
i" i
i Studies on Dynamical Diffraction Phenomena of Neutrons

Using Properties of Wave Fan and Total Reflection

Seishl"Klkuta

Institute of Industrial Science, University of Tokyo, Tokyo, Japan

i ;

1. Introduct i on

The diffraction phenomena of neutrons in nearly perfect crystals

are the same in many respects as those of X-rays. However., there is

a remarkable difference that the diffracted beam of neutrons is only

weakly absorbed in most materials while that of X-rays is very strongly

absorbed. Accordingly, the dynamical theory of diffraction for the

case of zero-absorption can be applied to most cases In neutron dif-

fraction. In the Bragg-case diffraction the reflected beam has the

reflectivity of nearly 100 % In the angular range of total reflection.

In the Laue-case diffraction the energy flows of two wave fields inside

the crystal have appreciable intensities over all angular range- of

the wave fan, no matter how thick the crystal is.

Hitherto experimental studies on the dynamical diffraction phe-

nomena of neutrons have been made by many investigators, such as

measurements of rocking curves In various arrangements (e.g. Knowles,

1956; Sippel, Kleinstuck & Schulze, 196*0, observations of energy

flows and Pendellosung fringe structures (e.g. Shull, 1968) and con-

structions of interferometers (Bauch, Treimer & Bonse, 197^). In

the present paper some dynamical diffraction phenomena studied by

using positively the properties of wave fan and total reflection are?

described.
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2. Measurement of the intrinsic rocking curve in the Bragg-case

diffraction*

The rocking curve is usually measured by using the double-crystal

diffractometer of parallel setting. For obtaining the rocking curve

very close to the intrlslc curve, the angular spread of the incident

beam should be much narrower than the angular range of diffraction

from the specimen. This can be achieved by using an asymmetric Bragg-

case diffraction or by selecting the central part of the wave fan at

the Laue-case setting. Here the latter method was used (Klkuta,

Ishikawa, Kohra & Hoshlno, 1975).

When the narrow beam impinges on the surface of the crystal with

the symmetric Laue-case geometry, the beam excites the whole disper-

sion surface and generates two wave fields inside the crystal, the

propagation directions of which cover the whole angle between the

incident and reflected directions. At the ceiater of the range of

diffraction, the energy flow propagates along the diffracting planes.

When two slits of width s are placed on the entrance and exit surfaces

of the crystal with thickness t, the beams nearly satisfying the

exact Bragg condition are selected. If the condition s/t <& 1 is

satisfied, the angular spread of the diffracted beam is given as

where W is a parameter indicating the angular deviation from the dif-

fraction condition. In the present case, the 111 reflection of •

silicon with 7\. = 2.44 A is used. Under the condition of t = 13 mm

and s = 1 mm, W is estimated at 0.18. Since the angular width cor-

responding to W = 1 is 0.790 sec of arc, the angular spread of the

exploring beam is 0.14 sec of arc, If the angular spread due to the

geometrical diffraction by the slit, 0.045 sec of arc, is neglected.



In the case of zero-absorption, the intrinsic diffract ion curve

for the Bragg case is given by

p f 1

The diffraction curve has a profile of the so-called silk hat type.

The half-value width of the curve is 3//2 in the W-scale. In the:

present case it is 1.68 sec of arc and 12 times the angular spread

of the exploring beam obtained above. When the form of crystal is

plane parallel, the intensities of the beam reflected from the back

surface and the beam of zig-zag reflected between both surfaces are

appreciably strong for the angular range a little deviated from the

total reflection.

The rocking curve was measured by using a monolithic double-

crystal system, as schematically shown in Fig.l. The first and

second crystal, Cl and C2, are arranged in the parallel setting,

in which the symmetric Laue-case and symmetric Bragg-case diffrac-

tion take place successively. Two crystals are connected to each

other with a thin bridge, b, so that the minute rotation of the

second crystal is carried out by utilizing elastic bending of the

bridge. A monolithic system is effective for keeping a mechanical

stability . A plate spring, s, attached to the edge of the second

is pushed at the center by a micrometer, m. The intensities of the

beam reflected from the front surface, Ih, the beam reflected from

the back surface, In, and the beam transmitted out of the back sur-

face, 1^, were measured. As reproduced in Fig.2, the rocking curve

of Ih has the half-value width of 2.0 sec of arc and the reflectivity

of about 100 %. The curve of Ih has small peaks at the angles near

W = £ 1 and that of Id resembles a profile of mirroi' reflection of In.
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3. Proposal for the construction of the crystal system using mnlti-

ple total reflection, especially, with 7t/2. Bragg angle

In the X-ray case it has been proposed that* closed beam paths

which form polygons are- possible to realize by an appropriate choice

of crystals, net planes and X-ray wavelengths (e.g. Bond, Duguay &

Rentzepis, 1967). Such crystal systems seem to be?more:-effective

in the neutron case, since the reflectivity in the total reflection

range is nearly 100 % and the neutron beams having any wavelength

can be used. Here the crystal system using diffraction of TC/2 Bragg

'angle is discussed.

When the Bragg angle is 7t/2, the angular range of total reflec-

tion is given by

while for the usual condition of 0| « 7t/2,

assuming that the diffracting planes are parallel to the front surface

(Kohra & Matsushita, 1972). Here fa denotes the Fourier coeffi-

cients of the dielectric susceptibility of the crystal for X-ray and

corresponds to 7>- NcFn/7c for neutrons. Nc is the numbea: of unit cells

per unit volume and Fn the crystal structure factor for neutrons.

Fig.3 represents DuMond's diagrams of these cases. Ifc- is to be noted

that the angular range of total reflection in the case-- of @a Oi n/2

is 10^ - 10^ times as broad as the one in the usual case where 9««t/2.

For instance, in the case-, of the ̂ 22 reflection of silicon with

0B= K/2 (X = 2.217 &), dfl = 710". This property is useful for the

construction of the crystal system using multiple reflection.

The proposed experimental arrangements, which are sketched in

Fig.k, involves two plane-parallel crystal plates placed face to face,

on the surfaces of which diffraction takes place at the vicinity of

the Bragg angle n/2. The crystal Cl is arranged so that the Incoming



beam direction lies just outside the total reflection range. As a

result, the beam can transmit the crystal Cl. The crystal C2 is

arranged a little inclined from the setting where the surfaces of

two crystals are parallel. Then the beam reflects many times between

the crystals Cl and C2 as long as the beam falling on each crystal

remains within the total reflection range. Finally, when the beam

is deviated from the total reflection range, It transmits the crystal

Cl or C2 and goes out from the crystal system. Two crystals are^

tilted upwards a little so as not to fall by the gravitational force.

In the first arrangement of Fig.^(a) the crystal system is placed

between the double-crystal diffractometer. The double-crystal dif-

fractomet-er is frequently used for the measurement of the deviated

angle of the beam produced by a certain effect., In this arrange-

ment the deviation angle of the beam caused by the effect is expected

to increase in proportion to the number of the beam paths in the

crystal system. This method will possibly be applied to the study

of searching a neutron charge (Shull, Blllman & Wedgwood, 1967).

In the second arrangement of Fig.^(b), the fore-crystal F is

placed In front of the crystal system. If the fore-crystal Is time-

modulated by oscillating the crystal, it reflects and transmits the

beam alternately. Hence a time of flight of neutrons from entering

into the fore-crystal to leaving from it can be measuredi The

neutron wavelength is kncvn from the lattice spacing concerned.

Thus the ratio of Planck's constant to the mass of neutron can be

determined accurately, if a time of fligh becomes long by multiple

reflection. The methods aimed at the same purpose have already been

proposed (Stedman,.1968; Weirauch, 1975).

Practically, It will be a severe problem that the neutron flux

available Is very weak, since the experimental condition requires

only, the'beam with'-'very' small spreads in wavelength and angle.



A method of measuring a minute deviation angle of the beam

The double-crystal diffractomefer of parallel setting with the

Bragg-case geometry is used to measure the ray deviations caused by,

for instance, the refraction, effect due to a prism of some materials

and obtain neutron refractive indices. In the present study the

symmetric Laue-case diffraction is used for both crystals in the

double-crystal arrangement and the action of the angular amplification

of the wave fan is utilized (Kikuta, Ishikawa, Kohra & Hoshino, 1975).

When the beam with an angular deviation of W is incident on the

crystal with the symmetric Laue-case geometry, the paths of the wave

fields split into two directions making angles of i Q to the dif-

fracting planes which satisfy the following relation:

It is noteworthy that a minute angular change of the incident beam

causes an extraordinary large angular change of the paths in the wave

fan. The angular amplification ratio at the exact Bragg condition

is given as

where A o *
s the extinction distance. In the present case of the

111 reflection of silicon with 7L = 2.W A, G = 1.1 x 10^. The sepa

rated distance of the paths of the wave fields on the exit surface

of the crystal can be measured and the deviation angle of the beam

is deduced from it.

The double-crystal system used is shown in Fig.5. The first

and second crystal, Cl and C2, are connected to each other through

a groove. The first crystal acts as a collimator and the second

one as an analyzer in angle. A nearly parallel beam is obtained

by setting slits on the entrance and exit surfaces of the first



crystal in the same way as in the experiment of section 2. The 111

reflection of silicon with 7v. = 2.bk A was used. The thickness of

the first crystal was 19 mm and the width of two slits was both 0.4

mm so thafr the angular spread of the diffracted beam is estimated

at 0.15 in the W-scale or 0.039 sec of arc. When this beam is inci-

dent on the second crystal which is parallel to the first crystal,

the paths of the wave fields are along the diffracting planes, because

the beam satisfies the exact Bragg condition. If a wedge-shaped

material is inserted between two crystals, the beam will be refracted.

In the present case a wedge-shaped crystal of germanium with apex

angle of 20° is used as a specimen, the deviation angle is calculated

to be 0.032*4- sc.c of arc or 0.125 in the W-scale. Accordingly, the

paths in the sec^id crystal make angle of © =+59' to the diffract-

ing planes. The separation of the paths on the exit surface is

2t*tanfi> for the crystal thickness t. In the present case the

separation is calculated to be 0.65 mm, since t = 19 mm. This

distance was measured by translating stepwlse a silt 0.^ mm wide

placed behind and parallel to the exit surface. The experimental

result is reproduced in Fig.6. The intensity distribution of the

diffracted beam from the crystal system has one peak A at the center

in the case without the specimen. Its peak splits into two peaks

B]_ and B2 on both sides of the center by the insertion of the specimen.

Peak heights of B-]_ and B 2 are about a half of that of A, as is

expected. The agreement between calculation and experiment is

fairly well. This preliminary result suggests that the angular

resolution of the system will be improved further, if the separation

of the paths on the exit surface becomes larger by using a thicker

crystal, a higher order reflection or the neutron beam of longer

wavelength.
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5, Two component neutron interferometer

At the beginning an X-ray Interferometer of the so-called

triple Laue-case type has "been developed (Bonse & Hart, 1965) and

subsequently various modifications have been made. Recently a

neutron Interferometer of the triple Laue-case type has been con-

structed (Eauch, Treimer & Bonse, 19?1*) and the mechanism of inter-

ference has been analyzed (e.g. Bauspiess, Bonse & Graeff, 1976).

All types of interferometers constructed up to now have three

or more crystal components. In the present study the construction

of a neutron interferometer composed of two crystal components is

attempted. In view of the beam paths in the interferometer the

two component interferometer corresponds to the optical Jamin Inter-

ferometer while the usual three component interferometer corresponds

to the Mach-Zehnder type.

The spreading of the paths of the wave fields in the wave fan

is applied to two component interferometer. Symmetric Laue-case

diffractions take place successively in two thick crystals of equal

thickness separated some distance to each other, as shown in Fig.7.

In the first crystal two paths making equal angles to the diffract-

ing planes are selected by slits placed on the exit surface of the

crystal. Next, either the reflected beams or the transmitted beams
""V

from the first crystal can be used for Interference, the former be-

ing used in the present study. Two incident beams impinge on the

second crystal with some angles deviated from the exact Bragg angle

so that the paths of the wave fields In the crystal propagate to the

directions making the same angles as in the first crystal. Since

the first and second crystals have the same thickness, two paths

among four paths created in the second crystal overlap on the exit



; I

surface and Interference takes place. It is shown that the inter-

ference fringe pattern formed in the transmitted beam have a little

"better contrast compared to that in the reflected beam and both

fringe patterns are complementary each other.

In the interferometer produced, the thickness of the first and

second crystals is both 19 mm and the distance of a groove is 10 iam.

The 111 reflection of silicon was used with % = Z.k^r K. The beams

having the angular deviation of W = £ 0.5 were- selected by means of

the slit system and used for interference. Interference fringes

were obtained by inserting aluminum sheets of various thickness in

one of two paths between the first and second crystals. As shown

in Fig.8, the intensities of the reflected and transmitted beams

oscillates complementary, although observed points scatter consider-

ably because of weak intensities. The material thickness producing

a phase shift of 2« is 125 U H and is used for representing sine

curves in Fig.8.

The two component interferometer has a simple design and can

be constructed easily. But the available neutron flux is rather

weak as the incident beam with a- narrow angular spread is used.

In the two component interferometer the Bragg-case type is also

possible to construct as well as the Laue-case type described above.

*,** The studies on these subjects will be submitted to J.Phys.Soc.

Japan by Kikuta,S., Takahashi,T., Nakayama,K.f Fujii.Y. & Hoshlno.S.
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Figure Captions

Flg.l Monolithic double-crystal system for measuring the rocking curve.

Fig.2 Rooking curves of the reflected beam from the front surface

(Ih) and the back surface (I£), and a rocking curve of the transmitted

beam (I^) .

Fig.3 DuMond's diagram for $&~ u/2, (a) and for £B<< it/2, (b).

Fi'g.̂  Proposed experimental arrangements using diffraction of 7t/2

Bragg angle to improve the sensitivity of detecting the minute angular

change of the beam, (a) and to make .a flight time of neutrons longer, (b).

Fig.-5 Monolithic double-crystal system for measuring the deviation

angle of the beam.

Fig.6 Intensity distributions of the diffracted beam without the

specimen, (a) and with the specimen, (b).

Fig.7 Two component interferometer of Laue-case type.

Fig.8 Intensity oscillations of the reflected beam (H) and the

transmitted beam (0).
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