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TABLE I. Experimental and theoretical values of the ratio 0 (0')/o (90').

Final
spin

1/2
3/2
7/2

t7. (0 )
Ln(90')3, b,

1.6
1.2
0.7

1.57
1.25
0.79

1.31
1.15
0.84
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HEN a nucleon of several hundred Mev collides with a
nucleus, there is no a priori reason to believe that the

force it feels is the force exerted on low-energy particles as de-

TABLE I. Percentage polarization for scattering of protons at various
angles. tI) is the scattering angle in the center of mass of the nucleon-nucleon
system. Except for small relativistic e8ects this is twice the laboratory angle.

Percent polarization
p-d p-a

30
45
60'

35
40

43%
79
92

the W.K.B. approximation, and l values &3 for the deuterons
and &6 for the protons were neglected, It is estimated that 90
percent of each reaction is due to l values within these limits.

In the case of the reaction Niss(d, P)Ni" (Fig. 1), the shell model
predicts a state 3/2 for the final nucleus. The results are seen
to be in good agreement with this prediction, although they are
not inconsistent with a 6nal state of spin 5/2 . In the case of the
reaction Ni" (d,P)Ni"* (Fig. 2), the shell model does not predict
the spin, although since the lowest available levels are I"l',
f'l', and I"l, an odd parity is strongly implied. The observed re-
sults are in reasonable agreement with a final state 7/2, and are
totally inconsistent with any of the other assumptions (an esti-
mate of the theoretical curve for a 9/2 final state indicates an
approximately isotropic angular distribution). The third proton
group (Fig. 3) corresponds to a transition to a level at 1.7 Mev in
Ni", or at 1.3 Mev in Ni". The results are seen to be in excellent
agreement with the theoretical results for a 1/2 final state.

The theoretical curves in Figs. 1 to 3 have been calculated for
single-particle excitation in the compound nucleus LF(J)=1 ex-
cept for F(0)=s', in Wolfenstein's' Eq. (9)]. If the alternative
assumption of multiple particle excitation (F(J)=25+1] is
employed, the resulting angular distributions are somewhat more
isotropic. Table I gives the ratio of the differential cross section
at 0' to that at 90' as observed and as calculated from the alter-
native assumptions of single-particle excitation (s.p.e.) and
multiple-particle excitation (m.p.e.). The assumption of single-
particle excitation is seen to agree somewhat better with the
observed results, but the difference is not completely de6nitive.

The results presented here appear to corroborate the statistical
theory of Wolfenstein. We should like to point out that for re-
actions in which the theory is applicable and in which individual
proton groups may be resolved, an analysis of angular distribu-
tion data in terms of the statistical theory may be expected to
give signi6cant information concerning the spins of the states
involved.

+ This work was supported in part by the U. S. Atomic Energy Com-
mission.

I Additional work using separated isotopes is planned to settle this
point among others.
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scribed, for example, by the shell model. However, it is interesting
to attempt to describe the process in terms of elementary inter-
actions with the individual nucleons. With the impulse approxima-
tion' one can indeed formulate such a scattering problem, pro-
vided the nucleon wave function is known. The lack of knowledge
of detailed nuclear wave functions is what limits the applicability
of such calculations to processes involving deuterons.

If one observes, however, that the entire dependence of the
matrix element upon the nucleon wave function is contained in
the "sticking factor" (overlap integral between the initial and
6nal states), and that the polarization is essentially the ratio of
two cross sections, then one is led to suspect that for nuclei
possessing a sufhcient degree of symmetry, the sticking factors
cancel out and the polarization may be calculated without any
knowledge of the nuclear wave function. It can be shown that
the deuteron and all alpha-particle nuclei have this property.
Furthermore on this model all alpha-particle nuclei should give
the same polarization.

A method of constructing an S matrix for the scattering from a
complex nuclei in terms of the n-p and p-p phase shifts has already
been described. ' Using the tensor force p-p phase shifts of Gold-
farb and Feldman, s and the e-P phase shifts of Swanson, ' polariza-
tions have been calculated for incident protons of 240 Mev. The
polarizations at various angles are given in Table I,

Note that the phase shifts used give qualitative agreement
with the polarization eGects found in nucleon-nucleon scattering.
It is significant, then, that interference and spin-correlation
e6'ects work in such a way as to markedly increase the polariza-
tion, in agreement with recent experiments. '

It is tempting to generalize the above results, arguing that
most light nuclei consist of an alpha-particle-like core plus a few
excess nucleons, so that most of the scattering is from the alpha-
particle core. On the basis of this picture one may argue that all
nuclei of 4 &Z &20 should give about the same polarizations.

A more detailed paper will appear shortly.
*This work was performed under the auspices of the U. S. Atomic Energy
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'HE polarization of high-energy protons scattered by nuclei
has recently been reported. ' According to the work of

Marshall, Marshall, and de Carvalho, ' the greater part of the po-
larized component of the scattered beam appears to be elastically
scattered by the nucleus. The elastic scattering of fast particles
by nuclei is often described using the "optical model" P however,
it is clear that the simple optical model must be modi6ed by spin-
interactions if it is to lead to polarization. For instance, Fermi
has recently proposed adding to the optical model potential a
spin-orbit interaction which is 15 times the "Thomas correction. "
This choice was motivated by the strength of the spin-orbit
splitting supposed in the Mayer-Jensen shell model of nuclear
structure.

In the present note, we wish to remark that a term similar to
that suggested by Fermi can arise naturally in the Serber model
of high-energy nuclear reactions. In the Serber model, one pic-
tures a fast neutron or proton in a nucleus as scattering against
individual nucleons as if they were essentially free. This permits
one to describe the scattering by the nucleus in terms of the
scattering by free nucleons. In contrast to this are the theories
which suppose collective properties of the bound nucleons to
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determine the characteristics of the interaction with an incoming
particle.

To And the implications of the Serber model, let us first con-
sider the scattering amplitude for proton-proton scattering,
(q'~t~ q), where q and q' are the respective initial and final rela-
tive moments. It will prove convenient to use the parametric
representation of Wolfenstein and Ashkino for (q'~1~ q). This will
permit us to express the polarization for nucleon-nucleon and
nucleon-nucleus collisions in terms of the same set of parameters.
Since the polarization appears to be large at small scattering
angles' 0, we shall simplify the discussion by expanding t in
powers of 9, keeping no more than the linear term. (The general
expressions may be easily written down, but are too lengthy to
give here. ) Then

(q'~&~q)=Ao+o'i oroAo'+(rri+orp) (q'Xq/q'q)Ai+ .
, (1)

where the A's are complex constants. The o's are the proton spin
operators. For n-p scattering a similar expression will obtain, the
constants A being replaced by a new set of constants 8, char-
acteristic of the n-p interaction.

The optical model potential' is expressed in terms of t by

A
v, = (t) —exp[ o(p' —p) x—]d'x, (2)

where A is the mass number and Vg the volume of the nucleus.
The integral is taken over the nuclear volume. Also p and p' are
the initial and final momenta, respectively, of the scattered
proton. By (1), we mean the average of f for the neutrons and
protons in the nucleus, these being considered as "target par-
ticles. " This average includes an average over their spins. To the
extent that these spins are randomly oriented, terms linear in
their spin operators tend to average to zero. If, for the sake of
argument, we consider pro in Eq. (1) to refer to a nucleon in the
nucleus, then we approximate (t) by setting equal to zero in Eq.
(1) the terms linear in pro. This gives

A '- ql
v.=—Ao+or. —,X—Ai exp[—i(y' —p) x]d'x, (3)

q q

where e now is the spin operator of the bombarding proton. Here
A. p and Ai represent the average of the amplitude of Eq. (1) for
p-p and n pcollisio-ns; i.e. , Ap=A '[ZAp+(A —Z)Bp], etc. ,
where Z is the atomic number of the nucleus.

The polarization for p-p scattering is

Bv v= (» +il)spin/(t t)-spin

~4 Re[(Ao+Ao')Ai*] sin8i b/((Ao( +3(Ao''( ), (3)

to first order in the laboratory scattering angle, 8&,b. By o& we
mean the component of o'& in the direction q')& q. The n-p polariza-
tion is obtained by replacing the A's by B's in Eq. (3).

We shall calculate the polarization for the scattering of a proton
by the nucleus in the Born approximation, as did Fermi, which
does not seem unreasonable for the lighter nuclei. This is ob-
tained by replacing t by v, in Eq. (4):

B„.4Re[Ao*Ai] sin8i„—b/lAo~'. (6)

The difference between Eqs. (3) and (6) has a simple origin.
For the nucleon-nucleon scattering the current densities are
averaged over spins. For scattering by a nucleus the scattering
amplitude is averaged over the spins of the target nucleons.

There seem to be no very simple relations between Eqs. (5)
and (6). Indeed, there are 12 real parameters at our disposal.
To determine these, we have:

(1) Im(Ap)= —vo„„/2(2pr)o, where v is the relative velocity
of the colliding protons and fr„„ is their total cross section
[there is a similar expression for Im(Bp)];

(2) the scattering cross sections in the forward direction;
(3) the Re[v,] o r

(4) Iu-u~ II-»~ and ~u-»0 ~

We have verified by direct computation that it is possible to
fit these eight data (to the extent that they are known) by a
considerable range of choices of the twelve available parameters.

On the other hand, more elaborate observations of nucleon-
nucleon polarization may eventually provide sufhcient informa-
tion concerning the scattering amplitudes to permit a test of
Eq. (6). This equation may also be used as a test of specific
models of nucleon-nucleon scattering if the Serber model is
accepted.

We 6nally conclude that the observed' polarization does not
at present seem in disagreement with the Serber model.

We should like to thank Professor M. Gell-Mann for a stimu-
lating conversation concerning this problem.
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'HE total cross section of U"' for neutrons in the thermal
energy region has been measured by means of a transmis-

sion experiment. The neutron velocity was determined by a time-
of-Right method utilizing the Brookhaven slow chopper. The
absorption cross section at a neutron velocity of 2200 m/sec was
found to be 691~5 barns.

The slow chopper is an instrument that allows a burst of pile
neutrons to pass periodically to a detector several meters distant. '
The velocity of the neutron is determined by measuring the time
of Right of the neutron to the detector (an enriched BF3 counter).
The Right time is measured electronically, the standard being a
one-megacycle quartz crystal. The major uncertainty in the
time-of-flight measurement is the determination of the zero time,
i.e., the time the neutrons pass through the shutter. This time is
determined by a calibration procedure using the c-axis lattice
spacing in graphite (6.70A) measured by x-ray spectrometer
techniques. The calibration is accurate to 0.25 percent of the
wavelength setting. ' The transmission of the U" sample for the
timed neutrons is obtained by measuring the detector counting
rate with the sample in and out of the beam. Background counting
rates on these two measurements are obtained by inserting a
0.010-in. Cd foil in the beam. The U"' sample in the beam is
placed in good geometry with respect to the detector; conse-
quently the transmission is related to the total cross section by
the expression

T(li) =exp[—x Z~N;~;(li)],

where T(X)=transmission of sample at neutron wavelength X,
x=sample thickness, E;=No. atoms/unit volume of isotope i,
and o;() )= total neutron cross section at wavelength 'A of isotope i.

Measurements were made on five samples of uranium metal,
principally U '5 and U having various isotopic abundances and
thicknesses. In the thermal region the samples of high enrichment
of U"' are best suited for an accurate determination of the absorp-


