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On the Polam, ation of Fast Neutrons
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A LTHOUGH the production of polarized
thermal neutrons has long been an accom-

plished fact, no such success has been forth-
coming with fast neutrons. Only one method for
the polarization of fast neutrons has thus far been
suggested, ' of which the essential mechanism is
the large, efkctive nuclear spin-orbit interaction
present when neutrons are resonance scattered
by helium and similar nuclei. It is the purpose of
this note to suggest a second mechanism for
polarizing fast neutrons —the spin-orbit inter-
action arising from the motion of the neutron
magnetic moment in the nuclear Coulomb field.
Despite the apparent small magnitude of this
interaction, the long-range nature of the Cou-
lomb field is such that the use of small scattering
angles will produce almost complete polarization
under ideal conditions. A closely related phe-
nomenon produced by this electromagnetic inter-
action is an additional scattering of unpolarized
neutrons which increases rapidly with decreasing
scattering angle and is comparable with purely
nuclear scattering at the small angles efkctive
in producing polarized neutrons.

The energy of a neutron moving in an electric
field, E= —7'p, is described by the following
contribution to the neutron Hamiltonian:

H'= p.(eh/23Pc')e E&&p, {1)

where p,„=1.91 is the numerical value of the
neutron moment in units of ek/23Ic, e is the
Pauli spin vector, and y is the momentum of the
neutron. In order that the electric field be fully
eR'ective in producing spin-dependent scattering
the major portion of this scattering should take
place outside of the nucleus (r)&R), but well

within the screening radius of the atomic elec-
trons (r«a) This restricts. the range of useful
scattering angles, since the waves scattered
through an angle 8 are primarily generated at a
distance r from the nucleus, given by

2kr sin8/2~1,

' J. Scbwinger, Phys. Rev. 69, 681 {1946).

where k=p/k is the neutron wave number.
Hence, the unscreened Coulomb field of a point
nucleus will be efkctive for scattering in the
angular range:

1/ka«2 sin8/2«1/kR

If the nuclear radius and atomic screening radius
are taken to be

R=j..5 10 "A& cm and a=0.53 10 "Z & cm,

the angle restrictions for a 1-Mev neutron scat-
tered in Pb, for example, are

4 10 '«2 sin8/2«~.

The electromagnetic scattering of a neutron
under these conditions can be calculated with the
plane wave Born approximation, for the nuclear
scattered wave is negligible compared with the
incident wave at the significant scattering dis-
tances. %'e denote the incident plane wave by

eitp rx

where ko is the initial propagation vector and x
is a spin function. The asymptotic form of the
wave scattered in the direction of the propaga-
tion vector k is then

0".-(e""/r) f(&)x,

f(8) =fp(8)+qm n cot8/2(k/Mc)(Ze'/kc) (7).
In this formula, n is the unit vector defined by

kXko =nk' sin8,

and f0(8) is the amplitude of the wave scattered
by specifically nuclear forces. We assume the
latter to be spin-independent and, further, ignore
any inelastic nuclear scattering. Both of these
assumptions are not unreasonable for neutron
energies in the vicinity of 1 Mev.

The intensity of the scattered wave is deter-
mined by the following spin scalar product:

r'(4"., 4".) = (x, f"(+)f(~)x),
407
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which yieMs

~(&- 4 ) I fp(&) I'+9 «t+/2
+ 2yItrp fp(8) cot|jli/2n P~„(10)

in which

y = )p„(h/Mc) (ZeP/hc)

In order to estimate the magnitudes of these
quantities, it is necessary to have some knowledge
of' the energy dependence of o and G. The model
of an impenetrable sphere provides the following
information in the limits kR«1 and kE&&i:

Pino = (xi ~x) (12)

kR«1: ~=4~82, G= i
kR»1: o = 2prR', G =$(kR)'. (20)

P- = (0- m4.)/(0". 0".) (13)

is a vector describing the polarization state of
the incident beam. The corresponding vector for
the scattered wave is

The predicted limiting forms of the quantities
(18) and (19) are then

Ze' h/Mc$p„, kR«1
kc R

where

r'(f...~„)=n2yIm fp(8) cot8/2
+

I fp(8) I'P~«+ g cot'8/2(2nn Pi« —P;,)—2yRe fp(8) cot8/2nXP;„. . (14)

tan8p/2

Ze' h/3fc 1
J~n kR)yi

kc R kR

(21)

For an initia1ly unpolarized beam:
p( )

kR kR«1
02' fp(0)y c ot8 /2

P„=n,
I fp(0) I'+y'cot%/2

=nP8. 15 It appears to be a reasonable interpolation to
place

Ze' 4s (h/ilIIc)' &

tan0p/2 =
I fp(0) I

hc oG
~ (18)

The discussion of the latter formula is greatly
simpli6ed by noting that, within the restricted
angular range (3), the speci6cally nuclear scatter-
ing must be insensitive to angle and can be re-
placed by the value appropriate to forward
scattering. Now, according to a well-known
theorem, Im fp(0) is related to the total scattering
cross section by

Im fp(0) = (k/4pr)~,
awhile

I fo(o) I'= (e/4~)G (17)

expresses the difkrential cross section for for-
ward scattering in terms of the "gain, " the ratio
of the actual forward scattered intensity to that
of an isotropic scatterer. It follows from the form
of (15) that there is an optimum scattering angle,
8p, for the production of polarized neutrons,
namely,

Ze' h/Mc
tanppp/2 —$p.

kc
(23)

for kR 2, which is the value appropriate to
i-Mev neutrons scattered in Pb. Under these
conditions, we expect practically complete polari-
zation for a scattering angle of 00= i.5 . In view
of the stationary character of the polarization in
the vicinity of this angle, somewhat larger angles
can be employed without undue impairment of
the degree of polarization. Thus, for 8= 3',
P= 0.80; 8=6', X=0.47; 8=9', 8=0.32.

To detect the polarization produced by scat-
tering, it is necessary to subject the polarized
neutrons to a second scattering process. If the
two scattering angles are 8~ and 82, with the
normals to the two scattering planes being n~ and
n~, respectively, the intensity after the second
deflection is, according to (10) and (15), pro-
portional to

The maximum polarization is 1+ng npP(8g)P(bp). (24)

Iprp fp(D) k'o
P(8p) =

I fp(0) I
4prG

When both scattering events occur in the same

(19) plane, the intensity for the situation in which
the two deRections occur in the same sense ex-
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1+8(8g)P(8g)
R=

1 —P(8g)P(ch)
(25)

If both scattering angles equal the optimum
angle 86, this ratio can be very large. Thus the
experimental difFiculties accompanying the small
angles involved are ameliorated to some extent
by the large eGects under investigation. How-
ever, somewhat larger angles can be employed
without destroying the experimental effect. For
example, under the numerical conditions previ-
ously employed, 8=2.0 for 8~=1.5', 8~=9',
while R=1.2 for 8~=8g=9'.

Finally, we note that the difkrential cross
section for the scattering of an unpolarized neu-
tron beam is modi6ed at small angles. According

ceeds that for deSections in the opposite sense in

the ratio:
to Eq. (10),

where op(8) is the specifically nuclear differential
cross section, which assumes the value (o/4s)G
at the small angles signi6cant for the electro-
magnetic scattering. Thus the additional contri-
bution to the scattering increases rapidly with
diminishing angle and equals the purely nuclear
scattering at precisely the angle 8o that is opti-
mum for polarization. In view of the sma11

angular range over which it is efkctive, the
electromagnetic scattering provides a negligible
contribution to the total cross section, namely,

ge~2s. y2 Jog@/g=2sp ~($/~e)~
X (Ze'/hc)' log3.5 104(AZ) & (26)

for kR &1, which has the value bo =2.6.10 "cm'
for Pb.


