
the diGraction and polarization occur at smaller angles,
these phenomena would manifest themselves according
to the predictions of the calculations. Such indeed is the
case. Chamberlain, Segre, Tripp, Wiegand, and Ypsi-
lantis' have found that a dip in the polarization occurs
for the elements Al, Ca, and Fe, in the region around
the diffraction minima. The calculated polarization of
290-Mev neutrons elastically scattered from Al, assum-

ing a parabolic-shaped central nuclear potential, ' is
shown in Fig. 1, along with the experimentally observed
polarization for 290-Mev protons elastically scattered
from aluminum. The second dip that is predicted by the
model would not be expected to be experimentally ob-
served because of the probable lack of validity of the
model for such large angles of scattering. ' The eGect
of including the Coulomb potential in the calculations
to describe the scattering of protons will be to decrease
the maximum polarization and to widen the region of
the dip in the polarization.


