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INTRODUCTION

In an earlier paper Schoenborn, Caspar and Kammerer1 have reported
the fabrication of thin film monochromators for neutrons. They had shown chat
a multilayer consisting of alternating films of two materials acts as a good
monochromator with large and adjustable periodicity and wide bandwidth.

The diffraction properties of these multilayers have been studied.
with the objective of using them as monochromators, filters and polarizers for
neutrons. A theoretical understanding of these multilayers has been developed
by using the kinematical and dynamical approaches. In order to compare these
expressions with the observed properties, the effects of beam diﬁérgence and
wavelength distribution for the spectrometer have been determined. The
influence of some aperiodicity on the diffraction data has also been studied
within the framework of kinematical theory.

Sample preparation

The materials selected for m;king the multilayers should possess a
humber of properties. A large difference in neutron scattering amplitude
density, £, defined as £ = bp where b = scattering length per atom and
p = number of pnelii per unit volume, gives rise to a greater contrast in
scattering parameters and hence larger intensity for a given number and thickness
of bilayers in the samples. Values of f for some of the elements are listed
in Table 1. The difference between scattering densities of the two materials
can be increased by choosing one material with a negative scattering length and

the other with a positive scattering length. In addition to this, the materials
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selected should fomm uniform thin films and should have small interdiffusion.
On the basis of these considerations it was decided to make multilayers of
manganese and germanium. Manganese is one of the few elements with a negative
scattering iengtﬁ, and the interdiffusion between these two materials {s
fairly small.

The multilayers were made by depositing thin £ilms of Mn and Ge on a
flat glass substrate by vacuum deposition t:echnique.2 Manganese and germanium
were placed in boats of tantalum arnd graphite respectibely, and were evaporated
in succession by resistive heating of the boats. The thicknesses of the films
were measured by a quartz crystal oscillator which also opened and closed a
shutter at preset values through an automatic control unit. During the time
that one material was being evaporated, the other was kept slightly below its
melting point so that the time interval between depositing films was fairly
small.

Thicknesses of all the £:.1ms in a good multilayer should be identical
with deviations not exceeding a feu per cent. In order to achieve this it
was necessary to work with low evaporation rates, a typical value being 1 R/sec.
At low evaporation rates the films;are contaminated with some oxygen and carbon.
The composition of different sectiéns of a multilayer was determined by Auger
spectroscopy and the contaminat::lonjwas, in general, found to be less than 1%.
Most of the multilayers were made Ly depositing the films on a substrate held
at room temperature. The size of the substrates used was 2.5 cm x 15 em and

. the
they were kept at about 70 cm from the boats to ensure uniformity in“thickness

of each film,



Multilayers with periodicity ranging from .20 £ o

haven been made
240 X“and a maximum of 75 bilayers  were deposited on a multilayer. The

maximum number of bilayers on a sample was limited by the capacity of the
boats. For cur geometry, the amount of material needed to make a muitilayer
with 75 bilayers and a periodicity of 200 ® was of the order of 8 2.

THEORY

(A) Kinematical theory

According to the kinemaecical theory, the differential scattering

cross=section for a multilayer may be written as

do 2
a-clFl ¢))
where ‘F 1is the structure factor for the multilayer and € is a constant. Let
- - !

K be the incident wave vector and K the scattered wave vector. For Bragg

reflection from the multilayer the scattering vector is
- -t nd
-Q.-K-K--‘"—;sine P )

where © 1is the angle of incidence of the neutron wave on the multilayer and
2z isa unit vector perpendicular to the plane of the multilayer as shown in
Fig. 1. ) is the wavelength of the incident neutron beam. The structure
factor may be calculated for any given distribution of thicknesses and materials
inside the multilayer.

It will be acsumed that the composition of layers changes discretely

along the z-axis and that the thickness of each layer is d/2 which gives rise
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to a periodicity of d. Let bl and b2 be the scattering lengtls for the
two materials and Py» Py their nuclear densities. Then the structure factor
is
F= z {blplj‘ egQ dz + byp, f 10z 4}
=l -1 (o-5a
where N is the total number of bilayers. The ebove expression may be

simplified to give

Fe 2sin(0d/4) | sin(QNd/2) [b
Q

1Qd( ) iQd( )
#in(Qd/2) 247 +byp, e

11 &

Since the scattered intensity is proportional to | F 12, by multiplying this

structure factor by its complex conjugate one obtains

| 7|7 (22R(00/8) SR o ((by0))? + (byp,)” + 2b1p b, Cos (Q/2)] (D)

For the nth order Bragg reflection Q = (-dﬂ)n and Eq. (3) simplifies to

2 Nd, 2 2
7 |5 = G [bypy - bp,1°  for n=1,3,5....
2 ()
|Flg= 0 for n=2,46....
Therefore even order reflections will be absent because the net diffracted
intensity from each layer is zero.
So far a sharp boundary between the materaisl has been considered. For
an actual sample, however, the boundary between the layers is not expected to
be discrete for two different reasons. First, there w£_11 be a certain amount of

diffusion of materials between the layers. Second, any nonuniformity in the
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surface of the sample will also have the same effezct because the observed
intensity is the total intensity scattered by the entire area of the sample
which is exposed to the neutrons. A surface nonuniformity will cause dis-
placement of some portion of the bilayer with respect to the rest along .z.
direction, which is equivalent to partial mixing of the layers. The observed
intensity for all the samples decreases rapidly for higher orders which also

suggests that some mixing of materials is taking place.

The structure factor will also be calculated for the case
in which the scattering amplitude density changes continuously in a sinusoidal

way. In this case the nuclea~ scattering amplitude density may be written as

fl L blp1 (1 +singz)

(5}
fz - 5;,!)2p2 (1 - sin g z)
where g = 2n/d. The structuve factor now becomes
Nd Nd
i i
Fm} blp1 "ro (L+singz) e Qz dz + % b2°2 Io (L-~singz)e Q= dz
1QNd/2 - ) 12 -
-e sin (QNd/2) {qZ (byp; + byp,) + Cod? (b1py = bypy)d
From this we obtain
2
2 gqn? N4y 1 2, B b o b o2
lr l gin” ( 2 ) {Qz (blpl + bzpz) + Qz-sz (blpl bzpz) } (6)
For first order Bragg peak this structure factor gives
2 1 .22 2
| B g =qg N (byp, = ,0,) ¢}

while | F ‘2 is zero for all higher order Bragg reflections.



(B) Dynamical theory
The underlying assumption in kinematical theory is that the intensity

of the incideut beam is uniform throughout the sample. Because of this
assumption, the reflected intensity is proportional to the aquare of the
number of bilayers and does not have an upper bound. Actually, however, the
intensity of the incident beam will decrease as it goes deeper inside the sample
because part of the incident beam is reflected by the upper layers. In addition,
a proper theoretical approach should consider the multiple reflections of
neutrons inside the multilayer as well.

These factors may be taken into account by solving the wave equation
for a finite one-dimensional periodic medium with appropriacewgﬁgn%%r¥oﬁgggtgions
at the surfaces. The procedure of Zachariasenahafter converting

the variables to those for neutron waves. The reflected intensity mear the

Bragg peak is given by

Py ainh® [a/ l-yzl . (8)

Fb-

° 1-y2+sinh2[A S1-y2)

where
A tg 1Vgl
-
2 /1Kz(Rz-8) |

and
gV

L T S N 1N
K| 07 Vg L2k,m8) B 7B Top? T 2(Kze)
and other symbols repcesent thg following: Vo = 2n (plbl + pzbz); Vg =2 (plbl -

pzbz): to ™ Nd is the total thickness of the multilayec; Kz = the z component



of the neutron wave vector inside the multilayer; Ky, = the z component of the
neutron wave vector outside the multilayer. At the Bragg angle y = 0, and

the diffracted intensity is

P
F'H = tanhZ(A)
o

t.lY

This equation appropriately shows saturation of PH/P° for large t,.

with

(C) Effect of f;nite resolution of spectrometer

The diffraction pattern of the system will also be modified due to
finite beam divergence and wavelength distribution of the spectrometer. The
experimental setup is shown in Fig. 2. The incident neutron beam has traversed
through a poulycrystalline beryllium filter and therefore consists of a continuous
distribution of waveiengths with a low angle cut off at 3.9 L. Theintensity
of various wavelength components decreases uniformly from about & £ wiceh
negligible intensity for wavelengths greater than 6 £. This distribution nay
be determired by taking a 6-20 plot of the incident beam and applying suitable
cormections for beam divergence. The wavelength composition of the primary beam
will be represented by I°(k) end assumed to be known.

The divergence of the incident beam will be determined by the collimating
slits used. Since the multilayer intercepts only a small portion of the incident
beam, collimation was achieved by passing the nautron beam through two slits.

For moat of the experiments the beam width was 0,30 mm and the beam divergence

was 1 milliradiaan.



The scattered bear: frum the sample passus through Soller slits and
is then incident on an analyzer crystal. The wavelength distribution of the
neutrons reaching the detector is determined by the mosaic spread of the
analyzer.

The procedure employed for taking the resolution function into
account is based on tracing the path of a general ray from the collimating
slits to the detector. The net intensity £fs tlen obtained by iniegrating
over the entire scattered beam., It will be assumed that the profile of a beam
emerging from a set of slits is a Gaussian of known width. The validity of
this assumption has been confirmed for the narrow slits employed in these
weasurements. The intensity of a ray making an angle § witk the axis of the
slit is then decreased by a factor e°x5 where K 1is the slit constant
related to the width of the beam such that FWHM = /(n2/K). It will be
assumed that Kl and Kz are the slit constants for the collimating slits
and the Soller slits before the detector, respectively. The distribution of
crystallites in the graphite analyzer has been shown to be Gauslians, so chat
tka probability of finding a mosaic block making an angle 8 with the
surface of the crystal is e'KBaz' The constant x3 vas determined by
analyzing the rocking curve of the crystal, and the constants Kl and Kz
were obtained from an analysis of the direct beam profile as a function of the

slit width, The values ascribed to these constaats were: K1 = 2.3678 106

3

(radian)"%; K. = 1.6342 10° (radian) 2; and K, = 9.4 10 (radian) 2.

2
As shown in Fig. 2, the path of the most probable ray coincides with

the axes of the slits and is shown by a dashed line. The multilayer is set
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along a bisector of the axes of collimating and Soller slits such that the mean
ray is incident on it at an angle @,. The path of a general ray, which is
incident at an angle @ on the multilayer, is shown by a solid line in this
figure. The probability function affecting the intensity of the general ray

at each stage will be calculated and combined to give the net intensity. The
following notation will be used to denote the angles involved: &, = the

angle of incidence of the most probable ray on the multilayer; ¢ = angla of
incidence of a general ray on the multilayer; B = ungle subtended by that mosaic
block with the surface of the analyzer which reflects the general ray from the
multilayer; A9 = the differenze in angles of the reflected aand incident rays on
the multilayer for the general ray; o = angle of incidence of the mean ray on
the an;lyzer. This angle is related to the wavelength for which diffraction
data is taken through Bragg relation \ = ZdG sin ¢ where dG is the
d-spacing of the analyzer crystal.ajzcg'ahgle of incidence of the general ray
on the crystallite §, Y = rocking angle for the multilayer such that ¥ = 0
corresponds to gpecular reflection of the mean ray.

Three different types of observations have been taken for each
multilayer. For the 0-20 plots the increment in angle for detector arm is
twice that for multilayer. For the rocking curve, the detector arm is set at
twice the Bragg angle while the multilayer is moved on both sides of the Bragg
angle. Finally, for the reflectivity analysis the multilayer is mounted on
axis "1” and a graphite crystal on axis "2". The usual analyzer is removed

from "3" axis and the detector is rotated so that it directly faces the Soller
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alits. While the multilayer is kept at a fixed angle with respect to the incident
beam, the wavelength distribution of the reflected beam is determined by taking
a 6-28 plot with the analyzer. Thke effect of finite resolution of the

spectrometer will have to be introduced in each type of scanm.

(1) ©-20 plot. The general ray, which is incident at an angle € on

the multilayer, emerges makihg zn angle 0-8¢ with the axis of the collimating

2
slits. Therefore it is attenuated by a factor e Kl(e 8) with respect to

the most probable ray. The diffracted beam from the multilayer for this
particular incident ray will be appreciable inside a narrow cone with its

axis along the specularly reflected ray. The intensity of thn wave diffracted

at o + A8 will then be proportional to the square of the structure factor,
|Fele 4-A9)|2. calculated for this kind of reflection. Since the Soller
slits on the detector side are set to receive the most probable ray, this
particular ray will be further attenuated by a factor e.K:!(e +48 - 90)2

on passing through the Soller slits.

Pinaeliy, it will be assumed that this ray is reflected by a mosaic
block of the analyzer which makes an angle 8 with the surface of the crystal
as shown in the inset of Fig. 2. The probability of finding a mosaic block
at an angle B 1is e-K332. However, the incidence angle of this ray on the
cerystallite is ¢ =a + 90 + 406 -~ §;, - B. Therefore only that wavelength
component of this ray will be reflected which satisfies the Bragg relation for
this angle of incidence:

A =2d, sin (@ +0 + 46 - 8, - P) (10)
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Eack mosaic block will reflect the wavelength satisfying the above relation
and the distribution of wavelengths reaching the detector is determined by

the angular distribution of mosaic blocks.

The total intensity reaching the detector is obtained by integrating
over appropriatéa ranges of: a) @, to include beam divergence; b) 48, to take
care of waves not reflected specularly from the multilayer; ¢) A, to inciude
all wavelength components of the primary beam; and d) 8, to include the
distribution of mosaic blocks in the analyzer crystazl. However, according to
Eq. (10) ) and £ are not independent variables ani only cne of these need

to be integrated. Equation (10) may be rewritten as:
Bea+6+a8 - G- stn t (A/24) (1)

The net intensity reaching the detector, aside from a multiplying constant,

is then given by the following expression

2 2
1000) = [[fer-do-40a0) [1°0r)-e 1 (0-00)" 7K, (@ + 88 - 8o)
2 .
x e ¥ | peole + Ae)lz] 12)

where f 1s given by Eq. (11). The integrals in Eq. (12) were evaluated by

using Legendre-Gauss quadrature formulas. It was found that A8 integration
had negligible effect on the shape of 1(8,). This showed that only specular

reflections from the multilayer made a 3ignificant contribution. Therefore

1(8,) may be written as a double integral

- - 2 2
1(8,) = [[dr-do [1°0n) e K1 T KD @007 FBT | pgy1 % (13)
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where P =a+8 -9, - si.n"1 (hlsz). In all future considerations, the

effects of nonspecular reflsctions from the multilayer will be neglected.
Figure 3 shows a plot of | F |2 for N=25 and d = 160 &, and

Fig. 4 is a plot of the calculated values ¢f I(§,) from this | F 12 and

the constants of the spectrometer given above. It can be seen that while

| F |2 shows a large anumber of oscillations between Bragg peaks, all these

features are smoothed out when the resolution function of the spectrometer

is taken into account. By replacing | F |2 by PH_/Po of dynamical theory,

one obtains the diffraction pattern of dynamical theory for a finite resolution

function.

(11) Rocking curve. The procedufe for calculating varicus probability

functions is identical to .the one followed for ©0-20 plots. Y is the rocking
angle which measures the angular deviation of the multilayer from the Bragg
position, i.e. when the most probable rayis incident at the Bragg angle,

0o on the multilayer and the detector arm is set at twice the Bragg angle.

® 1s the angle of incidence of a general ray on the multilayer for the setting
¥, The incidence angle of the general ray reflected from multilayer at ¥ on
a mosaic block making an angle 8 with the surface of the analyzer is

c=a+8,-¥~-0-8. The net inﬁensity on the detector for a setting Y

of the multilayer is

2 2 p a2
1) = ffarde (1°) &K1 * ¥ 7 807 prgy |2 K+ € - 0) KTy (14

where B =a+8, - ¥ -0 - sin 't (A/2d.).
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(D) Aperiodicity in multilayers

In the considerations so far it has been assumed that the multilayer
is periect in the sense that all the bilayers of a sample are exactly identical.
Since a single monolayer of most materials is 3-4 R thick, there will be some
aperiodicity in all the samples. In addition to this, any surface undulations
in the substrate will also give rise to an effective aperiodicity.

The bilayers in a multilayer are stacked on each other and therefore
there is a definite phase relation in the waves diffracted by different
bilayers. If a particuiar bilayer does not have the proper thickness then it
makes a singular contributicon to the diffracted wave and also alters the
phase relation between the bilayers precéding it and succeediug it. Because
of this fact, the diffraction properties will depend on the thicknesses of all
the bilayers and their stacking sequence, and therefore exact expressions for
these may be developed only if one knows the actual distribution of thicknesses
in the multilayer.

For analyzing the experimental data a simple model has been considered
in which the thickness of bilayers changes uniformly from one end of the sampie
to the other. This is a simplified model in which the distribution of
aperiodicities is replaced by a single parameter. It is easy to calculate
the structure factor for this case and obtain computed curves within the frame-
work of kinematical theory. Because of the large number of variables which need

to be determined for each sample, the exact approach using dynamical theory

had been abandoned.
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In the simplified model, each sample will be characterized by an
(see text)
aperiodicity parameter Ad such that § = Ad/N is thﬁ‘thickness of the bilayer
on which neutrons are incident from outside is d, then the thickness of
the innermost bilayer willlbe d + (N-1)§. The pth bilayer wili extend from
z = (p-1d+3(p -1)(p=2) to z=pd + p (p ~ 1), and the structure

factor of this bilayer will be

2sin(e,Q)
Fp = --a-g- [[blp1 cos (eIQ) + bzpz cos (ezQ)}+ i {blp1 sin (elQ) + b2p2 sin (eZQ}]
(16)
where €& = 4+ E(N-1)5
¢ = (N-Dd + H(N-1) (2N-3)6 a”n
¢, = (N-¥)d + ¥(n-1)(28-1)5.
The structure factor of the multilayer ray therefore be written as
F= :; [Re(FP) + m(rp)}
hence
2_. ¥ 2 N 2
jr|°=[2 Re(FP)] +[ = Im(Fp)] (18)

p=1 p=1
where Re(FP) and Im(FP) are real and imaginary parts of Fp as given by
Eq. (16). The structure factor of this model depends on the number of bilayers,
d-spacing and the aperiodicity parameter, Ad. For a given value of these
parameters, the computed 6-20 plot a.? rocking and reflectivity cuzves can be
obtained by substituting | F |2 given by Eq. (18) and Egs. (13), (14) and

(15), respectively.
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COMPARISON WITH EXPERIMENTS

(A) ©-20 plots
A typical 0-20 plot for ‘s sample with N=25 and d=160 & is shown in

Fig. 5. As mentioned earlier, the diffraction properties are sensitive to
the distribution of thicknesses in the multilayer and this will affect the
€-28 plot as well.

The first intensity maximum at about 0.21° {s due
to critical angle reflection from glass substrate. A 6-20 plot of the glass
slide alone shows an intensity maximum at 0.21° with sharp decay beyond this
angle. The solid curve for this region is the theoretical plot for critical
angle reflection from glass. The intensity decreases for smaller angles as well
because the entire incident beam is not intercepted by the glass slide. This
low angle maximum can be eliminated by depositing the multiiayer on a material
with negative scattering length, such as. titanium.

The first order Bragg peak for this ample is at 0.75°. The shape of
this peak gives an idea about the quality of the sample: If the thickness of
even a few bilayers is different from the rest by an appreciale amount,
then one will end up with a Bragg peak which has prominent shoulders and even
multiple peaks. An example of such a sample is shown in Fig. 6. It is worthwhile
to point out that in the extreme case wﬂen a single layer from the middle of
the multilayer is missing, the kinematical theory predicts zero intensity at the

angle where Bragg condition is satisfied with intensity maxima on either side.



The second order Bragg peak for this smple (Fig. 5) has an intensity
about 1/200 of the first order Brags peak. For most of the samples the second
order maximum is fairly weak but for a sample with large aperiodicities it may
have appreciable intensity. Third and higher orders are hardly distinguishable
from the background.

(B) Determination of Ad

For each sample ‘he equivalent Ad of the simplified aperiodicity
model was determined py'comparing the rocking curve of the sample with the cal-
culate one using F4s. (18) and (14). Ad was used as a variable in Eq. (18)
and its value for the best fit with experimental data was determined. Each
sample was then characterized with this ﬁarameter. It may be pointed out
that this method is similar to the determination of mosaic spread of a real
crystal by an analysis of its rocking curve, but the significance of Ad -is
different because of phase relations between different bilayers. A comparison
of this type is shown in Fig. 7 for a sample with N=25 and d=160 & in which
the solid curve has been calculated for Ad = 25 X. This value of Ad 1is
then used for comparing the reflectivity and ©-26 plots with the calculated
curves. The solid curve in 6€-28 plot, Fig. 5, uses this value of Ad.

When the number of bilayers is less than 30, the calculated curves agree with the
axperimental data for the same value of Ad.

(C) Reflectivity of samples

According to kinematical theory the reflectivity of samples with the

same d-spacing should be proportional to Nzas given in Eq. (4#). This leads to
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the nonphysical result that the reflectivity does not have :n upper bound. The
dynamical theory, Eq. (9), takes care of this and the normalized intensity tends
asymptotically to unity. Figure 8 shows these two plots for a periodicity of
160 X. These are applicabie, however, only to perfect samples and a spectrometer
with infinite resolution.

If the finite resolution of the spectrometer is taken into account,
the intensity predicted by the kinematical theory will be less than that for
ideal geometry. The reason for this is that the FWHM of the Bragg peak decreases
with increasing number of bilayers while the spectrometer measures the integrated
intensity over finite angular range because of ‘e beam divergence, and this
integrated intensity will be less than the peak intensity by an amount dependent
on the width of the peal:. This effect becomes more and more pronounced as
the number of bilayers is increased.

In Fig. 9 calculated curves for multilayers of two periodicities are
shown along with the observed reflectivities. The solid curves (a) and (c)
represent the results of kinematical theory for d-spacings of 160 2 and 220 X,
respectively. The dashed curves (b) and (d) have been calculated using the
aperiodicity model. For curve (b), d=160 % and ad = 258, while for 4,
d =220 & and Ad = 35 L. The reflectivities obtained for samples of 160 2
periodicity are shown by solid circles and those of 220 2 periodicity are shown
by solid triangles. There is a fair agreement between calculated plots and
experimental values for small values of N. For larger number of bilayers, the

theoretical reflectivities continue to increase while the data points show

saturation.
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It would be worthwhile to emphasize that a complete understanding of
a multilayer will require a knowledge of 2 N variables because the thicknesses
and stacking order of the layers determine its diffraction properties and
therefore a model with one variable, Ad, can only give a qualitative under-
standing. Because of the sensitiveness to so many variables, the reflectivities
of two samples with the same N and d may be widely different. The situaticn
is further complicated by the fact that there may be surface irregularities on
the substrate and nonuniformities in the surfaces of the films.

The bandwidth, AA/a, for mosgf;hese samples lies between 0.06 and
0.20. It can be shown that the lower limit of AN/\ will be determined by the
incidence angle on the sample and beam diﬁergence of the spectrometer. The
upper limit of AA/i is determined essentially by Ad/d and, if necessary,
it can be increased by introducing some aperiodicity in the multilayer during

deposition. Figure 10 shows reflectivicy plot for a sample with AN/A = 0.10.

OSCILLATION DATA

The plot of | F \2 in Fig. 3 shows oscillation between Bragg peaks
of various orders. These intensity variations arise because the diffracted
waves from different bilayers interfere to 31ve.undu1ations in intensity. It
can be ea3ily shown that for N bilayers there will be (N-1) miniﬁa between
Bragg peaks of successive or&ers. If the period of oscillations is smaller than
the beam divergence, the observed intensity will not show any oscillations

because it will be integrated over more than a period.
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An attempt was made to observe these oscillations by increasing the
period of oscillations and decreasing the angular divergence of the incident
beam. The period of oscillation for a sample is approximately (A/2Nd) and
therefore one must decrease the total number of bilayers and periodirity.
However, decreasing Nd also decreases the intensity of reflections and
therefore a compromise must be made to get observable intensities. The data

shown in Fig. 11 was taken for a sample with 10 bilayers and a periodicity
of 180 . The beam width was reduced to 0.06 mm and the beam divergence to
0.24 milliradians for taking these observations. In the same figure | F 12
for this sample has also been plotted after introducing the effects of finite
resolution. The data clearly shows oscillations of the expected periodicity.

The fact that these oscillat:l.'ot:s“%btf:g?segs that the coherznce
length of neutron wave packets is at least of the order of the total thickness
of the multilayer because at an intensity minimum there is destructive
interference between waves diffracted from different bilayers. From the observa-
tions of oscillations we conclude that the coherence length is at least of the
order of 2000 &. By observations of the diffraction pattern of a single slit..
Shull7 has shown that the coherence length of the neutron wave packets is at
least of the order of 21 p.

| POLARTZING MULTILAYERS

Mulitilayers which polarize a beam of neutrons on reflection have also
been made.8 For this purpose a multilayer with alternating layers or iron and

germanium was constructed and placed in a magnetic field of about 300 Oe which
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saturates the magnetization of iron. In a magnetic field, the st':nttering

from iron has a contribution from magnetic scattering.in addition to the
nuclear scattering. Since the magnetic moment has the direction of the
external field, the nuclear scattering density seen by the reutron depends on

whether its spin is parallel or antiparallel to the magnetic field. The values

of nuclear scattering densities for the two spins of iron are 0.30 x 10’1

and 1.32 x 10“ cm.z while for germanium it has the value 0.37 x 10u cm-z.
The result of this ia that neutrous of one spin are reflected from the multi-

layer while the other spin-component moves in a medium of homogeneous

-

acattering density.
An Fe-CGa multilayer with N = 32 and d = 165 £ was found to reflect
46% of the incident beam. The polarizability of the reflected beam, defiuned as
L
r = %:
1 +1
where I+ and I°  are the intensities of the two spin components, was found to
be 0.99. These figures suggest that one can make very efficient polarizers for

neutrons using multilayers of this type.
DISCUSSION
The multilayers offer a numbar of advantages over conventional
mondchromators. The reflectivities of these multilayers are very good; by
dapositing enough layers onc can maks & multilayer with ~90% reflectivity,
The numbar of bilayers required for this depends on the periodicity of the
ssmple. Yor a periodicicy of 220 £a good multilayer with N = 40 can have
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907 reflectivity, while for a periodicity of 120 £ about 200 bilayers will be
required to get comparable reflectivity.

Because of their smaller take-off angle and inherent aperiodicity, the
bandwidth AL/)\ for these samples is large and adjustable within some limits.
For applications in which a greater AA/A 1s useful, such as low angle
scattering from biological'samples, this will lead to considerably greater
intensities for the neutron beams. Finally, for long wavelength neutrons from
cold source, for which almost no monochromators are available, the multilayers
can be used as efficient monochromators.

The size of a multilayer required to reflect a neutron beam is deter-
mined by the Bragg angle for the selecte& wavelength, which in turn depends
on the d-spacing. With our present setup in which films are made by
resistive heating and deposited on a substrate held at room temperature, we

. have made good multilayers with smallest periodicity of 120 £. with refined
techniques it may be possible to push this limit down to 60 £. For a d-
spacing of 80 La multilayer will have to be 50 cm long in order to reflect
4 12 om wide beam of 4 L wavelength., Making uniform films of this length will
require different evaporation techniques, probably using sputtering for making
the films. One may also have to investigate the combination of materials which
gives uniform films of smallest thickneass without any interdiffusfon.

In addicion to their use as monochromators and analyzers, the multi-
layers may also be used as filters for decreasing the intensity of the \/2

component which gives rise to diffraction maxima at the same angles as the
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wavelength )\ for which the observations are being made. Because the intensity
of the second order peak is less th:in the intensity of the firat order Bragg
peak by more than two orders of magnitude, a multilayer monochromator will
automatically act as a filter as well. Additional filtering may be achieved
by arranging a number of multilayers in transmission or reflection geometry.
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Table 1
Neutren Scattering Amplitude Density

for Some Elements

b £
Element (10.12 em) (1011 cm)

Al 0.35 0.21
T4 -0.34 -0.19
Mn -0.36 -0.29
Nd 1.03 0.9
Cu 0.79 0.67
Ge 0.84 0.37
Ag 0.61 0.36

Pb 0.96 0.32
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FIGURE LEGENDS

Cross section of a multilayer.

Schematic diagram of the spectrometer. The inset shows a mosaic block

of analyzer which narticipates in reflection.
Square of the structure factor vs. the angle of incidence on the sample.
| F |2 after introducing the effect of resolution of the spectrometer.

=28 plot for a sample with N = 25, d = 160 2. The solid curve for
0 < 0.3° has been calculated for critical angle reflecti~1 from glass,
and for 8 > 0.3% it has been calculated from the aperiodicity model

with ad = 25 &,
8-20 plot for a sample with N = 37 and d = 200 2.

Rocking curve for a sample with N = 25 and d = 160 8. ad=25%

for the solid curve.

Theoretical reflectivities for d = 160 &. Solid curve represents

kinematical theory and the dashed curve shows results of dynamical

theory.

Theoretical refiéctivity curves and experimental data points. Curves
{(a), (b) and solid circles are for d = 160 X, and (c), (d) and solid

triangles are for d = 220 X.
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Figure 10. Reflectivity plot for a sample with N = 10, d = 220 1. Ad =

35 R for the solid curve.

Figure 11. 0-20 plot for a sample with N = 10, d = 180 &. The solid curve
shows integral of | F Iz over beam divergence and wavelength

distribution.
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