?’The Fierz identity (cf. footnote !’) does not hold in the pres-
cence of isospin structure,

DAt d=2 the matrices O, can be chosen such that they coincide
with the Thirring y-matrices 0y=v,=0,, 0,=7v, =io,. Ford
=2 the Fierz identity (cf. footnote ) is not valid.

Terms of order €f? have been omitted, since, as can be seen
from the solution g ~ ¢, and f~ €,

5)Tr 1 cannot be exactly established with our method of analyt-
ic continuation.

$Even to first approximation in ¢ this solution differs from
the solution 22) of the system (A. 1) with a(2) =5(2) =1, ¢(2)
_=0, obtained in Sec. 4. It is natural to expect that for ¢ =2
(22) will not be an approximate solution of the system (9),
since it does not reflect the symmetry of the four-dimensional
problem (the Fierz identities, cf. footnote!)). :

"Here we do not discuss the property (b). It can be investi-
gated by means of iteration of the equations (A. 1) with the
zeroth approximation in the form of the solution obtained
below (Sec. 7).

¥ The whole e-dependence is included in the variables x = £5/2+28
and y=1°/2*22_ For the role of A cf. Sec. 8.

)This assertion remains valid also if the region of small k2
is taken into account in (31), (0<k?<y). The quantities f;,
g1 change insignificantly. 21!
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Verification of a possible asymmetry in the polarization of
thermal neutrons after reflection from a mirror
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The neutron polarization asymetry observed previously by K. Berndofer [Z. Phys. 243, 188 (1971)] has

not been confirmed by experiments with a polarizing neutron guide. In view of the spin-orbit effects

currently discussed in the literature, measurements have been carried out of the polarization of neutrons,
' singly reflected from magnetic and nonmagnetic mirrors. It was found that the polarization asymmetry was

absent to an accuracy of 1074103,

PACS numbers: 28.20.Cz

When the polarization of thermal neutrons transmitted
through a polarizing neutron guide was investigated,
a polarization asymmetry was found, depending on the
direction of the magnetic field of the polarizer and the

22 Sov. Phys. JETP, Vol. 44, No. 1, July 1976

direction of the curvature of the uniformly bent neutron
guide. The difference in the polarization of the neutron

beam was found to be up to A P~ 30% with maximum

polarization P~ 80%. This experimental result was un-
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expected and extremely surprising.

Subsequent theoretical work by Handel®®*! was con-
cerned with the explanation of the observed asymmetry
in terms of the spin-orbit interaction between the neu-
trons and the Coulomb field due to atoms on the reflect-
ing surface of the mirror. The potential V; for this in-
teraction is related to the magnetic field induced by the
electric field E; of the atom 7 in the coordinate frame
of the moving neutron;

V=t 5 (€ Xp), )
mc

where u and m are, respectively, the magnetic moment
and the mass of the neutron, o is the Pauli operator,
-and p is the momentum of the incident neutron. Aver-
aging over all the scattering atoms shows that the field
E is determined by the electrostatic field of a thin sur-
face layer (1-10 A), i.e., the dipole barrier D on the
surface of the mirror, where EIln and n is the normal
to the plane of the mirror. Because of the presence of
the triple product in the potential, the sign of the poten-
tial and, consequently, the intensity of the reflected
beam will depend on the mutual orientation of the vec-
tors o, n, p. This in qualitative agreement with the
asymmetry observed in the Berndorfer experiment. t
Quantitatively, however, the Handel estimate of the ef-
fect of the spin-orbit interaction on a single reflection
from the mirror used in‘'’ turns out to be P =1%,.
Moreover, this effect can, in principle, be increased
by a garland-type multiple reflection in a sufficiently
long neutron guide, since the sign of the potential V
does not change in the course of these reflections and
the effect itself is cumulative.

The above effect, if large enough, could lead to er-
rors in experiments on right-left reflections of neu-
trons. We have therefore carried out a series of ex-
periments with a view to obtaining a quantitative esti-
mate for the polarization asymmetry effect. This re-
search was stimulated by the current program of de-
veloping polarizing neutron-guide systems, because
the Bendorfer effect’*? imposed definite conditions on
the use of such systems in physical experiments.

According to Handel, *? when spin-orbit effects are
taken into account, the intensity of a neutron beam re-
flected from a mirror is

’

hk
I=-—m—e—2“f(1+4A sin ¢, sh ¢.), @)

where k' is the wave vector of the reflected neutrons,
¢, and ¢, are, respectively, the real and imaginary
parts of the phase (¢ =¢, +i@,) of the wave function of
neutrons reflected from the mirror, and the expression

L L
A—cﬁDkz o~ (n Xk/k) (3)

is the asymmetric spin-orbit term in which D is the
surface dipole moment, The sign of A is determined by
the sign of the triple product o - [nxk] in which k is the
wave vector of the incident neutrons and %, is the nor-
mal component,
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FIG. 1. Experimental arrangement: 1—polarizing neutron
guide; 2,6—permanent magnets; 3—flipper coils producing
constant H, and reversing H,; 4—magnetic shield of the
flipper; 5—mirror (specimen) under investigation; 7—Bl°F3
neutron detector.

It follows from (2) that, in experiments with nonmag-
netic materials, the asymmetric term affects the po-
larization Py after reflection of the initially unpolar-
ized beam. Under these conditions,

I.—1. 0 k.
= I?+1_—4—D-—sm(p,sh(pz, (4)

P
ch ky

where I, and I_ are the intensities of the reflected beam
corresponding, respectively, to the two cases

o- (nxk/k)=x1,

Since the experiments were performed with a polar-
ized-neutron beam and the specimen was the analyzer,
to determine P, in the case of nonmagnetic materials,
it was sufficient to reverse the polarization P, of the
beam incident on the specimen because this was equiv-
alent to reversing the sign of . The polarizing prop-
erties of the analyzer were then connected only with the
spin-orbit asymmetry resulting from reflection, and the
measured polarization was P, =P. In the case of
magnetic mirrors, the polarizing efficiency of the mir-
ror associated with its magnetization can be eliminated
by both reversing P, and reversing either the magnetic
field H or the direction of reflection n. Under these
conditions,

P.\EAP=p—n"‘P—n=P;n—'P4nzzp,o+'*72pso_/ﬂ, (5)

where P}, and P}, are the spin-orbit effects correspond-
ing to the cases where the spin is parallel and anti-
parallel to the magnetizing field H, respectively, and
R =1,/I_ is the ratio of reflected-beam intensities in
these two cases. In all the experiments, we deter-
mined the relative difference between I, and I. when P,
was reversed. For nonmagnetic mirrors, this differ-
ence immediately yielded P, in accordance with (4),
whereas, for magnetic materials, the difference was
measured twice (for +H and —H, and for +n and —n)
and the result was used with (5).

The experiments were carried out with a polarized-
neutron system (see Fig. 1) in which the polarizer was
either a single magnetized mirror or a polarizing neu-
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TABLE I. Experimental values of polarization symmetry P,.

Vector whose
Number of Number of sign was reversed
experiment | specimen Specimen p,-10 in experiment*
1 Without specimen (constant —0.121.1 P
counting channel)
2 Without specimen (average 0.8+0.6 P
over counting channels)
3 Cu 0.2+1 P
4 Cd 1.6+2,6 P
5 (1) " Glass -7+2 P .
6 (1) Glass -6.5+1,3 H, n
7 Ti-Gd (15% weight) —4,6+8 P
8 (1) Fe 188+45 n
9 i (1) Fe 40+15 H
10 (2) Fe —419 H
11 (1) Fe¥ (80%) 128 H
12 2 Fe% (80%) 10+8 H
13 Fe™ (90%) -2+13 H
14 Fe-Co neutron guide -42+6 H

*For experiments in which the reversal of Py was not the dominant influence on the deter-
mination of the polarization asymmetry effect but was merely auxiliary (to separate the
polarization due to the magnetization of the mirrors in experiments 8—14 and in control

measurements in experiment 6), the vector P is not indicated.

tron guide, 5] and the analyzer was the specimen under
investigation in the form of a reflecting layer. The
sign of P, was altered by a flipper mounted between the
polarizer and analyzer. It was also possible to reverse
the sign of n by rotating the analyzer magnet about the
vertical axis passing through the reflecting plate, and
to vary the polarity of H in the analyzer magnet.

The specimens were prepared in the form of thin
films deposited on a polished glass surface by thermal
evaporation in vacuum. We investigated specimens with
different ratios of real and imaginary parts of the co-
herent scattering amplitude, with large and small neu-
tron cross sections, Ti-Gd specimens with the real
part of the nuclear amplitude approaching zero, and
polarizing mirrors with magnetized coatings consisting
of Fe’*-enriched iron. The last specimens were intro-
duced to vary the ratio of nuclear and magnetic coherent
scattering amplitudes.

The maximum of the spectrum of the incident polar-
ized beam corresponded to a wavelength A=3 A. The
glancing angle in the case of nonmagnetic specimens
was about 6 minutes of arc. For magnetic mirrors,
the angle was set close to the critical value. When the
polarizing neutron guide became available, t°? the ex-
periment was very close to the conditions under which
Bendorfer™ observed substantial polarization asym-
metry. The neutron guide consisted of mirrors with
Fe-Co coatings and a substrate of Ti—Gd, optimized for
minimum reflection. The seven flat neutron-guide ele-
ments should have enhanced the resultant spin-orbit ef-
fect in the case of garland reflection. The neutron
guide parameters were as follows: length 1470 mm,
channel width 1.6 mm, radius of curvature 1.3x10°
mm, mean polarization evaluated over the spectrum

(P)=0.97.
Table I lists the experimental values of P,. The
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system was calibrated without the specimen to deter-
mine possible systematic errors. To separate out er-
rors connected with the detection system and with the
magnetic channel, the measurements were performed
both with constant counting channels for I, and I_ (ex-
periment 1) and with periodic interchange of channels
(experiment 2). It is clear from Table I that, in the
case of single reflections, the polarization asymmetry
effect was not detected to within P, <10™ in the case of
nonmagnetic materials and to within P, <10 for ferro-
magnetic mirrors.

Values of the asymmetry P, exceeding the statistical
measurement error were found for glass (experiments
5 and 6), iron (experiment 8), and Fe—Co neutron
guides (experiment 14). However, there are no rea-
sons to suppose that this asymmetry was entirely due
to spin-orbit effects. Thus, firstly, the asymmetry
P, for glass, a weakly absorbing material, should be
less than for Cd and Ti~Gd [since ¢,(Cd, Gd)> ¢,
(glass)] for which no asymmetry was found. Secondly,
in experiment 8, an asymmetry was obtained for Fe
when the sign of n was reversed. This asymmetry was
reduced by a factor of four in experiment 9, when the
sign of H was reversed for the same specimen, but was
not found to within 10~3 for another specimen of Fe (ex-
periment 10). Thirdly, the observed asymmetry for
glass and for Fe—Co in the neutron guide is negative as
compared with the spin-orbit effect. Among the pos-
sible reasons that could have given rise to polarization
asymmetry we note the change in the adiabatic condi-
tions for the beam transmitted by the magnetic channel
between the flipper and the analyzer (experiments with
reversed H), which may have resulted in partial depo-
larization of the beam (which is different for +H and
—H), and the angular dependence of the spectral dis-
tribution of neutrons in the beam reflected from the
polarizing mirror (experiment with reversed n), since
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the polarizing power of the mirror is not constant over
the spectrum. The asymmetry was not observed for the
Fe**-enriched iron mirrors either, for which the real
part of the coherent-scattering amplitude was close to
zero, as indicated by the high polarizing efficiency (P

=~ 1) of these mirrors due to compensation of nuclear
and magnetic scattering amplitudes.

Since it was not our aim to investigate the spin-orbit
effect but merely to obtain a quantitative experimental
estimate for these factors in the case of reflecting ma-
terials used in practice, we did not look for the ideal
conditions under which these effects might be seen.
The theoretical estimates reported by Handel*' do,
in fact, refer to such ideal conditions, i.e., complete
compensation of the real parts of the nuclear and mag-
netic scattering amplitudes, sufficiently large imagi-
nary part of the amplitude, and particular purity on the
reflecting surface layer, which is quite difficult to
achieve in an experiment.

On the basis of our measurements, we can find no
evidence for the polarization asymmetry reported by
Berndorfer™’ and consider that this effect is more
likely to have been due to technological factors and not

the spin-orbit contribution.

It also follows from our experiments that Handel’s
proposalsm regarding the use of spin-orbit effects for
measuring the potential due to the electric surface di-
pole layer, and for producing on this basis an electric
neutron polarizer, are far from experimental realiza-
tion,

In conclusion, we are indebted to G. M. Drabkin and
E. F. Shender for useful discussions of the experiment
and the possible spin-orbit effects, and to N. V.
Borovikova for preparing the samples for the experi-
ment.
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The upper bound |d/¢d< 5.5X 10" cm on the proton electric dipole moment (EDM) d is derived

from the experimental upper bound for the EDM of the cesium atom in a state with F =4. Similar
measurements on an F =3 state might improve this result by a factor of 1.5. An upper bound on the
magnetic quadrupole moment of the nucleus (which might be induced, for example, by the EDM of the
valence nucleon) is also derived from the same experiment. The search for the proton EDM in experiments

with polar molecules is discussed.

PACS numbers: 13.40.Fn, 14.20.Ei, 35.10.Di

1. INTRODUCTION

It is well known'!! that elementary particles can have
electric dipole moments (EDM) only if time-reversal
invariance is violated. Up to now, T-odd interactions
seem to have been observed only in the decay of K°
mesons. From this it is clear why it is of interest to
seek EDM of elementary particles. In particular, ele-
mentary-particle EDM would be of interest because of
the light they might shed on the structure of the T-odd
interaction,

Experiment gives the following upper bound for the
neutron EDM, d,: Id,/el <10% cm." The difficulties
in measuring the EDM of charged particles—electrons
and protons—are obvious. Nevertheless, the idea of
seeking the electron EDM via the EDM it induces in a
neutral atom has proved to be very fruitful. At first
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glance the situation here would seem to be hopeless in
view of Schiff’s well-known theorem, "*! according to

‘which the EDM of a system of nonrelativistic particles

in equilibrium under the action of electrostatic forces
will vanish provided the intrinsic EDM of each particle
has the same spatial distribution as the charge of that
same particle. As Sandars showed, '’ however, owing
to relativistic effects the induced EDM of a heavy atom
not only is not small, but on the contrary, is much en-
hanced as compared with the EDM of the electron in-
ducing it. Calculations~"? show that the enhancement
factor is ~130 for cesium and ~500 for thallium, Ex-
periments with atomic cesium®®’ and thallium®®’ resulted
in the following bounds for the electron EDM: |d,/el
<3%x10°% cm and |d,/e| <7x10% cm,

In the present study we derive an upper bound for the
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