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can be simply evaluated by differentiating the Schrod-
inger equation for u&, multiplying it by u&+ &, and inte-
grating the result. The operation is repeated for u&+ &

and the two results are added. After integration by
parts the remaining integrals are evaluated again using
the Schrodinger equation, yielding
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P. W. Anderson and W. L. McMillan, in Theory of
Magnetism in Transition Metals, Proceedings of the
International School of Physics "Enrico Fermi, "Course
87, edited by W. Marshall (Academic, New York,
1967).

R. Evans, D. A. Greenwood, and P. Lloyd, Phys.
Lett. S5A, 57 (i971).

The authors are grateful to Dr. R. Evans for provid-
ing the phase shifts used in the Fe, W, and Cu calcula-
tions. The muffin-tin potentials and band parameters
used were those of J. H. Wood, Phys. Rev. 126, 517
(1962), L. F. Mattheiss, Phys. Rev. 139, A1893 (1965),
snd O. Dreirach, J. Phys. F: Metal Phys. 1, L4 (1971),
respectively.

"S. Barisic, J. Labbe, and J. Friedel, Phys. Rev.
Lett. 25, 919 (1970).

~0Mattheiss, Ref. 8.
Wood, Ref. 8.
J. S. Faulkner, H. L. Davis, and H. W. Joy, Phys.

Rev. 161, 656 (1967).
E. C. Svensson, B. N. Brockhouse, and J. M. Rowe,

Phys. Rev. 155, 616 (1967).

Measurement of the Spin-Dependent Part of the Scattering Amplitude of
Slow Neutrons on ' F Using a Polarized Beam and a Polarized Target

A. Abragam, G. L. Bacchella, C. Long, * P. Meriel, J. Peisvaux, and M. Pinot
Service de Physique dl Solide et de Resonance Magn etique, Centre d'Etudes NNcleaixes de Saclay,

91 Gif sur buvette, Fr-ance-
(Heceived 28 December 1971)

Using a polarized target of CaF2, we have measured the spin-dependent part of the
scattering amplitude of slow neutrons on F. A value P=a+-a =-0.135+0.002 F
was found, 10 times smaller than a recent theoretical estimate. A control experiment
measuring P =a+-a for the proton by Bragg scattering on a single crystal of LiH yield-
ed the correct value within experimenta1 error.

The scattering amplitude of a slow neutron on
a nucleus of spin I can be written in operator
form:

a=a+ pf s.

on a polarized target provides a method for ob-
taining the sign of P and also a much better ac-
curacy for its magnitude when IP I is small. With
the assumption of a single nuclear species, the
intensity of a Bragg-scattered beam is given by

For F, a is well known, '
it =as+ pIaPp +4 p212Ps, (4)

u= 5.74+0.03 F.

o'~,"=4m(as+~e Ps) =4.0+ 0.3 b, (3)

whereas 4na'= 4. 14 + 0.04 b. It follows that I pI
~ 3 F and its sign is unknown.

A recent theoretical estimate is P= —1.4 F.'
The Bragg scattering of a polarized neutron beam

The only existing information on P, obtained from
the measurement of the total scattering cross
section, is that IPI is small:

where P and P are the respective nuclear and
neutron polarizations counted positively along the
applied magnetic field.

If IpIPpI « la I, the ratio of the intensities of
scattered neutrons with spine up or down (with
the above sign convention) is given with good
accuracy by

s, /s =1+2pIPiPII/n.

It is seen that in contrast to (3), (5) gives an ef-
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feet linear with P.
Determinations of P by Bragg scattering of

polarized neutrons on polarized nuclear targets
have been performed before with "Co' and "V.'
In either case the nuclear polarization P was
that of thermal equilibrium and thus rather small
(lower than 1'%%uo) and the experiment was success-
ful thanks to the large value of IP/a I. ln the
present case P("F) was expected to be small,
but the nuclear polarization P('~F) may be in-
creased dynamically to, say, 40'%%uo in a single
crystal of CaF, .' Besides, the second term in
(5) may be enhanced even further, since we have
a crystal with two nuclear species (neglecting
"Ca with an isotopic abundance of 0.145%), by
a suitable choice of the Bragg reflection. A
straightforward generalization of (5) shows that
the best one is (200), (5) being then replaced by

e,/e =1 —4pIpp~e/(a, -2a ), (6)

P being expressed in ferm is.
The experimental setup is given in Fig. 1. A

"white" unpolarized neutron beam coming from
the 8, beam port of reactor EL3 impinges on a
single crystal of Co„Fe, saturated with a mag-
netic field H=8 kOe. This crystal reflects, from
(200) planes, monoenergetic neutrons of wave
length X = 1.071 A and polarization p = (99.5 + 0.4)%
parallel to H. The polarized beam, guided by
the guide field B„(-100Oe) passes through a
flipping coil which, when powered, can flip the
neutron spins with an efficiency e = (99.1 + 0.7)'%%uo.

where e is the efficiency of the device that re-
verses the neutron polarization (the neutron flip-
per). With ac, =4.9 F6 and aF =5.74 F, ' (6) pre-
dicts that

(7)

A = 1.002 + 0.002,

8 = (-4.4+0.7) x 10 2,

whence

P= —0. 15+0.02 F, (9)

The neutron spins are then turned through 90' by
means of a guide field H „ in the same manner
as in experiment of Moon, Riste, and Koehler. '
The CaF, single crystal, a small sphere 2 mm
in diameter at the center of a copper resonant
cavity fed by a 4-mm wave guide, is dipped in
liquid helium at the bottom of the cryostat in the
gap of an electromagnet producing a field H~
= 13.6 kOe. By pumping on the liquid-helium
bath, the temperature may be lowered down to
1.2'K. The counter, which may turn in a vertical
plane around an axis parallel to H~, is fixed at
the 262«position. Small adjustments of the cryo-
stat allowed us to set the crystal at the position
giving maximum reflected intensity into the coun-
ter. I' (flipper off) and I (flipper on) were mea-
sured alternatively every 30 sec, counts being
cumulated over 10 min. The nuclear polarization
was given various values between -35% and +40%%uo

and was measured from the shape of the deriva-
tive of the NMR absorption curve. '

The first measurements showed at once that
P was much smaller than expected, and a large
number of counts were necessary to obtain P with
an acceptable accuracy. A least-squares fit of
264 counts (with positive, negative, and zero po-
larization) by a formula of the type

Pump-

H

p
Hg)

- HF

flipping

coil

FIG. 1. Experimental setup.

nter

a value 10 times smaller than the theoretical
prediction!

Such a discrepancy could have been due to (1) a
depolarization of the neutron beam which falls
on the crystal. A careful measurement of the
polarization of the neutron beam transmitted by
the cryostat and sample, with another Co»Fe,
crystal, has shown that such is not the case; de-
polarization is, in the limits of statistical error,
less than —,'%. (2) Extinction effects. We first
notice that the crystal is very small (4mm') and
that the (200) reflection is weak. However, in
absence of information about the mosaic spread,
intensity measurements of (111), (200), and (220)
reflections have been performed on this crystal,
which gave relative values in accordance with
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pPIto( Li) + pPIto( Li) —pPI (H)
g Ll- QH

In (11), to stands for the relative isotopic abun-
dance of 'Li and 'Li (0.074 and 0.926, respective-
ly), and the deuterium contribution has been
omitted; also,

a H
= —3.723 + 0.003 F,

a1,; =-1.94 F (natural Li),

pH=58. 16 F,
pPI(H) =5.32x10 2 F

(12)

by far the largest contribution to the second term
in (11). P('Li) is unknown, but in view of the
smallness of Pto('Li) its contribution to (11) can
be safely neglected. The magnitude of PI('Li)
can be deduced from its total (1.4 b) and coherent
(0.6 b) scattering cross sections to be of the or-
der of

PI( Li) =+ 3.9 F,
PIPm('Li) =0.42 10 ' F.

calculated ones, assuming no extinction.
Nevertheless; to be sure that no other source

of error was present, an overall test experiment
was performed, with the same experimental con-
ditions, on a crystal in which nuclear polariza-
tion effects on Bragg scattering of polarized neu-
trons could be predicted. Since hydrogen has a
well-known and large P value, we used a single
crystal of LiH where the nuclear polarizations
were those of thermal equilibrium in a field of
20.6 kOe at a temperature of 1.15'K, and had the
following values:

P(H) = 1.83%, P( Li) = 0.36/o,

P('Li) = 1.18/p.

Using the reflexion (111), most favorable in that
case, it was found that

Using (12) and (13) we predict for (ll)
.s'/d =1 —(5.9+0.46)x10 2, (14)

the last term in the parenthesis being the esti-
mated contribution of 'Li. The experiment was
done on a LiH single crystal irradiated in order
to reduce the relaxation time down to 10 min.
The experimental result is

&'/. 9 = 1 —(5.7+0.8)x10 '. (15)
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The agreement between (14) and (15) is gratifying
as an overall test of the experimental procedure.

It is worth pointing out that P("F) as given by
(9) is sufficiently small to warrant a correction
for the magnetic scattering by the nuclear mag-
netic moment of ' F t The amplitude for the latter
is easily computed to be

P("F) „„=-+0.015 F,
which is about 10/o of the measured value (9) but
smaller than the statistical uncertainty. The
corrected value for P("F) shouM thus be

P('~F) = —0.135+0.02 F.
We gratefully acknowledge the assistance of

all the members of the magnetic resonance group,
of the reactor staff, and of Mr. Bddere who kind-
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