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Neutron-depolarization theory in ensembles of antiferromagnetic particles is discussed by using the
scattering approach. The magnetic inhomogeneities in the ensembles are the ferromagnetic planes of the
particles. These may result in depolarization in principle in two ways. In the first place it occurs by
Bragg scattering; however, as the Bragg angles generally exceed the aperture of the analyzer, Bragg
scattering may contribute to the depolarization in exceptional cases only. Secondly, possible planes at
the surface of the particles, the mean magnetization of which is not compensated by that of a neighbor-
ing plane, scatter at small angles; therefore such ‘“uncompensated” planes can contribute to the depolari-
zation. The theory is compared to the results of neutron-depolarization measurements on compacts of

a-Fe,0; and Cr particles.

I. INTRODUCTION

The three-dimensional neutron-depolarization (ND)
technique is a powerful method to study static and dy-
namic properties of magnetic structures in the microme-
ter and submicrometer region (e.g., Refs.1-8). In a ND
experiment, the polarization vector of a polarized neu-
tron beam is analyzed after transmission through a mag-
netic medium. During transmission, the polarization
vector is affected by magnetic inhomogeneities in the
medium: mean magnetic induction results in a net rota-
tion of the polarization vector around the former, while
variations in the local magnetic induction result in an
effective shortening of the polarization vector, called
depolarization henceforth. A ND experiment yields the
magnetic correlation length along the neutron path of
variations in the local magnetization, the mean orienta-
tion of these variations (magnetic texture) and the mean
magnetization, in general. The range of magnetic corre-
lation lengths which can be measured covers 10 nm up to
mm’s, making ND, to some extent, complementary to
small-angle neutron scattering (SANS).

Recently, neutron depolarization by compacts of (anti-
ferromagnetic) a-Fe,O; (hematite) particles has been ob-
served.® Additional measurements on compacts of Cr
(chromium) particles yielded a surprisingly large correla-
tion parameter § which appeared to be dependent on the
neutron wavelength and the aperture of the analyzer
used. In this paper, ND by antiferromagnetic particles is
discussed.

In ND theory, two types of approaches exist: the Lar-
mor and the scattering approach.”!® The former ap-
proach is based on the Larmor precession of the polariza-
tion vector of a polarized neutron beam around magnetic
inhomogeneities. It neglects the broadening of the neu-
tron beam as a result of scattering. The scattering ap-
proach is based on small-angle scattering by magnetic in-
homogeneities and obviously takes the broadening of the
neutron beam into account. As this broadening is essen-
tial in the interpretation of ND measurements on antifer-
romagnetic particles, the scattering approach is used in
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this paper.

Section II deals with the theory of ND in ensembles of
antiferromagnetic particles. Section III gives the results
of ND measurements on compacts of a-Fe,O; and Cr
particles. These results are discussed in Sec. IV. Section
V contains the main conclusions.

Although neutron-diffraction experiments on antifer-
romagnets have been performed for many years (one of
the first neutron-diffraction experiments on a-Fe,0; is
described in Ref. 11), ND by antiferromagnets was not
treated before.

II. THEORY OF ND
IN ANTIFERROMAGNETIC PARTICLES

According to the scattering approach, a ND experi-
ment on an ensemble of magnetic particles with a mean
magnetization equal to zero yields a correlation matrix &,
the components a;; (i,j =x,y,z) of which are given by’

aij:?s%j‘(B[(K)Bj(_K))de (1)
with
B(k)= H03 f M*(r,R)e™ " d’r , )
(2m) v
M*(r,K) ="k X[M(r)X&] . (3)

Here, V is the particle volume, ( ) an average over all
particles, x the scattering vector, and ®=«/|x|. The
quantity B(k) is equivalent to the structure factor used in
scattering theory. The integration over k is over those
scattering vectors which correspond to scattering angles
7 smaller than the aperture of the analyzer. The scatter-
ing vector is related to the scattering angle by

K=4—7Tsin(7/2) 4)
A
with A the neutron wavelength.
This section deals with the depolarization by an ensem-
ble of magnetically uncorrelated isotropically distributed
antiferromagnetic particles. For such an ensemble, @ is
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diagonal and the quantities
E=2a; (5)

vi=a;/§ (6)

are used instead of a;;. Roughly speaking, the correla-
tion parameter & is the product of [u,M(r)]* and the
correlation length of M%(r) along the propagation direc-
tion ey of the neutron beam. The quantities y; approxi-
mate the mean values of niz, with n the unit vector along
M(r). For an ensemble of isotropically distributed fer-
romagnetic particles with e, along z,°

Il

»=

’

) ()

¥x

ENE

Yy=

V=7 -

An antiferromagnet has a mean magnetization equal to
zero and is therefore commonly not considered to be a
magnetic inhomogeneity. However, the ferromagnetic
planes within the antiferromagnet represent magnetic in-
homogeneities which result in scattering. Due to the an-
tiparallel orientation of the magnetization in two neigh-
boring planes, the depolarization by these two planes, re-
ferred to as a unit cell is small. The term “unit cell” used
in this paper should not be confused with the correspond-
ing term commonly used in solid-state physics.

Two types of scattering processes may exist. In the
first place, the periodicity of the unit cell results in Bragg
scattering. Obviously only those scattered neutrons that
enter the analyzer contribute to the depolarization. This
depolarization, which results in a correlation parameter &
independent of the particle size, is discussed in Sec. IT A.
Secondly, due to the irregular shape of the particles,
some ferromagnetic planes at the surface of the particle
may exist which do not form part of a unit cell and hence
scatter independently. The depolarization by these
planes, which is discussed in Sec. II B, depends on the
particle shape. The larger the particle, the smaller the
relative contribution of such uncompensated planes. The
details of the calculations involved are given in Appen-
dixes A and B.

Bragg scattering by ferromagnetic planes also occurs in
ferromagnetic media. However, as will be shown in Sec.
II A, it contributes to the depolarization in exceptional
cases only because the scattering angles involved are gen-
erally much in excess of the aperture of the analyzer.
Furthermore, even if the aperture of the analyzer would
be large so that Bragg scattering occurs within the
analyzer, the corresponding depolarization effect is negli-
gibly small in comparison to the depolarization by the
ferromagnetic domain structure.

A. Depolarization due to Bragg scattering

The depolarization by an ensemble of isotropically dis-
tributed rectangular antiferromagnetic particles with size
2 A, 2B, and 2C along X, Y, and Z is considered. Each
particle contains 2N ferromagnetic planes with size a
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along X (A4 =Na, a << A4,B,C), which are parallel to the
YZ plane (note that a real antiferromagnetic particle has
many types of ferromagnetic planes). As already men-
tioned, two neighboring planes will be referred to as a
unit cell. Figure 1 (Appendix A) gives one particle out of
the ensemble.

Due to the periodicity of the unit cell in the X direc-
tion, scattering only occurs at

k=kw/a (8)

with k an integer. Equation (8) expresses the Bragg law.
It follows from the value of B(x) for a unit cell (see Ap-
pendix A) that most of the scattering occurs for k =1
(k= /a). The reason that no scattering occurs at k=0 is
that the mean magnetization of the particles equals zero.

The aperture of the analyzer of a ND instrument, 7,,,
is small (typically 0.01-0.1 rad), which has the following
consequences. In the first place, only Bragg scattering by
ferromagnetic planes with

a> 9)

27

m

occurs within the aperture of the analyzer. Hence, only
these planes may contribute to the depolarization.
Secondly, since the scattering angles should be small,
only Bragg scattering by planes which are about parallel
to the propagation direction of the neutron beam may
occur within the aperture of the analyzer.

It can be shown (Appendix A) that the Bragg scatter-
ing by ferromagnetic planes which satisfy Eq. (9) results
in a contribution to £ equal to

£=0.27(uM)a . (10)

The quantities y; appear to be given by Eq. (7) (see Ap-
pendix A).

Since an antiferromagnetic particle contains different
kind of ferromagnetic planes, the correlation parameter &
of the ensemble is given by

£=0.273 (uoM; Vay . (1)
k

Here the sum is over all those planes which satisfy Eq.
9).

B. Depolarization due to uncompensated planes

Antiferromagnetic particles may contain ferromagnetic
planes at the surface which do not belong to a unit cell.
These uncompensated planes act as magnetic inhomo-
geneities and result in scattering and therewith in depo-
larization.

The depolarization by a single plane with sizes a, 2E,
and 2F along X, Y, and Z is considered. An example of a
plane is given in Fig. 3 of Appendix B. The local magne-
tization M is again in the YZ plane. As the mean magne-
tization of the plane differs from zero, the scattering
occurs around «k=0. Assuming E =F, most of the
scattering occurs at scattering vectors in the range (see
Appendix B)

0=<«k<2w/E . (12)
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Therefore, when

E>2
-

(13)

m

most of the scattered neutrons enter the analyzer and
contribute to the depolarization.

The correlation parameter £ of a single plane depends
on a, E, and F and exceeds a. Figure 4 of Appendix B
gives £/[a(uoM)?] vs p when E =F =pa. The correla-
tion length £ exceeds a and increases with increasing p.
Obviously, the value of £ will be somewhat smaller than
according to Fig. 4 when part of the scattering occurs
outside the aperture of the analyzer. It is calculated in
Appendix B that y; obeys Eq. (7).

As the quantities y; of both an ensemble of uncorrelat-
ed ferromagnetic planes (see above) as well as an ensem-
ble of rectangular antiferromagnetic particles (see Sec.
IT1 A) are given by Eq. (7), the values of y; for an ensemble
of antiferromagnetic particles containing uncompensated
planes are the same. The correlation parameter £ of the
latter ensemble is given by

E=(1—r)g+rE, .

Here r is the fractional size of the uncompensated planes
of the particle, £, the value of £ given by Eq. (11), and &,
the value of £ given in Fig. 4 of Appendix B. When the
particle volume increases, 7, and therewith the contribu-
tion of &, to &, decreases.

(14)

III. EXPERIMENTAL RESULTS

The hematite compact used in the ND experiments
was supplied by BASF.!? The particles are monocrystal-
line common antiferromagnets with a rhombohedral
structure. Their shape is acicular with a mean diameter
of 40 nm and an aspect ratio of 8. At room temperature,
a-Fe,0O; has a local magnetization of 1630 kA/m and
possesses a weak ferromagnetic component of 0.9 kA/m.

The Cr particles (99.98% Cr) are purchased from Vent-
ron,!? have a mean size in the order of 100 pm, and are
polycrystalline. The local magnetization of Cr (bcc struc-
ture) is complex. Neutron-diffraction measurements re-
vealed an in first approximation simple antiferromagnetic
structure (see Refs. 14-19). Superimposed on this simple
anti-ferromagnetic structure, a long-range incommensu-
rate spin-density wave exists with a period of about 25
unit cells at room temperature. The maximum of the lo-
cal magnetization is 390 kA/m (room temperature). Ex-
tensive reviews about chromium are given in Refs. 20 and
21.
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The ND experiments have been performed on two
different instruments, KP and SP. Instrument KP has
Cu,MnAl crystals magnetized to saturation as a polarizer
and analyzer and uses neutrons with a wavelength
A=0.16%0.01 nm (the polarizer simultaneously acts as a
monochromator). The aperture of the analyzer is around
0.02 rad. Instrument SP has Co-Fe mirrors magnetized
to saturation as a polarizer and analyzer and a pyrolythic
graphite crystal in Bragg reflection as a monochromator
(A=0.35%0.03 nm). The aperture of its analyzer is 0.1
rad along the x direction and 0.01 rad along the y direc-
tion. Both instruments use coils as polarization turners.

The parameters £ and y; of the a-Fe,O; and the Cr
compact have been determined on both KP and SP. The
depolarization by the a-Fe,O; was too small to determine
& accurately on KP (the depolarization effect on KP is
smaller due to the smaller neutron wavelength). The
quantities y; of the a-Fe,O; compact could not be deter-
mined on either instrument. The results of the measure-
ments are summarized in Table I. The parameter € in
this table is the particle volume fraction. The quantity
&p for a-Fe,0; is the expected value for £ based on the
Bragg scattering by the (111) planes of «a-Fe,0,
(M =1630 kA/m and a =0.230 nm). The real contribu-
tion of the Bragg scattering to £ will be somewhat larger
than the value of £z as more planes contribute to the
depolarization. It appears that the observed value of & of
the a-Fe,0; compact is about half £5.

The value of the correlation parameter & of the Cr
compact as determined on KP is about three times the
value determined using SP. Both values of £ of the Cr
are surprisingly large and much in excess of the value of
&g, which is based on Bragg scattering by the (100), the
(010), and the (001) planes (M =390 kA/m and a =0.288
nm have been used). Furthermore, the correlation pa-
rameter £ in Cr highly exceeds that in a-Fe,O;. The
values of y; determined in the Cr compact differ from
those given by Eq. (7).

IV. DISCUSSION

In a-Fe,0;, the ferromagnetic planes with the largest
spacing are the (111) planes, corresponding to a =0.230
nm. According to Eq. (4), the Bragg scattering by these
planes occurs mainly at 7=0.35 rad on KP and at
7=0.78 rad on SP. Bragg scattering by the other planes
occurs at even larger scattering angles, so that Bragg
scattering only occurs well beyond the aperture of the
analyzer. Consequently, no depolarization related to
Bragg scattering is expected to be observed [, in Eq. (14)

TABLE I. The parameters £ and y; of the a-Fe,0; and Cr compacts. The aperture of the analyzer
of KP is around 0.02 rad, that of SP 0.1 rad in the x direction and 0.01 rad in the y direction.

Vx Vy Vz §B
Compact Instrument (nm T?) (£0.03) (£0.03) (£0.03) € (nm T?)
a-Fe,0, SP 0.1540.05 0.23 0.3
a-Fe,0, KpP <0.4 0.23 0.3
Cr SP 0.6+0.1 0.31 0.32 0.37 0.52 0.06
Cr KP 1.6+0.2 0.32 0.30 0.38 0.52 0.06
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equals zero] and the observed depolarization is likely to
be mainly due to the scattering by the uncompensated
planes as discussed in Sec. II B. If they represent only a
few volume percent of the particles, these planes may al-
ready account for the observed depolarization. As an ex-
ample, values for £, and 7 of Eq. (14) of 3a (u,M )? (corre-
sponding to p =20 in Fig. 4) and 0.05, respectively, al-
ready yield the value of £ observed in a-Fe,0;.

Possibilities other than the uncompensated planes,
which may account for the observed depolarization in a-
Fe,0;, are depolarization related to multiple scattering
and to the weak ferromagnetic component. The contri-
bution of the latter to & is calculated to be about 2X 1073
nm T?, a contribution which is much smaller than the
value of § observed. Also the depolarization due to mul-
tiple scattering is negligibly small.

The observation that the value of & for the Cr compact
determined on KP is about three times that determined
on SP indicates that part of the scattering which is mea-
sured on KP occurs outside the aperture of the analyzer
of SP. However, also on KP, part of the scattering occurs
outside the analyzer, following from the observed values
of y; which differ from those given by Eq. (7). The obser-
vation that the value of ¥, in Cr determined on both in-
struments is smaller than  indicates that, in particular
when the local magnetization is along e, not all scattered
neutrons enter the analyzer.

Bragg scattering by the simple antiferromagnetic struc-
ture cannot account for the observed depolarization in Cr
for different reasons. All Bragg scattering by this struc-
ture occurs outside the analyzers of the ND instruments.
This can easily be seen from the smallest scattering angle.
This angle, which is the scattering angle related to the
(001) planes (@ =0.288 nm), is 7=0.28 rad on KP and
7=0.62 rad on SP. Moreover, the theoretical contribu-
tion of the Bragg scattering to the correlation parameter,
i.e., 0.06 nm T?, is much smaller than the values of & ob-
served in Cr. Furthermore, the observed values of y;
differ from those expected for depolarization related to
Bragg scattering [see Eq. (7)].

Also, uncompensated planes at the surface of the Cr
crystallites cannot account for the observed depolariza-
tion in the Cr compact, since the contribution of these
planes is much smaller than the values of £ observed.
Consequently, the observed depolarization in Cr can be
related neither to Bragg scattering by the simple antifer-
romagnetic structure nor to small-angle scattering by un-
compensated planes.

Another possibility, which, in principle, may account
for the observed values of £ in the Cr compact, is Bragg
scattering by the spin-density wave. This scattering will
occur around 7=0.02 rad at instrument KP and around
7=0.05 rad at SP. The former scattering angle equals
the aperture of the analyzer of KP, as a result of which
Bragg scattering by the spin-density wave may contribute
to the depolarization. The calculated scattering angle for
SP exceeds the aperture of the analyzer in the y direction
and is smaller than the aperture in the x direction, imply-
ing that only a small fraction of the scattered neutrons
may result in depolarization. However, as a result of the
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simple antiferromagnetic structure in Cr, the scattering
amplitude of the spin-density wave and hence the contri-
bution to £ of the spin-density wave is extremely low.

Note that, if the Cr particles are oxidized at the sur-
face, this ferromagnetic layer is expected to contribute to
the depolarization. However, the volume fraction of the
surface layer is so low that this contribution is negligible.

In summary, the observed depolarization in Cr, inter-
preted in terms of the ND theory formulated in Sec. II,
cannot be explained using the local magnetic structure of
Cr reported in the literature. The origin of the large
value for the correlation parameter, a value which indi-
cates the presence of magnetic inhomogeneities larger
than those possible according to the known structure of
Cr, is not understood

V. SUMMARY AND CONCLUSIONS

ND theory in ensembles of antiferromagnetic particles
has been discussed. It has been shown that generally
Bragg scattering does not contribute to the depolariza-
tion since the scattering angles involved well exceed the
aperture of the analyzer. Scattering by possible uncom-
pensated planes at the surface of the particles, the mean
magnetization of which is not compensated by that of a
neighboring plane, occurs at small angles. Consequently,
such planes contribute to the depolarization. The theory
is applied to the results of ND measurements on com-
pacts of a-Fe,O; and Cr particles. The depolarization
observed in the a-Fe,0; compact is such that it can be at-
tributed to uncompensated planes. The observed neutron
depolarization in the Cr compact cannot be explained
with a simple antiferromagnetic structure on which a
spin-density wave is superimposed.
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APPENDIX A: THE DEPOLARIZATION
BY AN ENSEMBLE OF RECTANGULAR
ANTIFERROMAGNETIC PARTICLES

The correlation parameter & and the quantities y; of an
ensemble of isotropically distributed antiferromagnetic
particles as described in Sec. IT A is considered. In order
to simplify the calculations involved, it is assumed that
one of the axes of the x,y,z and the X, Y, Z systems always
coincide. This assumption only slightly affects the calcu-
lations made. Furthermore, it is assumed that the angle
between the local magnetization and the Z axis is ¢.

In the calculations the following procedure will be fol-
lowed. At first, the depolarization matrix by an individu-
al particle, denoted ﬁ, is considered. It is assumed that
the Y axis of the particle and the y axis of the system
coincide while the angle between the x and X axes and be-
tween the z and Z axes is 0 (Fig. 1). This depolarization
matrix is related to the X,Y,Z system of the particle.
Thereafter, the diagonal elements «; of the ensemble,
which is related to the x,y,z system, are derived using
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FIG. 1. A sketch of a rectangular antiferromagnetic particle.

a,, =a,, =({Byy c0s’0) +{Bzz sin’*6) +{Byy))/2

a,, = { By sin?0) +{ B,z cos?0) . (A1)

Here { ) means an average over 6 and the overbar means
an average over ¢. Finally, the correlation parameter &
and the quantities y; can be calculated from «;; using
Egs. (5) and (6). At first it will be assumed that scattering
occurs at small angles so that all scattered neutrons enter
the analyzer.

As k,=0, with « the scattering vector in the xyz sys-
tem, the scattering vectors in the xyz and in the XYZ sys-
tems, the latter denoted s, are related by

Sy =k,cosO ,
Sy =Ky (A2)
S, =K, sinf .

It can be calculated from Egs. (1)—(3) that the correlation
matrix of a ferromagnetic particle as given in Fig. 1 is
given by

Bu( >—~—ff, ,6,6)g(x,0)d’K (A3)
The function
Sf1(x,6,6)=B;(k,6,4)B;(—K,0,¢) (A4)

describes the scattering of the unit cell. The quantity
B'(k,0,¢) is the value of B(k) for the unit cell and follows
from

(k,6,¢)= — (K&, cosO sing
+%2 cos¢g sinf cosO)h (k,6) ,

By(x,0,6)=(R; sing—&,K, sinf cosp)h (x,0) , (AS)
B (k,0,4)=[(1—%>2 sin’@)cosé
—K,K, sing sin0]h (x,0)
with
_ aBC sin(x, C sin6) sin(x, B)
R T Y
sin’[(k,a cos6) /2]
X (A6)

(k,a cosf)/2
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The function g (k,6) describes the effect of the periodicity
of the unit cell in the X direction and is given by

(A7)

2 8‘[( —k

k=—o

,0)~ T
8(x,0) a acos@

Scattering only around « vectors with
K, =(k)/(a cos).

Figure 2 gives the functions 4,(x)=[(sinx)/x]* and
h,(x)=[(sin’x /x]? for x >0. The functions 4, and h,
differ substantially from zero only for 0=<x <7 and
0 <x <, respectively, with #; maximum at x =0 and A,
maximum at x =0.377r. Scattering only occurs when
both % (k,60) and g (k,0) differ from zero. Following from
Fig. 2, Egs. (A6) and Eq. (A7), the latter is the case only

when

occurs

0=<k,<w/B (A8B)
and

k,=km/(acosf) , (A9)

0=k, <w/(Csinf) , (A10)

0<«, <2mw/(a cosf) . (A11)

It follows that scattering only occurs at 6<<1 and
furthermore that «, =~m/a and k,~0. As a result, the
amplitude of the scattering vector is around 7/a. The
reason that no scattering occurs at k=0 is because the
mean magnetization of the particle equals zero.

It follows from Egs. (A4)—(A6) that, for 62 <<1,
f1(Kk,0,8)=(8,y sinp+8,, cos’d)[h'(k,0)]? (A12)

with 8;; the Kronecker § and h'(«k,0) the value of A (k,6)
given by Eq. (A6) in which cosf is approximated by 1. In
the calculation of Eq. (A12) it has been assumed that, for
those x vectors that contribute to Bj;, K, ~1, and &, =0.
The validity of the latter assumption follows from the
fact that those |k, | values which most contribute to B,
are smaller than 7 /Y while those IKxi values which most
contribute to 3;; are about 7/a with a <<Y.
It follows from Egs. (A3), (A7), and (A12) and from

. sm(K B)
I de=7r/B (A13)
that
Br1(0)=1(8,y+8,,)j(0) (A14)
with
1 , ,
hy
nr ]
ha
O 1 1
0 T T

FIG. 2. The functions 4 ,(x) and A,(x).



FIG. 3. A sketch of a single ferromagnetic plane.

8C (uoM )?
jioy=2C M)
T
i sin[(2k +1)(sin0)7C /a] (A15)

o (2k +1)*(sinf)7C /a

In Eq. (A15), the integration over «, has been replaced by
a summation over k with «, =(2k +1)m/a. It follows
from Egs. (5), (A1), (A14), and (A15) that the correlation
parameter & of the total ensemble is given by

=_2_ T/2
£ Wfo j(6)d6

8a(pueM)* = 1
Al7
773 k§0(2k+1)3 (ALD)

~0.27a (u,M )?

independent of A4, B, or C. The values of y; approximate
to those given by Eq. (7). Small deviations from the
values given by Eq. (7) are due to the assumption that one
of the axes of the x,y,z and the X, Y,Z systems always
coincide. In the derivation of Eq. (A17) from Eq. (A16),
the assumption 8% << 1 has been used again.

It is stressed that, in the above, it has been assumed

(A16)

U

(A18)

that all scattered neutrons enter the analyzer. This is
only the case as long as
a> (A19)
27,

with 7, the aperture of the analyzer.

APPENDIX B: THE DEPOLARIZATION
BY AN ENSEMBLE
OF FERROMAGNETIC PLANES

The correlation parameter § and the quantities y; of an
ensemble of isotropically distributed ferromagnetic
planes as described in Sec. II B is considered. The same
procedure as used in Appendix A will be followed. The
angle between the local magnetization in the plane and
the Z axis is again denoted ¢. Furthermore, it is assumed
that the Y axis of the plane coincides with the y axis of
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FIG. 4. The quantity £/[a (oM )’] of an ensemble of isotrop-
ically distributed ferromagnetic planes vs p.

the system and the angle between the x and X axes and
between the z and Z axes is denoted 0 (Fig. 3).

Following from Egs. (1)-(3) and (A2), the diagonal ele-
ments fB;; of the correlation matrix of the single fer-
romagnetic plane given in Fig. 3 averaged over ¢ are
given by

Bxx (0)=K; cos’0(x 2 +&% sin’0)o(k,0) ,
Byy(0)=F2 (%2 +K sin?0)o(k,0) , (B1)
Bzz(0)=[1—F2 sin®6(2 —&> ", — Ry 2 5in%6)Jo(x, 0) ,
with
)2
o(k,0)= ‘uoj\g aDE
27
sin(k, a cos@) sin(kx, D)
X de fdk il
Kya cosf k,D
sin(k, E sinf) (B2)
K, E sinf
For 6=0 (k, =0),
By~1(8;y+8,,)E . (B3)

Under the assumption D =E =pa, £ and y; have been
numerically calculated from Egs. (5), (6), (A1), and (B1)
for several values of p. It appeared that the quantities y;
are given by Eq. (7), independent of p. The quantity £ in-
creases with increasing p (Fig. 4).

It follows from Eq. (B2) that most of the scattering
occurs at scattering vectors with «, between 0 and / and
with k, between O and w/D. Here, ! is the minimum of
7 /(a cosO) and 7 /(E sinf). Generally, D and E are large
such that, for all 6 values except for 6 values closely
around O, the scattering occurs at scattering angles small-
er than the aperture of the analyzer.
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