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Abstract

X-ray thermal diffuse scattering (TDS) as well as Compton scattering in
crystal yields diffraction pattern similar to Kikuchi-pattern in electron diffrac-
tion. Fluorescent X-rays yield Kossel-pattern. Intensity of inelastic scattering
from a nearly perfect crystal varies when glancing angle of the incident beam
varies across the Bragg angle. The above two phenomena are considered to be
in relation of reciprocal processes. The diffraction pattern depends upon crystal
perfection, wavelength and crystal thickness. A review on these theoretical and
experimental studies using X-rays from a sealed-off tube and monochromatized
synchrotron radiation will be given for correlation between TDS and Bragg re-
flections in mosaic crystals and a nearly perfect germanium crystal.

Recoilless y-rays called Mdssbauer y-rays are emitted from radioactive iso-
topes called Méssbauer isotopes. The y-rays excite Bragg reflection and show
diffraction phenomena. The experimental studies related to correlation between
y-ray diffraction and inelastic scattering using recoilless y-rays are reported.

The experimental technique is applied to nuclear resonance filtering, on
which research and development are now progressing.
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Introduction

This paper deals with the correlation between diffraction and inelastic scattering, chiefly
thermal diffuse scattering (TDS), of X-rays in mosaic crystals and nearly perfect crystals.

Fluorescent X-rays in a crystal yield Kossel-pattern as well as X-ray TDS and Compton
scattering in a crystal yield diffraction pattern similar to Kikuchi-pattern in electron diffrac-
tion. The experimental results and theoretical interpretation on diffraction of X-ray TDS will
be described in detail.

Intensity of inelastic scattering from a nearly perfect crystal varies when glancing angle of
the incident beam varies across the Bragg angle. This phenomenon is considered to be in re-
lation of reciprocal processes of the above mentioned. Experimental result and theoretical
discussion will be given on this problem.

Recoilless y-rays called Mossbaer y-rays are emitted from radioactive isotopes called
Mossbauer isotopes. Nuclear resonance scattering and resonance absorption of the recoiless
y-rays are known as the Mossbaer effect. The y-rays excite Bragg reflection and show diffrac-
tion phenomena. The experimental diffraction studies related to correlation between diffrac-
tion and inelastic scattering of recoilless y-rays will be reported.

The techniques of the X-ray dynamical diffraction as well as Mossbauer y-ray diffraction
are applied to the nuclear resonance filtering of synchrotron radiation, on which research and
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development are now progressing.

The aim of this paper is to give a review of these experimental and theoretical studies on
coherent effects in inelastic scattering of conventional X-rays, monochromatized synchrotron
radiation and Mdssbauer recoilless y-ray for TDS and Bragg reflection in mosaic crystals and
nearly perfect crystals. Importance of the problem and observation possibility of the effect in
the experiment using synchrotron radiation is stressed. The other purpose of this paper is to
make solved and unsolved problem clear, and to show charactaristics and application possi-
bility of this problem for future research and development.

I. Diffraction of Inelastically Scattered X-Rays
1.1. Introduction

This chapter deals with the diffraction of inelastically scattered X-rays, chiefly TDS, in
mosaic crystals and nearly perfect crystals.

Fluorescent X-rays yield Kossel-patternl),which has been solved theoretically by von
Laue? using the reciprocity theorem in optics. X-ray TDS and Compton scattering in a
nearly perfect crystal yield diffraction pattern similar to Kikuchi—pattern3’4). Norman” ob-
served diffraction phenomena due to Compton scattering of X-rays in a diamond crystal.

Grenville-Wells® first pointed out that TDS X-rays in a crystal are reflected by net
planes in the same crystal and diffraction pattern similar to Kossel-pattern will appear in the
diffuse scattering. Kainuma” first gave the intensity formulae of this pattern and pointed out
a new approach to the phase problem. The pattern had been observed™” as diffraction lines
across TDS-spots in X-ray film photographs, but the study had not proceeded due to obser-
vation difficulty of the faint diffraction line.

Recently, the present authors observed clearly the diffraction line caused by TDS by se-
lecting such a sample crystal as a pyrolytic graphite crystal. The lines depend upon wave-
length of the incident radiation, thickness and perfection of specimen crystal, orientation and
arrangement of the crystal. Defect line and excess-defect line which look white line and
white-black line in the black TDS-spots are caused from mosaic crystal. The excess lines due
to anomalous transmission of TDS in a nearly perfect germanium crystal in the Laue geo-
metry has been found for the first time. The progress also owes to such development of X-ray
source as synchrotron radiation. The intensities of the lines were measured by means of
photographic method and diffractometry.

1.2. Experimental Methods and Results

1.2.1. Diffraction pattern caused by TDS in mosaic crystal

Defect lines which look white lines across black TDS spots have been observed in the
X-ray film photographs of such mosaic crystals as urea nitrate'?, pyrolytic graphite“_w),
LiF"™"™ and pentaerythritol crystalsm’”). The perimental methods and the results of the ob-
servation will be described in detail.

Unfiltered radiations from a Cu-target or a Mo-target in sealed-off X-ray tubes operated
at 30kV and 10—15mA were incident with glancing angle 8 on flat surface of specimen
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crystal in the Bragg geometry as well as in the Laue geometry. Pyrolytic graphite, urea nitrate
and pentaerythritol crystals with thickness about 1—2mm with angular widths about 0.1°—
0.5° of the mosaic domains were chosen as specimens. The specimen crystals were mounted
on a goniometer head of a Laue camera. The incident beam was collimated with a tube of
length 60 mm and a hole of diameter 0.5 mm.

Figures 1(a) and (b) show X-ray diffraction photographs of a pyrolytic graphite crystal
taken with unfiltered radiations from Cu-target incident on the flat surface parallel to the
(001) plane at glancing angles of 13.3° and 15.3°, respectively, in the Bragg case. Since the
glancing angles are close to the Bragg angle 6 = 13.3° for the 002 reflection of CuKa X-ray,
the large diffuse spot A and the small one B are due to the TDS of Ka and K X-rays near
the 002 reciprocal-lattice point, respectively. The spot E is due to the incident beam pene-
trating the crystal and thin lead sheet before a film. The sharp long defect line D is clearly
seen across the middle of the diffuse spot A and the Laue spot C. In the figures, the deviation
angles between the spot A and the line D and between the spot C and the line D are the
same. They are nearly equal to the deviation angle Aw of the glancing angle 6 from the Bragg
angle 6. The origin of the defect line can be explained as follows using Fig. 2, which illus-
trates schematically the propagation of X-rays in the real space. We suppose the crystal sur-
face parallel to the reflecting net planes. The deviation angle Aw of the incident beam from
the Bragg angle is less than a few degrees. We assume further that inelastic scattering and dif-
fraction are kinematical. This means that a single Bragg reflection of inelastically scattered X-
ray is taken into consideration. A Laue spot LS is caused in the direction with scattering
angle 205 + 2Aw by the mirror reflection of the incident white radiation. The intensity maxi-
mum in a TDS diffuse spot DS is observed in the direction with scattering angle close to 26.
If a cone of the TDS is incident on the 002 reflection planes with the Bragg angle 63 in the
crystal, the direction of the TDS is changed by the 002 reflection in the crystal. Thus the de-
fect line DL is caused in the diffuse spot and observed in the middle between the Laue spot
and the diffuse spot. Figs. 3(a), (b) and (c) show the diffraction photographs of a pentaery-
thritol crystal taken at angles 6 = 9.6°, 10.1° (6 for CuKa X-ray) and 10.6° from the
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Fig. 2. Propagation direction of X-rays in a

mosaic crystal. IB, incident beam; DL,
E BADC defect line; DS, thermal diffuse scatter-
ing; LS, Laue spot.

Fig. 1. X-ray diffraction pattern of a pyrolytic
graphite crystal in the symmetric Bragg
geometry taken at glancing angle 6 = 6y
+ Aw, (a) 13.3° and (b) 15.3° using col-
limated unfiltered radiation from Cu-
target.
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Fig. 3. Diffraction photograph of pentaelythri-
tol crystal. DL, white line; DS, TDS
spot; LS, Laue spot. Angle 6, (a) 9.6,
(b) 10.1° and (c) 10.6". Laue case.

reflecting (002) plane perpendicular to the crystal surface in the Laue case. The origin of the
defect lines and the excess lines in Figs. 3 can be explained in the same way as those in Fig. 2.
From the above figures, we can understand qualitatively the origin of the defect line across
the TDS spot and the excess line near the incident beam spot, respectively and the 8-depend-
ence or crystal orientation-dependence of those lines.

Intensity curves across defect lines were measured by densitometry of the diffraction
photographs of the pentaerythritol crystal as shown in Fig. 3. Fig. 4 shows the experimental
intensity curve across the defect line in the photograph taken at 6 = 10.3° at room tempera-
ture. The solid line shows an experimental curve. The dotted line shows a theoretical curve
corrected for source size and collimator system. The calculation was performed on the basis
of the secondary extinction theory in section 1.3.1. The contrast and the width of the line ob-
tained in the Laue case were compared successfully with those calculated on the assumption
that the angular distribution of the mosaic domains is Gaussian. Temperature dependence of
the line and the diffuse spot were ascertained also. Although, disagreement between those of
observation and calculation were found in the Bragg case.

1.2.2.  Diffraction pattern caused by TDS in nearly perfect crystal

(1) Bragg case
A black line which the present authors call an excess line, in place of a white line, was
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Fig. 5. Diffraction photograph of a calcite crys-
tal. DS, thermal diffuse spot; EL, excess
line; LS, Laue spot. Fig. 6. Diffraction photograph of a germanium

crystal. DS, thermal diffuse spot; EL,
excess line; LS, Laue spot.

observed first across the 200 diffuse spot of a calcite crystal in a X-ray film photographlg)
using unfiltered radiation from a copper target in a sealed off X-ray tube operated at acceler-
ating voltage 30kV and 10 mA and X-ray film. The specimen calcite crystal has a cleft
surface parallel to the (100) planes of area 10mm X 10mm and thickness 2.5 mm. Optical
system of the Laue camera was the same as mosaic crystals’. Fig. 5 shows the diffraction
photograph taken at a glancing angle 6 = 13.6°, which is close to the angle 65 = 13.24° for
the 200 reflection of Cu-Kpf X-ray, in the Bragg case. The dark spot is the Laue spot caused
by the 200 mirror reflection of the white radiation. The diffuse spot was caused by the TDS
of Kf X-ray near the 200 reciprocal lattice point. A sharp black line is clearly seen across
near the middle between the diffuse spot and the Laue spot. The excess line was observed
under the following experimental conditions. (1) The surface of the crystal is parallel to the
reflecting net plane in the crystal. (2) The deviation angle Aw = 6 — 6 of the incident beam
from the 200 Bragg angle 0z is within one degree. (3) The specimen crystal has a large value
of normal absorption coefficient of CuKpj X-rays, 190cm ™. (4) The specimen is ideally per-
fect. (5) The X-ray beam is incident on an edge of the crystal. Similar black lines were ob-
served across the thermal diffuse spots on the film photographs of an ideally perfect germa-
nium crystal'” in the Bragg geometry using unfiltered white radiation from a copper target in
a sealed-off X-ray tube and optical system of the same Laue camera. Fig. 6 shows the X-ray
film photograph of a germanium crystal taken at glancing angle 8 = 13.15°, which is close to
the angle 0y = 13.65° for the 111 reflection of Cu-Ka radiation, in the Bragg case. The ger-
manium specimen thickness is about 2mm. A long sharp line seen between Laue spot and
diffuse TDS spot is the excess line. The origin of the excess line is qualitatively explained
under the above mentioned condition using Fig. 7, which shows a schematic illustration of the
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incident beam

Fig. 7. Ray paths of the beam incident on an edge of a crystal, TDS with the intensity
maximum DS, radiations forming Laue spot LS and the excess line EL.

VERTICAL TYPE Qg
FOUR-CIRCLE
GONIOMETER

Fig. 8. Instrumental arragement at PF, BL-
10A.

Fig. 9. Diffraction photograph of a germanium
crystal in Bragg geometry, Aw = +0.4°.

ray paths related to the TDS, the Laue spot LS and the excess line EL. If a cone of the TDS
incident on the reflecting net plane at point P with the angle 05 inside the crystal, the energy
will be transmitted through the crystal preferentially along the reflection net plane from g)oint
P to Q on the crystal surface. This phenomenon is attributed to the Borrmann effect D or
anomalous transmission. The strong intensity of the excess line is due to the small value of
X-ray anomalous absorption coefficient.

Thereafter, the experimental method of observing the diffraction line of TDS was im-
proved using monochromatized synchrotron radiation of wavelength 1.54A and film for cos-
mic-ray observation. Fig. 8 shows the instrumental arrangement installed at the Photon Fac-
tory (PF), beam line (BL) 10 A of the National Laboratory for High Energy Physics (KEK).
Advantages of synchrotron radiation are easy choice of wavelength, collimation and strong
intensity of the monochromatized radiation. Synchrotron radiations with horizontal and
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vertical divergences less than 0.5 mrad were monochromatized by the silicon 111 reflection
which has energy resolution AE/E about 5 X 107°. The monochromatized radiation was col-
limated with a collimator and slits of 0.25 mm and 0.37 mm in heights and 3.0 mm in width.

Defect line and defect-excess line in place of excess line were observed”” in the diffrac-
tion photographs of the 220 TDS from nearly perfect germanium crystal in the Bragg geo-
metry, when collimated and monochromatized synchrotron radiation was incident on the flat
surface far from an edge of the crystal. Fig. 9 shows an example of diffraction pattern from a
germanium crystal with the (110) surface in the symmetric Bragg geometry. The wavelength
is 1.54A and the crystal thickness is 0.47 mm. The crystal was set near but off the 220 Bragg
position. The 220 Bragg reflection was not excited strongly. The angular deviation is +0.4°,
A diffuse spot TDS is due to the 220 thermal diffuse scattering and a sharp spot is due to tail
of the 220 Bragg reflection. Just in the middle of the TDS and Bragg spots, a long defect dif-
fraction line indicated by DL is observed. The line has a slightly excess-defect structure where
the excess part is always on the lower angle side. When Aw = 0, the Bragg spot and the dif-
fraction line are superposed approximately on the center of TDS spot. The TDS spot is left
fixed, when Aw is changed. The Bragg spot is displaced by 2 Aw from the position for Aw =
0 and the diffraction line is displaced by Aw. These behaviors of patterns are the same as the
previous observation in the Bragg case'™. In the Bragg case, the Bragg-reflected spot moves
with the crystal like a mirror-reflected beam, while the Bragg spot is almost fixed in the Laue
case. Another photographic observation was made for smaller D = 1.3, where u is absorp-
tion coefficient, wavelength is 1.120A and D = 0.083 mm. The results similar to the case of
1.50A were obtained also. The origin of the defect line in the Bragg case were qualitatively
predicted by Kainuma, who gave the dynamical diffraction theory of TDS without absorption
effect. The present authors also extended the dynamical diffraction theory of TDS including
absorption effect. The theoretical calculation,which will be published later, agrees qualita-
tively with the experimental result.
(2) Laue case

The excess line of germanium crystals’>*> in Laue geometry was found first using mono-
chromatized synchrotron radiation of wavelength 1.54A and film for cosmic-ray observation.
Parallel plate germanium crystal (specimen A) with thicknesses about 0.10 mm and surfaces
paralle] to the (111) plane polished and etched chemically to take off imperfect surfaces was
used. The full widths at half maximum (FWHM) of the 111 rocking curve of the specimen A
in the Bragg geometry is about 16”, which is close to the values of the perfect crystal. The
crystal plate was mounted on a goniometer head on the vertical-type (diffraction plane is ver-
tical) four circle diffractometer. Synchrotron radiation with horizontal and vertical divergen-
ces less than 0.5 mrad were monochromatized by the silicon 111 reflection which has energy
resolution AE/E about 5 X 107", The monochromatized radiation was collimated with a col-
limator and slits of 0.25 mm and 0.37 mm in heights and 3.0 mm in width. The radiations of
wavelength 1.15A and 1.54A were incident on the germanium crystal in the Laue geometry.
Diffraction patterns were observed by Sakura X-ray films for cosmic ray observation, set per-
pendicularly to the diffracted beam. The film-specimen distances were 45~49 cm. Figs.
10(a)—(c) show the diffraction photographs of the specimen A at room temperature taken at
incident angles y = 23.05°, 22.65°, and 22.05°, respectively, which are close to the angle 6; =
22.65° for the 220 reflection of the 1.54A radiation. Exposure time was about one hour at
electron currents about 100—200 mA. In the figures a large diffuse spot LS is the reflection
spot due to weak contaminated white radiation and due to tail of the Bragg reflection, a long
sharp line El composed of strongly black and weakly white lines is the excess line. In the
above photographs, we can see that variation of crystal orientation affects the intensity of the
thermal diffuse spot and that small angular variation in the crystal orientation dose not
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move the direction of the intensity maximum of the diffuse spot. The peak intensity of the ex-
cess line decreases with increasing |Aw|, where Aw is the deviation angle of ¥ from the
Bragg angle 6. When |Aw| increases, the line disappears but the spot is observed still
weakly. The width of the excess line does not vary with Aw. Fig. 11 shows a schematic illus-
tration of ray-path of radiation scattered in the germanium specimen in the Laue case. The
excess line ELH near the incident beam spot and the excess line EL across DS spot are
caused by the ray which propagate from P to Q along the reflecting net plane and split into

LS EL DS

Fig. 10. Photograph of a germanium specimen
with thickness 0.1 mm showing diffrac-
tion pattern near the 220 thermal dif-
fuse spot DS of 1.54A radiation in the
Laue case. EL, excess line; LS, Laue
spot.
@Av=y—06=04,(b)y= 0=
22.65%, (c) Aw=0.6".

EHJ=GB+Aw

(220)

crystal

IB ELH

Fig. 11. Ray-paths of radiations in a thick per-
fect crystal in the symmetric Laue geo-
metry.
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two parts at Q propagating to ELH and EL. Intensity curve across the lines depends on
wavelength of incident radiations. Fig. 12 shows the diffraction photograph of the germanium
specimen at room temperature taken at 1 = 16.31° in the Laue case, which is close to the
Bragg angle 16.71° for the 220 reflection of the 1.15A radiation. Exposure time and electron
current were 1.0 hour and 170 mA. In these figures, we can see that the excess-defect line
composed of weak black line beside white line appears. The intensity contrast of the excess-
defect line to the TDS background is much lower than that of Figs. 10(a)—(c). The white line
in the excess-defect line appears at scattering angle always slightly higher than the black line.
Figs. 13(a) and (b) show the diffraction photographs of the germanium specimen A at room
temperature taken at v = 23.05° and 22.25°, respectively. The wavelength of the incident
beam through the slit of size 0.25mm X 3.0 mm was 1.540A. Exposure time and electron
current were one hour and 160—180 mA. We can see a sharp black line ELR near the sha-
dow of an incident beam stopper. The deviation angle between the propagating directions of
the incident beam and the excess line ELR is equal to Aw = 3 — 6y, where 6y is the Bragg
angle for the 220 reflection of the 1.54A radiation. The line is parallel to the (220) reflecting

(a)

P
Fig. 12. Photograph of germanium specimen A
with thickness 0.1 mm showing diffrac-
tion pattern near the 220 thermal dif-
fuse spot DS of 1.15A radiation in the

Laue case. EL, excess line; p = 16.31°,
Aw=—0.4"

(b)

Fig. 13. Photograph of specimen A showing
the excess line ELR near white shadow
of the incident beam stopper. Wave-
length of the incident beam 1.54A. Silt
size 0.25mm X 3.0mm. (a) y =
23.05°, Aw = 0.4% (b) p = 22.25°, Aw
=—0.4".
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plane. The similar excess lines near the incident beam spot were observed on the film photo-
graph of the same specimen by using the radiation of wavelength 1.150A. The diffraction
pattern of TDS similar to that of the germanium crystal was observed across the 220 TDS
spot of perfect silicon crystals with thickness about 0.1 mm—0.3 mm and the surfaces parallel
to the (111) plane in the Laue geometry. If we use an imaging plate%zs) in place of film
photograph or scintillation detector, we can clearly observe very long and sharp excess line
owing to the high position-resolution and wide dynamic range of the imaging plate. Fig. 14
shows an example of the excess line on an imaging plate. The diffraction pattern of a germa-
nium crystal with thickness 0.17 mm set at Aw = 0.3° from the Bragg angle of the 220 reflec-
tion in the Laue geometry was taken using monochromatized 1.54A synchrotron radiation.
The results of the photographic observation are summarized as

(1) The excess line EL across the 220 TDS spot as well as the excess line ELR near the
incident beam spot were observed clearly. They depend on the crystal orientation, the wave-
length of the incident beam and the crystal thickness.

(2) The excess lines EL and ELR can be observed under the following conditions. Per-
fection of the crystal structure and absorption are very high. the TDS intensity is strong
enough to be observed.

21°30°88 h*0+ 2-T4-39 SORS'I H1UO 20501

Fig. 14. The diffraction pattern on an imaging plate of a germanium crystal with thickness 0.17 mm
set at Aw = 0.3° from the 220 Bragg angle for the 1.54A synchrotron radiation taken at
PF, BL-10A. A long sharp line is the excess line. Large diffuse spot is the 220 TDS spot.
Small spot is the Laue spot due to contaminated white radiation.
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(3) The intensity profile of the EL line varies from excess to excess-defect according as
the specimen thickness decreases.

(4) The intensity of the ELR line depends on the specimen thickness as well as wave-
length of the incident beam. However, the intensity profile of the ELR line is always excess
and symmetric in shape.

The experimental work mentioned above is rather qualitative. Quantitative observations
of the diffraction pattern have been successfully performed by means of counter diffracto-
metry24’26’27). Intensity measurements of the diffraction patterns using imaging plate as well as
scintillation counter were carried out®” at BL-10A with the experimental arrangement shown
in Fig. 8. Temperature dependence of the above mentioned excess line of the germanium
crystal was ascertained also. Fig. 15 schematically illustrates the experimental arrangement of
the triple-crystal diffractometry system installed at BL-15C of the Photon Factory. The sys-
tem is of the vertical type in which all diffraction planes are vertical. The polarization of the
synchrotron radiation is always perpendicular to the normals of the Bragg reflecting planes. A
parallel plate of germanijum single crystal with the (111) surface polished and chemically
etched was used as a specimen. The size of the crystal surface was about 5 X 5 mm’, and the
thickness is 0.18 mm. Perfection of the specimen was ascertained from measurement of the
rocking curve of the 220 reflection in the Laue case. The rocking curve had a symmetric
profile with a full width at half maximum (FWHM) of 5.8”, which was close to the theoretical
value of 4.9” for an absorbing perfect crystal.

Synchrotron radiation with horizontal and vertical divergences less than 2’ was mono-
chromatized to 4 = 1.540A by the 111 symmetric reflection of the silicon-crystal monochro-
mator M. The monochromatized beam, led into the collimator C of a grooved silicon crystal,
was made tailless by 5-times-consecutive symmetric 220 Bragg reflections. The nearly plane-
wave beam was then incident on the specimen crystal S, which was mounted on a goniometer
head and set near the 220 Bragg position in the Laue arrangement. The scattered beam was
analyzed by the second grooved crystal A, used as an angle-resolving analyzer and of the
same structure as the collimator. After the same process as in C, the angle-resolved beam en-
tered the scintillation counter D. The beam intensity was measured by a typical counting sys-
tem with a pulse-height analyzer. The incident beam was always monitored by the ionization
chamber IC during the measurements. The dimensions of the three-crystal arrangement were
about 75 cm between the collimator and the specimen, and about 9 cm between the specimen
and the analyzer. The cross section of the beam was 1.5 X 1.7 mm” on the specimen crystal.
The beam divergence was about 10” in the horizontal plane and 4” in the vertical plane.

M

Fig. 15. The triple-crystal diffractometer, consising of a silicon (111) monochromator M, collimator
C and analyzer A of silicon grooved crystals with (220) surfaces, specimen crystal S, scin-
tillation counter D, and ionization-chamber monitor IC. All ray paths lie in the same verti-
cal plane, to which the polarization of radiation is perpendicular.
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The specimen and the analyzer crystals were rotated by tangential screws with an accuracy of
0.1". To obtain the intensity profile of the TDS in which an excess line is expected to appear
as a peak, an angle-resolved measurement was made across the 220 TDS spot by rotating the
analyzer step-wise with the specimen crystal fixed near the 220 Bragg position. A reflection
curve for the arrangement in Fig. 15 observed with an optically flat mirror shows that the
angular resolution in the diffraction plane is about 4”. The resolution function perpendicular
to the diffraction plane is independent of the angle of scattering, since the monochromator,
analyzer, and specimen crystals are nearly perfect. These results ensure that the resolution
function is good enough to resolve the present peak. Scattering from surface imperfections
does not disturb the intensity measurements, since all scattering except anomalous trans-
mission is strongly absorbed in penetrating the specimen. The analyzer was scanned in the
plane perpendicular to the [112] axis of the specimen. The scanning range was * 50" around
the diffraction peak and the step size was 1.5”. The direction of the scattered X-rays is deter-
mined by the rotation angle of the analyzer. The angle is indicated by the angular deviation
A@ from the intensity maximum of the 220 Bragg peak when the specimen is just on the
Bragg position. The angle A 6 was taken to be positive for increasing scattering angle.

Figures 16(a)—(c) show measured profiles of diffuse scattering plotted against A for
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204 Y. Kashiwase, M. Kogiso and M. Mori

various crystal orientation indicated by the angular deviation A6 from the 220 Bragg posi-
tion. The intensity is normalized by the monitor count of the incident beam. Diffraction peaks
are observed in all figures, where their heights decrease as Aw increases but the widths are al-
most fixed. Actual counts at the diffraction peaks were about 3 X 10> — 2 X 10° per 50s.
The saturated peaks in Figs. 16(a) and (b) are due to the tails of the 220 reflections far from
the Bragg position. Their peak heights are about 50 times those of the diffraction peaks. The
backgrounds of the profiles change very slowly with A6 and are roughly constant. The back-
ground intensity of TDS, except at the peak positions, is decreased by normal absorption to
the noise level, since the specimen crystal is thick in the present Laue case. This contrasts
with the measurements in the Bragg case.

Some characteristics of the diffraction peaks observed in the experiment are summarized
as follows.

(1) The angular displacement of the peak position, as the specimen crystal is rotated, is
equal to the rotation angle Aw. This coincides with the previous result of photographic obser-
vations of the excess lines. Diffuse X-rays giving rise to the observed peaks correspond to al-
most exact satisfaction of 220 Bragg condition.

(2) The FWHM’s of the peaks are about 10". This value is of the same order as the 220
reflection width calculated from dynamical diffraction theory.

(3) The shapes of the peak profiles are slightly asymmetric. The gradient of every peak is
always steeper on the high-angle side than on the low-angle side.

(4) The peak height above the background level is roughly estimated to be proportional
to the inverse square of the deviation angle Aw and thus to the inverse square of the phonon
wave vector from the 220 reciprocal-lattice point. This implies that the peak height is propor-
tional to the TDS intensity. The diffraction peak is formed by TDS.

1.3. Theory and Comparison with Experiment

1.3.1. Secondary extinction theory for diffraction of TDS in mosaic crystal

A simple model which takes a single Bragg reflection of inelastically scattered X-ray
wave into consideration, i.e., Kinematical diffraction, is used so far to explain qualitatively
the origin of the white line. Here, quantitative explanation of the cause of the intensity dip
across the white line will be described in detail.

We deal with the Laue case in which the propagation of X-rays in parallel plate crystal
of thickness £ is shown in Fig. 17. A monochromatic unpolarized collimated beam IB of in-
tensity I, is incident on the h net plane normal to the surface at glancing angle vy = 63 + Aw.
Since we don’t deal with the case when the Bragg reflection of the incident beam occurs, the
deviation angle Aw is restricted as Aw > Afg. The incident beam is attenuated first by ordi-
nary absorption within thickness z under the entrance surface of the crystal. Thermal diffuse
scattering occur in the z-z + dz, and has angular divergence in the diffuse intensity distribu-
tion as shown in photographs. A part of them is incident on the reflecting net plane h at the
Bragg angle. Considering secondary extinction for the diffraction of the TDS similar to that
introduced into the diffraction of elastically scattered X-rays by Hamilton and Zachariazen,
we have

_ (,Ll + O') o IOS —z/cosY
cos6 1T cosf, " T cos € ’ (1)

dz
dz
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% —_ g _ (Iu + 0) IOSh —pz/cosy
dz cos6 ! cos6, Lt cosd, € ’ @)

where 1= [ (z, 0) and I, = I (z, 6,) defined in Fig. 17. are TDS intensities at the depth z.
Both 6 and 6, are equal to or close to 0y in the present case. Notations o and u are reflectiv-
ity and absorption coefficient, respectively. The first term in the right of eq. (1) means the de-
crease of I by absorption and reflection within the thickness dz. The second term means the
increase of 1 by reflection of /. The third term means the increase of I due to TDS generated
in the volume (unit area)xdz/cosy irradiated by the incident beam with intensity decreased
by absorption for the ray-path length in the crystal. Both cosf and cos6, in the third terms of
(1) and (2) must be cosy in the correct expression, however, become approximately equal to
cos with error less than one percent, since the Aw is less than one degree and v is close to 8
and 6,. Notation S is the intensity of TDS generated per unit intensity of the incident beam
and per unit volume of the specimen. It must be noted that }, and S, are defined for the di-
rection near the IB. We treat inelastic scattering including TDS kinematically. This means to
assume that inelastic scattering occurs in each multilayers of thickness dz, and that third terms
in egs. (1) and (2) play roles of radiation source in the crystal. The third term in eq. (2) can
be neglected in the case of TDS, since TDS’s §, is negligibly small in the small angle scatter-
ing in comparison with S. The term, however, can not be neglected in such inelastic scattering
as Compton scattering and fluorescent emission. The solution of eqgs. (1) and (2) is expressed
as

[=—I, + I . (3)

The first term denotes the intensity of TDS, when o = 0, i.e. no reflection occurs. The second
and the third terms denote the defect line in the TDS spot and the excess line near the inci-
dent beam, respectively. Their formulas are given as follows.

LS
(1 — cosB/cosy)

I’= [exp (—uL/cosy) — exp (—ul/cosb)] , 4)

The formula of Iho is obtained by insertion of S, and 6, in place of S and 0 in eq. (4), respec-
tively.

LS\
Ios =5 [—4y

w—7

(1= ) M;M,exp (—ub/cosy) + (1 + D > ) Miexp (1,£)

+(1-— %2—) M, exp (7,4) — exp (— ub/cosh)], (5)

1
(1= 0)
LS,
Iy = 7 ~Dl [2DM;M,exp (—ul/cosip)

+ M,exp (17,:4) — Maexp (m,2)] , (6)
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with

__H
M2 2 cosh

(D1 £ D),

D, =(1+y)(1 =), D=(D,+4yy)"?,

-0 _ cosf
y= u’ I4 cos6, ’
M, =(D; £ D—20) ", o=20 (7)

cosyy,

Figure 4 compares the experimental intensity curve across the defect line of the photograph
taken at v = 10.3° at specimen temperature 273K in the Laue case with the calculation
which was performed using the above equations with correction for source size and collima-
tor system.

For the Bragg case, intensity formulas corresponding to eqgs. (3)—(7) have been obtained
also. The formulas were applied to explain a white (defect) line which appeared as a dip in
intensity distribution in the 200 diffuse scattering from a Cu-Al disordered crystal’® at room
temperature in the Bragg geometry by using both photographic and counter method. The dif-
fuse scattering is caused by the static displacement of atoms as well as the thermal motion of
atoms. The observed contrast of the line agreed quantitatively well with that calculated.

1.3.2.  Dynamical diffraction theory for nearly perfect crystal

The experimental result described above is now compared with calculation based on the
dynamical theory. We consider the propagation of X-ray waves in the symmetric Laue geo-
metry of an ideally perfect crystal of thickness D as shown in Figs. 18(a) and (b). A mono-
chromatic collimated beam of intensity I, in ¢ polarization is incident on the net planes at
glancing angle ¥ = 63 + Aw, where 6 is the Bragg angle. Since we deal with Bragg

refl. plane
DS Lo
Lo L W/=6g Aw
=
sy a
At |
D P y \
Q Kp K Ko \Kn
8w
3 h
Dlpr #65 BN Alpr 0 b 220~

Fig. 18. (a) Ray paths related to diffraction near the 220 reciprocal lattice point.
(b) Wave vectors in the reciprocal space.
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reflection of the TDS near a reciprocal lattice point, the deviation angle Aw is much smaller
than Oz, but larger than the beam divergence and 2A6g, i.e., FWHM of the rocking curve of
the Bragg reflection. Rough estimation of the deviation angle generally is 0.1° < |Aw| < 1°.
The incident beam is attenuated first by ordinary absorption during propagation, with no
Bragg reflection, from the entrance surface to the depth t in the crystal. Thermal diffuse scat-
tering occurs in the layer £~ ¢+ At into a direction near the h reflection. A part of the TDS in
the angular region 2A0; is incident on the h net planes at the Bragg angle and excites the
Bragg reflection. The transmitted and reflected TDS waves interact dynamically to form two
waves which are strongly or weakly absorbed according to whether they have antinodes or
nodes on the reflecting atom planes. This causes an anomalous absorption or transmission,
well known as the Borrmann effect. The waves with nodes at the atom planes propagates
through the crystal of thickness D-f with anomalously low absorption. Under the exit surface
of the crystal, the intensities of the transmitted and the reflected beams, i.e. Al;; and Alg,
respectively, will be observed across the thermal diffuse spot and near the incident beam spot,
respectively. The intensity of the transmitted beam is given by

[ l(l__L)z |
2V 1+ w?

U Ko
Xexp(— 7 (D—6)(1— =)
B At 14 J1+ W
ALy = L Syexp(—ut/vy) 3D

1
+5(1+

W )2
J1+ W2

X exp(— % (D —1)(1+

_,_50__))
J1+ W71 (8)

where u is the normal linear absorption coefficient, and y = cos6y. The first and the second
terms in the largest brackets of eq. (8) correspond to the standing-waves belonging to the
branch 1 and 2 of the dispersion surfaces which have nodes and anti-nodes, respectively, at
the atom-planes. Notations, x, and W are given as

Ko = ($ui/ Poi) (| fucl/ fc) ®)

and
W= (6~ 65) sin (20) /| K¢ . (10)

where ¢, and ¢; are real and ima%inary parts of the h Fourier coefficients of complex electric
susceptibility with ¢, = (ez/ mcz)l F, /mv,, where v, is unit cell volume. The notation K is the
polarization factor cos (26g). The parameter 6 is the angle between the reflecting plane and
the propagating direction of the transmitted waves under the exit surface of the crystal. (In
the ordinary dynamical theory, 6 is defined to the incident beam direction. In this paper, it is
convenient to use the above definition of 6). The factor S, the intensity of TDS per unit in-
tensity of incident X-ray, is given as
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Sy =(L/h) kT B G 1Q7 ()] 0V / (Vo) (11)
with

G, = % f(By) exp (—M(by)) exp (—ibyn)
and

b,=K/—K,=h+q=g¢q,.

where K, K, and q are the wave vectors of the incident wave, the thermally scattered wave
and the lattice wave in the crystal as shown in Fig. 18(b). The G; is the structure factor cor-
rected with temperature factor. The factor [Q—l(q)]bb is replaced by Jahn’s equation by using
elastic constants. The 0V is the scattering volume of the specimen.

The intensity of the reflected beam Al is given by

Alg = I, exp (—ut/y) S, (At/D) %'(TJ%W_Z)
2xA (D —
X exp (— #_; (D — 1)) cosh (%TB—WQ) , (12)
A= k| gul/v, (13)

where k is the wave number of the thermally scattered X-ray wave, x = ¢;/¢,. and then xA’

= k| goil [%0] /v = w10l /27 = Ap /2y.
Integration of egs. (8) and (12) leads to

by = LySpydur (14)

where
=Y 2 _ _ 1 . DAu
St DAn 1+ Wexp (—uD/y)[(1 20+ WZ)) smh(ym)
w DAu
— == (cosh (—(—) — 1 15
w8

and

g = ISR (16)
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Fig. 19. (a) Ray paths related to diffraction of TDS near the 000 reciprocal lattice point.
(b) Wave vectors in the reciprocal space.

$lor

where

DAu

J (- %) sinh (_ =) (17)

2DAuI1+ W

Figure 19(a) shows that the intensity Iy is to be estimated in the intensity evaluation of
the excess line across the thermal diffuse spot near the h reciprocal lattice point. By using the
intensity Sy of the TDS near the origin of the reciprocal space, which is incident on the h re-
flecting net plane at angle 6;, we have

IOR = IOSOJhR (18)
where
by=K — K,=q. (19)

The wave vector K belongs to the thermally scattered wave propagating close to the incident
beam as shown in Fig. 19(b). Finally, we have the intensity formula of the excess line as
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IS, T+ w 1
I= I+ Ig= 0 hy 1+ Woexp (— _) (=T 3)

21+ W)
. DAu _ DAuw .
8 Smh(yh + Wz) J1+ w? (¢ h(>/J1+ W2) 2

+ loSoy p(— %) sinh (

— ey 20
2DAuN1 + W? (20)

DAu )
i+ w
If we put S, = S(g,9) and S, = S (41.4:) in the above equation, eq. (20) agrees with the in-
tensity eq. (5.5) of Kikuchi line given by Okamoto, Ichinokawa and Ohtsuki®” except some
multiplying constants related to speciality of electron diffraction. Kainuma neglected absorp-
tion in his theory”. If we take the case of negligible absorption by putting 4 = 0 and Ax = 0,
replacing Sy and §; in eq. (20) with S, and Sy, respectively, eq. (20) agrees with the intens-
ity formula eq. (24) of the diffraction pattern given by Kainuma’’ except the band terms. In
the present case Sy < §, since S,/S, = (by/by, Gh) << 1. Therefore, Iy is negligibly small

in comparison with I for the h = 220 thermal diffuse scattering. The intensity eq. (20) of
the excess line near the reciprocal lattice point h can be expressed approximately by 1.

1.3.3.  Numerical calculation and comparison with experimental result

Numerical calculation of the intensity profile across the excess line was carried out to
compare with the experimental result using eq. (15), eq. (17) and values in Table 1. The spe-
cimen crystal thickness 100 pm is thick enough to produce dynamical diffraction in compari-
son with the extinction distances 7.0 um and 11 um for the 220 reflections of the 1.54A and
1.15A radiations, respectively. The result of the calculation about the excess line EL is shown
in Figs. 20(a)—(c) and Figs. 21(a)—(d). Since the Jyr and /.y in these figures are the inten-
sities relative to the TDS intensity 1,5, the intensities L+ and I of the excess lines EL and
ELR are given by the products I,S,J,r and [;S,Jur, respectively. The angle |6 — 03| corre-
sponding to |W| = 1 is a few seconds in arc in the present case. In the case |W| > 1

Table 1. Parameters for the germanium 220 symmetric reflecton in the Laue case.

wavelength 2 (A) 1.54051 1.15000
extinction
distance To(im) 7.0 11
kappa zero %, —0.9589* —0.9600%*
linear abs. w(1/cm) 353 172
anomalous
abs. coeff. Ap(1/cm) 15 8
gamma y 0.9228 0.9578

*

MoKa,;.

obtained by calculation from the values™ of & and ¢y;.
** obtained by interpolation of the values®” of ¢, and ¢; for Cu Ko, and
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Fig. 20. Calculated profiles of Jyr for 1.54A Fig. 21. Calculated profiles of Jp for 1.15A
X-ray and germanium 220. Thickness X-ray and germanium 220. Thickness
D, (a) 0.1mm, (b) 0.15mm, (c) D, (a) 0.05mm, (b) 0.1mm, (c)
0.2 mm. 0.15mm, (d) 0.2 mm.

corresponding to |6 — 65| > 17, the J,r and Jyg approach to exp (—uD/y), the Ly and Ly
approach to 1S, exp (—uD/y). In the angular region |6 — 65| < 1, the TDS intensity can be
approximated to be constant. The intensity distribution profile of the excess line can be given
approximately by J,r and Jii in the narrow angular region near the excess line. The above
figures show that the intensity and the profile of the excess line depend on the incident beam.
Decrease of the thickness leads to increase of the line intensity, increase of asymmetry of the
profile and appearance of the excess-defect line. As the crystal thickness increases, the defect
line disappears, the excess line which is approximately symmetric in shape appears and the
intensity decreases. Dependence of the line intensity on wavelength of the incident radiation
is found, since the absorption coefficient of the specimen depends on the energy of the inci-
dent photon. The line due to 1.54A X-ray and the specimen of thickness 0.1 mm is com-
posed of strongly excess and weakly defect lines as shown in Fig. 20(a). Since the definition
of W given by eq. (10) means that positive and negative W correspond to ¢ > 6 and 6 <
6y, respectively. Figs. 20 and 21 show that the excess part is on the lower angle side and the
defect part on the higher angle side. This means that a white line appears always at the scat-
tering angle higher than that of a black line.

The intensity distribution of the EL line in Figs. 10(a)—(c) corresponds to Fig. 20(a). A
sharp and strong black line beside a weak white line can be seen in the corresponding angle
side in these figures. Contrast of the black line to the TDS diffuse background is low in Figs.
12 as well as in Fig. 21(b), a black excess line beside a white defect line looks indistinct. The
EL and ELR line intensities f; and L depend on product D as seen in eqs. (14)—(17).
The u value for the 1.54A X-ray is about twice of the value for the 1.15A X-ray. This means
that the diffraction pattern from the specimen with thickness unity for the 1.15A X-ray
corresponds to the pattern from the specimen with thickness half for the 1.54A radiation.
The diffraction pattern due to the 1.54A X-ray corresponds to the pattern due to the spe-
cimen with thickness double for the 1.15A X-ray. Thus the calculated result shown in Figs.
20 and 21 agrees well with the experimental result shown in Figs. 10 and 12.

Figures 22 and 23 show the calculated intensity profile of the excess line ELR near the
origin of the reciprocal space. The intensity profile of the line depends on the specimen
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Fig. 22. Calculated profiles of J,z for 1.54A Fig. 23. Calculated profiles of J,z for 1.15A
X-ray and germanium 220. Thickness X-rays. Thickness D, (a) 0.05mm, (b)
D, (a) 0.05mm, (b) 0.1mm, (c) 0.1mm, (c) 0.15 mm, (d) 0.2 mm.

0.015 mm, (d) 0.2 mm.

thickness and the incident beam wavelength. The shape of the intensity profile, however, is
excess and symmetric always. This result agrees well with the observation as shown in Figs.
13(a) and (b). The pattern similar to Fig. 13 was observed also for the same specimen by
using the 1.15A radiation.

The calculated intensity profile of the TDS diffraction peak was compared with the ex-
perimental results in detail’”’. The size of the specimen germanium crystal surfaces was 5 X
5cm’. The thicknesses of the specimen A and B were 0.10 mm and 0.25 mm, respectively.
The momentum vector of the phonon, needed for calculating S;, was determined by the scat-
tering angle 26 and the offset angle Aw. The intensity profile of the diffraction peak calcu-
lated by egs. (14) and (16) should be compared with experiment after performing a convol-
ution to account for the reflection widths of monochromator, collimator, and analyzer. To
make the calculation simple, we assume as follows: (1) The incident radiation is of wave-
length 1.54A from an ideally distant point source; we neglect finite angular and energy widths
scattered dynamically by the monochromator. (2) The resolution function of the collimator
and analyzer of grooved silicon crystals, being zailless by virtue of five consecutive symmetric
220 Bragg reflections, is approximated simply as

0, x| > Ay
Cx)=(

const, x| < ABy

where 2A 6y is the theoretical angular FWHM of the Si 220 Bragg reflection. Here we ne-
glected the energy and spatial divergence of the X-rays passing through the monochromator.
The intensity distribution I,.(x) of a diffraction-peak profile was then expressed as double
convolutions of C(x) and the theoretical intensity distribution L in eq. (14). Then we have

e (¥) = [[Cle=w) Ba(v) C(u= v)dvdu, (1)
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where x is given by A6 or A(2A6).
Test rocking profiles of the 220 Bragg reflections were found to be in excellent agree-

ment with the profiles calculated by eq. (21). We finally had two important fitting parameters
for each specimen: background and reflectivity of the collimator or analyzer. Numerical cal-
culation of the intensity profile of the diffraction peak was carried out to compare with the
experimental result by using eq. (21) and the elastic constant values C;; = 12.89 X 10", Cp
= 4.88 X 10" and C,, = 6.71 X 10" (dyne/cm®). Even the thinner specimen A was thick
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Fig. 24. Observed (marked) and calculated (solid line) intensity profiles across the excess-defect
lines in the 220 TDS. (a) specimen A, thickness 0.10 mm, Aw = —120" and —60". (b)
specimen B, thickness 0.25mm, Aw = —120" and —60".
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enough to cause dynamical diffraction and absorption in comparison with the extinction dis-
tance 7.2 um and uD = 3.5 for the 220 reflection of the 1.54A X-ray. The fitting calculation
was carried out for several offset angles Aw and specimen thicknesses D, and we added the
central angle of the diffraction profile where A(268) = 0 as one more fitting parameters.
Therefore the absolute value of the peak position is meaningless, and only the relative value
is meaningful. Figures 24(a) and (b) show the convoluted theoretical curves (solid line) and
experimental curve (marked) for several offset angles of specimens A and B, respectively. All
profiles of A and B specimens show good agreement in theory and experiment. They also
show that the profile of the diffraction peak mainly depends on the specimen thickness (u«D),
and its peak intensity depends on the offset angle. Decrease of the specimen thickness leads
to increase of the peak intensity and the base (TDS) intensity. In addition, it causes a more
asymmetric profile which appears as the excess-defect line. In accordance with increase of the
thickness, the diffraction peak becomes more symmetric since it is formed by a part of the
TDS X-rays anomalously transmitted with little absorption. The diffraction peaks have fol-
lowing characteristics in addition to the previous summary in section 1.2.2.

(1) The intensity profile of the diffraction peak varies from excess-defect to excess as the
specimen thickness increases. The thickness dependence in the calculated intensity profile ex-
plains the experimental result.

(2) The intensity profile of the diffraction peak of the thinner specimen A is asymmetric
with a excess-defect line. The defect part in the excess-defect intensity profile appears at a
scattering angle slightly higher than the excess part, which is independent27) of the sign of the
offset angle Aw.

1.4.  Summary, Conclusion and Discussion

Diffraction lines across TDS spots from mosaic crystals were observed by X-ray film
photograph and densitometry in the Laue case as well as Bragg case. Good agreement be-
tween the expermental results and the calculation of the line intensity distribution across the
line was obtained. It is concluded that the origin of the diffraction line from the mosaic crys-
tal is attributed to the secondary extinction effect for the diffraction of TDS.

Diffraction lines across TDS spots and the incident beam spot from nearly perfect crys-
tals were observed by photographic method as well as triple-crystal diffractometry by means
of monochromatized synchrotron radiation. The diffractometry measurement was completely
in agreement with photographic observation.

Agreement between the experiment and the calculation on the basis of the dynamical
diffraction theory leads to the conclusion that the excess lines EL and ELR observed can be
explained well as the anomalous transmission and the Bragg reflection of the thermally scat-
tered wave. The crystal orientation dependence and the wavelength dependence of the excess
line were observed for the both specimens of germanium and silicon crystals. The intensity of
the excess line of TDS depends on the crystal orientation to the incident beam, since the in-
tensity of TDS depends on the propagation direction of the incident X-ray and is inversely
proportional to the square of the wave vector q as given in eq. (4). While intensities of Kossel
lines caused by fluorescent X-ray and Compton scattering do not depend on the direction of
the incident X-ray so much as that caused by TDS, since the intensities of fluorescent X-ray
and Compton scattering do not depend on the scattering angle so much as that of TDS.

The intensity formula eq. (24) given by Kainuma” for the diffraction pattern caused by
the Bragg reflection of TDS contains a band term Sy, or S (g,4,). The intensity formula
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eq. (15), however, does not contain the band term. This is due to the fact that the present
paper deals with intensity and dose not deal with amplitude of the diffracted wave in the
crystal in the derivation of the excess line intensity. This approximation is permitted, since the
experimental condition of the present paper is independent of the band. The intensity ratio
between those of the band and the excess line is proportional approximately to S (g,¢,)/S
(Gw,91) = by Gy/ b, Gy, which is much smaller than unity in the present case. The band term,
however, is to be taken into consideration in the general case.

The theory for nearly perfect crystal is confined to the Laue case so far. The present
authors are preparing to report the study about the Bragg case.
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Il. Dynamical Diffraction Effect on X-Ray Inelastic Scattering
2.1. Introduction

When X-rays are diffracted in a nearly perfect crystal, two types of standing wave fields
are produced. One of them has its nodal planes on the diffracting atomic planes and the
other between the adjacent atomic planes Under these conditions, intensity anomalies of ine-
lastic scatterings are caused. Batterman® first observed an asymmetric dip in the intensity
curve of fluorescent X-rays emitted from a germanium crystal in the Bragg-case diffraction.

The intensity anomalies of thermal dlffuse scattering (TDS) and Compton scattering
have also been studied in the Bragg case’ Inten51ty anomahes of fluorescent X-rays in ger-
manium crystals in the Laue geometry were studied by Annaka®”, who observed an intensity
decrease and increase from the exit surface of thin and thick crystals, respectively. Compari-
son between the experimental results and theory, however, was qualitative. Bushuev and
Lyublrnov also investigated the intensity increase and decrease in the inelastic background
including TDS, Compton scattering and fluorescent X-rays accompanying the Laue case 220
reflection in a perfect silicon crystal. The dynamical diffraction effect on fluorescent X-rays
from impurity germanium atoms in a silicon crystal was investigated by Kazimirov et al.”.
The yield of photoelectrons and Auger electrons emitted from single crystals shows anoma-
lous change when incident X-rays satisfy the diffraction condition, since the amount of elec-
tron emission is proportional to the intensity of X-ray wave fields formed on the atomic
plane. The variations in the yield of K- and L-photoelectrons and KLL Auger electrons
emitted from a silicon single crystal under the symmetric'” and asymmetric' " 220 diffraction
conditions of CuKa radiation were observed by Kikuta and Takahashi.

Diffraction effects on TDS from thick absorbing crystals in the Laue geometry have not
been studied in detail. This chapter deals with this subject as well as with its relation to the
previously reported dynamical diffraction of TDS'>™.

Inelastic X-ray background generally may include fluorescent X-rays, and TDS as well as
Compton scattering. Experimental separation of TDS and Compton scattering is necessary
but difficult problem. The problem of the correction is not important for the study of fluores-
cent X-rays, when the intensity of fluorescent X-rays is much stronger than those of TDS and
Compton scattering. The problem is further simplified by the fact that emission of fluorescent
X-rays can be assumed to be isotropic. The dynamical diffraction effect on fluorescent X-rays
is a reciprocal process of the Borrmann effect on Kossel lines. The problem in a thick absorb-
ing germanium crystal, where fluorescent X-rays are much stronger than TDS and Compton
scattering, has not been thoroughly investigated yet. This chapter also reports the dynamical
diffraction effect of incident X-rays on fluorescent X-ray emission in thick absorbing germa-
nium crystals in the simplest experimental conditions.
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2.2. The Effect on Thermal Diffuse Scatteringm)

The intensity measurement was performed at room temperature with the vertically dis-
persive high-precision goniometer system”‘ls) installed on PF, BL-15C. Fig. 1 illustrates the
system. Synchrotron radiation of wavelength 1.54A, monochromatized with the symmetric
silicon 111 reflection M, and five successive 220 reflections in a channel-cut silicon collima-
tor'®'” C, was incident on the (100) surface of a nearly perfect germanium crystal S, of size
10 X 10 mm®. Two samples with thicknesses 0.20 mm and 0.30 mm (absorption coefficient u
times thicknesses D are 5.3 and 7.95, respectively) set at the 022 Bragg position in the Laue
geometry were studied. The cross section of the beam was about 1 X 1 mm’ on the specimen.
The beam divergence was about 10 arc sec in the horizontal plane and 4 arc sec in the verti-
cal plane. The intensities of the transmitted beam, the 022 refracted beam and the inelastic
scattering were measured simultaneously with scintillation detectors D1, D2 and D3, respec-
tively. The incident beam was monitored by an ionization chamber IC, during the measure-
ment. The distances between the collimator and the specimen and between the specimen and
the counters were about 70 cm and 15 cm, respectively. The window of the detector D3 was
about 15mm in diameter. The intensity measurement was made by rotating the specimen
crystal stepwise across the 022 Bragg position with the counters fixed. The observed inten-
sities were normalized by the monitor counts.

Inelastic intensities were measured at point P1 on the Ewald sphere close to the 133 re-
ciprocal-lattice point in the plane including the [100] and [011] axes in Fig. 2. The open cir-
cles in Figs. 3(a), (b) and (c) show the experimental rocking curve of the transmitted beam
and the measured intensity variations of inelastic scatterings at points P1 and P2, respectively,
in Fig. 2 for the thick specimen. The intensities are plotted against A9 = 6 — 65, the angular
deviation of the crystal orientation from the Bragg angle 8g. The open circles in Figs. 4(a),
(b) and (c) show the measured intensities for the thin specimen, corresponding to those in
Figs. 3(a), (b) and (c), respectively. Actual counts at the inelastic peaks were about (2 —

Fig. 1. Experimental arrangement in a vertical
plane. SR, synchrotron radiation; M,
silicon (111) monochromator; C,
grooved silicon crystal with (220) sur-
faces; IC, monitor; S, specimen; D1, D2
and D3, detectors.

Fig. 2. (a) Geometry of X-ray and specimen
crystal orientation, (b) Ewald sphere,
observed points P1 and P2 in the reci-
procal lattice of specimen crystal.
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Fig. 3. Observed (open circles) and calculated

(solid line) intensity curves. (a) trans- Fig. 4. Open circles and solid lines for the spe-

mitted beam; (b) inelastic scatterings at cimen of thickness 0.20 mm in (a), (b)
P2 near the 022 reciprocal lattice point and (c) correspond to those in Figs.

(r.1.p); (c) inelastic scattering at P1 close 3(a), (b) and (c), respectively.
to the 133 (r.l.p), the specimen thick-
ness 0.30 mm.

3) X 10° per 50s. A good agreement between the experimental rocking curves and the calcu-
lations in Figs. 3(a) and 4(a) show that the specimen crystals are sufficiently perfect for the
anomalous transmission to occur. As for the inelastic intensity, the following features are
noted. (1) The inelastic scattéering curve shows an asymmetric peak profile. (2) The peak
width and the peak position are close to those for the transmitted beam. (3) The profile,
width and height of the inelastic peak depend on specimen thickness. The thin specimen
shows a more pronounced asymmetric profile than the thick one. The main part of the ob-
served inelastic intensities is TDS, since the observation points are close to the reciprocal lat-
tice points.

The experimental results are compared with calculations based on the dynamical theory.
Propagation of X-rays in a parallel plate crystal of thickness D is illustrated schematically in
Fig. 5(a). Monochromatic plane-wave X-rays with intensity I, are incident on the (022)
planes normal to the surface at the glancing angle 6 = 0z + A6. The X-rays are linearly po-
larized with the electric field vector perpendicular to the diffraction plane. When the Bragg
reflection is strongly excited in a narrow angular region 2A 6y centered nearly at A9 = 0, the
transmitted and reflected waves interact to form two wave fields which are strongly or
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Fig. 5. Diffraction and inelastic scattering process. (a) Present diffraction effect on inelastic scattering.
(b) Dynamical diffraction of inelastically scatterd waves.

weakly absorbed according to whether they have antinodes or nodes on the reflection planes.
The transmitted beam produces inelastic scattering with intensity AS, = S, Az/D from layer
Az at depth z, which proceeds to an observation point near the h reciprocal-lattice point in
the direction @ = 63 + 46 > A6;. Here the factor S, is the intensity of kinematical inelastic
scatterings (including TDS and Compton scattering) for unit incidence intensity. The scat-
tered waves attenuate owing to the ordinary absorption before reaching the exit surface. The
inelastic intensity is given as

ASyr = I Gi(2)S, (Az/D) exp[—u(D — 2)/v}, (D

with

Uz
[uteiond 1_
y (

Ly W o K
2 o e

1
GT(Z)zz 1
+1a+

W 2 Uz Ko
)y exp(—=5, (1 + )
J1+ w? 7 1+ w7 (8)
Definition of y, x, and W are already given in section 1.3.2. Comparing Fig. 5(a) with Fig.
5(b), which illustrates the dynamical diffraction of TDS™ by layer Az, we can see that the

diffraction and scattering processes in Figs. 5(a) and 5(b) are just reciprocal. The intensity of
inelastic scattering from layer Az in Fig. 4(b) is given by

ALy = Iyexp(—uz/y)S(Az/D)GH(D — z) . 3)

Integrations of egs. (1) and (3) lead to the same result:
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ShT = IOSthT ) (4)
with
1 , DA
Jr = D”ZTQW exp (~uD/7) [(1 — 2+ wr) o (NTI%)

el e R G

The profile of the inelastic peak is determined by eq. (5), since J;y is a sharp function of 46
in a very narrow angular region, while S, is a slowly varying function of the scattering vector.
The solid lines in Figs. 3(b) and (c) and in Figs. 4(b) and (c) show the J,; calculated for the
present experimental conditions by using 4 = 352cm” ' and Ax = 326cm” " in eq. (5) and
normalized at the top of the experimental peak. The asymmetric reflection correction re-
quired for the theoretical calculation of Jir at the point P2 is small and neglected in Figs. 3(c)
and 4(c). The solid lines show a good agreement with observed inelastic peak profiles except
in Fig. 4(b). A small disagreement between the observed and calculated peak widths is ascrib-
able to the fact that the calculated curve is not convoluted with the diffraction profile of the
monochromator. The present theoretical calculation neglects inelastic scattering of the 022
Bragg diffracted beam.

2.3. The Effect on Fluorescent X-Rays'"

Figure 6 illustrates the experimental arrangement of X-ray diffractometry. Radiation
from a X-ray tube operated at 40kV and 25 mA was monochromatized by the silicon 111
symmetric reflection and collimated by the triple 220 symmetric reflections in a channel-cut
silicon crystal. The radiation of wavelength 0.7093A was incident on the (001) surface of
nearly perfect germanium crystals in the Laue geometry at room temperature. The angular

X-ray Tube SAMPLE D1

\ Si(111) D3 | "
/ \ B ST

\
/ Si(220) \ I ¢ =40°
D2

Fig. 6. Experimental arrangement of triple-crystal spectrometer. Ray-paths are in a horizontal plane.
D1, D2 and D3 are scintillation detectors.
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divergences of incident beam were 2.2” and 3.5" in the horizontal and vertical planes, respec-
tively. The specimens with thickness 0.30 mm and 0.52mm (absorption coefficient times
thickness uD is 9.57 and 16.0, respectively) were set near the 220 Bragg position. The
measurement of the intensity of the transmitted radiation and of the fluorescent X-rays were
performed simultaneously using the step-scanning method with the scintillation counters D1,
D2 and D3 and pulse height analyzers in a computer-controlled system. Noise from the
counters amounted to few counts per minute. The counters were fixed, and only the spe-
cimen was rotated around the [110] axis by a tangential screw with an accuracy of 0.1 arcsec.
The distances from the specimen to the counters D1, D2 and D3 were 5cm, 5cm and 4 cm,
respectively. The window diameter of D1 was 5mm, and that of D2 and D3 was about
25 mm. Intensities of fluorescent X-rays were measured at 40 degrees from the normal of the
exit and incident surfaces of the specimen in the horizontal diffraction plane. A pure germa-
nium solid-state detector which has an energy resolution of about 250 eV was used to check
TDS and Compton scattering of which the intensity is few percent of Ge Ka; fluorescent
X-rays.

The open circles in Figs. 7(a), (b) and (c) show the experimental rocking curves of the
transmitted beam, and the intensity variations of fluorescent X-rays measured by D2 and D3,
respectively, for the thin specimen. Counts per 200 seconds for the curves in Figs. 7(a) and
(b), and per 100 seconds for the curve in Fig. 7(c) are plotted against 46 = 6 — 6. Solid
curves are obtained by the theoretical calculation described below. The open circles in Figs.
8(a), (b) and (c) show the measured rocking curves of the transmitted beam and the intensity
variations of fluorescent X-rays measured by D2 and D3 for the thick specimen. Counts per
100 seconds for the curve in Fig. 8(b) and per 10 seconds for the curves in Figs. 8(a) and (c)
are plotted against Af. A satisfactory agreement between the experimental and calculated
rocking curves in Fig. 7(a) and Fig. 8(a) shows that the geometry of the specimen crystals
allows anomalous transmission to occur. The theoretical curves are corrected for the incident
beam divergence. The specific features of the intensity curves of fluorescent X-rays are sum-
marized as follows. (1) The fluorescent curves measured by D2 and by D3 show slightly
asymmetric peak profiles and asymmetric dips, respectively. (2) The fluorescence peak and
dip are wider than the transmitted beam. (3) The profile, width, peak height and dip depth of
the fluorescent intensity curve, and the background level are dependent on specimen thick-
ness.

The solid curves in Figs. 7(b) and 8(b) were obtained using Annaka’s formula”,

= [ (5 1)+ 2 (/I exp [~ (D= 2) dz, ©)

where [, I; and I are the incident beam intensity, and the transmitted and reflected inten-
sities of the dynamical diffraction given by

1— W _ 2 _MZ e Ky
| e o)
T + (1+ =y exp(— &5 (1 + —22)
1+ w? 14 1+ w] (7)

and
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IH/10—2(1+W2)3XP( y)cosh(y W1+W2)' ®)

Here, K equals 1 and cos (263) for the o and x states of polarization. Eq. (1) is derived on
the basis that fluorescent X-ray emission is isotropic, and TDS and Compton scattering are
negligible. In the intensity calculation of eq. (6), the incident beam is assumed to be o po-
larized, since the polarization dependence on intensity curves is negligible. The components
of Ge Ka,, Ka,, KB, Kf,, having intensity ratios 1, 0.50, 0.14 and 0.07 as well as absorp-
tion coefficients were taken into consideration. For the parameters of diffraction of the
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incident beam, 319 cm™" and 307 cm™ ' were used as values of normal and anomalous absorp-
tion coefficients 1 and Ay, respectively, and 4.595 X 107 as the real part of electric suscepti-
bility for the Ge 220 reflection. The solid curves in Figs. 7(c) and 8(c) were obtained by
using the formula

= [ 18 (/) + 2 (/) exp (=57 iz, ©)

Comparison between the experimental curves and the calculated solid curves in Figs. 7(b)
and 8(c) show that the solid curves agree well with the experimental results.

2.4. Summary, Conclusion and Discussion

In conclusion, we have observed an intensity increase of inelastic X-ray scattering near
Bragg points from thick absorbing crystals in the Laue-case diffraction. The main features are
explained by the TDS from atomic layers near the exit surface excited by the anomalously
transmitting waves. Inelastic scatterings from atomic layers near the entrance surface are al-
most absorbed and not detected. We can explam the result as a reciprocal process of the dy-
namical diffraction of inelastic scattermg

It is ascertained also that Annaka’s formula can explain well the dynamical diffraction
effect on fluorescent X-ray emission. It is expected that the experimental results can also be
explained by Takahashi and Kikuta’s formula (10) in ref. 11.
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III. Diffraction of Phonon-Scattered Mossbauer Gamma-Ray
3.1. Introduction

Mossbauer yp-ray diffraction has been successfully used to separate intensity of inelastic
scattering under Bragg peaksl’z) with an energy resolution of a few 10™° eV by using the nu-
clear resonance absorption of y-ray emitted recoiless from a Mdssbauer source. Dips of the
inelastic intensity profile at the Bragg angle have been observed by O’Connor and Butt” on
the 200 reflection from a LiF crystal, and by Zasimov et al.¥ on the 002 reflection from a py-
rolytic graphite crystal. The formers explained this result by extinction effects. The latters ex-
plained it by mosaic block size characterizing a minimum wave number g, leading to mis-
sing inelastic scattering possibilities of lower energies than w(g,,,). Miillner et al.¥, however,
have not observed the dip in the inelastic intensity profile at any of the four 00 £ reflections
from 002 to 008 of a pyrolytic graphite (PG) crystal. Although, their angular divergence of
scattered radiations subtended by their detector window was as large as a few degrees.

The present authors found dips in inelastic peaks near Bragg reflections from LiF”,
KCI” and PG crysta17) using Mossbauer 14.4keV y-ray and a linear position sensitive detec-
tor” which has angular resolution of scattered rays as 10 minutes. The dip can be explained
by secondary extinction effect® as well as diffraction effect” caused by thermal diffuse scat-
tering (TDS) reflected again by the net planes in the same crystal. The theory on the diffrac-
tion pattern caused by the TDS X-rays has been given by Kainuma®. The patterns have been
observed in the TDS near the 002 reflection by crystals of urea nitrate'” and PG'" in the dif-
fraction patterns recorded on X-ray films using unfiltered radiation from a copper target as
already described in chapter 1.

The present chapter clarifies the correspondence between the dip in the inelastic intens-
ity profile within and near the Bragg reflection observed by means of Mossbauer diffraction
and the defect line observed in the X-ray film. In this experiment, MoKa radiation was used
for the X-ray film method and 14.4keV y-rays for the Mossbauer diffraction. The wave-
lengths of the MoK a X-ray and the 14.4 keV y-ray, 0.7107A and 0.8602A, respectively, are
close to each other. A pyrolytic graphite crystal was selected as the specimen.

The aim of this chapter is to add experimental evidences of dips corresponding to the in-
tensity distribution across defect lines observed by photographic method as well as X-ray dif-
fractometry.

3.2. Experimental Method and Result

Figs. 1 and 2 show a photograph of experimental instrument and the illustration of the
arrangement, respectively. The 14.4keV y-rays from a 10 mCi Mossbauer source of Co dif-
fused in a 6 um thick rhodium foil were incident with a fixed glancing angle 6, on the spe-
cimen surface. The intensity of scattered radiation was measured through the Mdssbauer res-
onant absorber, lithium ammonium ferrofluorate in a plastic disk of diameter 25 mm and
thickness 2 mm, set in front of a position sensitive detector window. The enrichment of “TFe
in the absorber is 95.45% with thickness equal to 2 mg/ cm” of *'Fe. The detector has a space
resolution 0.25 mm in the horizontal diffraction plane. The angular divergence of the incident
beam was 3° in the diffraction plane and 5° in the vertical plane. Energy resolution of the
detector for the vy-rays was about 3keV. The distances between the source and a
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Fig. 1. Instrument of Mdssbauer diffraction experiment. (1) lead shield box containing radio-isotope RI
at the head of a linear motor driver LM, (2) incident beam slit, (3) goniometer head, (4) posi-
tion-sensitive detector, (5) goniometer, (6) gas-tube, (7) gas container, (8) cable, (9) multi-chan-
nel analyzer, (10)(11) linear-motor controller, (12) high voltage source, (13) shaping amplifier
(14) constant-fraction discriminator, (15) time-amplitude convertor.

>

Fig. 2. Arrangement of the experimental devices. RI, Mdssbauer source glued to a holder set on
the LM; C, crystal; G, goniometer; A, absorber; PSPC, position sensitive proportional
detector. Angles 26, and 26, correspond to the edges of the slit before the detector win-
dow.
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specimen, the specimen and the detector were both 70 mm. The detector window with a lead
slit about 10 mm wide and 8 mm high was fixed normal to the reflected beam during an in-
tensity measurement of the beam. The radiations scattered with scattering angles between 26,
and 26, corresponding to edges of the detector window or the receiving slit before the win-
dow can be measured simultaneously. The 6.5kV X-ray from the source was suppressed to
be 1/1000 in intensity by a 0.3 mm thick aluminum filter, through which the 14.4keV y-ray
was decreased to about 1/2 in intensity. The remarkably large background due to 122keV
y-ray mainly was observed. The intensity of the background was evaluated by two kinds of
measurement, one with a 2 mm thick aluminium filter and the other without the filter of the
diffracted beams.

The intensities 1, and £, of the elastic and inelastic scatterings at scattering angle 26 are
obtained by calculation using the formulae™”

1 (26) = (L(20) — I(260)) /P, (1)
with

Po = (1(0) = R(0))/L(0), (2)
and

I, (20) = L(26) = 1, (26) , (3)

where L,(20) and Ix(20) are the intensities of the y-rays scattered at the angle 26 with the
Méssbauer source in motion out of resonance and at rest in resonance, respectively. The ab-
sorber efficiency P, was measured in the separate experiment using the direct beam from the
source by removing the specimen crystal from the beam. The value of P, was 0.525 + 0.013
which was determined using a solid state detector with window slit 1 mm wide and 8 mm high
having energy resolution about 200eV in FWHM (full width at half maximum) for the radia-
tion used. The P, value was measured with the position sensitive detector also. The local P,
value corresponding to the width of position resolution was measured. The average P, value
was found to be about 5% less than that obtained by the solid state detector. Local variation
of Py, variation of value due to inhomogeneity of absorber thickness, was found to be within
about 5%. The effect of the variation of P, value on the dip in the inelastic intensity profile
was evaluated. There was no remarkable change in the position of intensity minimum and the
shape of the dip due to the variation of P, value.

3.2.1.  Mbossbauer diffraction and X-ray film observations of pyrolytic graphitell)

Figures 3 and 4 show the intensity profiles of the elastic and inelastic scattering around
the 002 Bragg reflections from a PG specimen obtained by the Mossbauer diffraction experi-
ment. The specimen has a rectangular surface of 10 mm X 10mm and a thickness of 1 mm.
Open and filled circles are the experimental plots for 1/10 times elastic intensities, I.,/10,
and inelastic intensities [,. In the figures, the integrated counts per angular width 15 min are
plotted against the scattering angle 26. Dips in the inelastic scattering are seen at the position
shown by the arrow in the both figures. The difference between the scattering angles corre-
sponding to the intensity maximum of elastic scattering and the intensity minimum in the dip
can be seen to be roughly equal to the value of Aw = 6, — 6. Although the 6,
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deviates by dw from the Bragg angle, rather weak Bragg reflection is excited and observed
due to a large angular divergence of the incident beam.

In the film observation, unfiltered radiation from a molybdenum target in a sealed-off
X-ray tube operated at 30 keV and 15 mA were incident with a glancing angle 6, on a flat
surface parallel to (001) of the PG plate. The crystal was set on the goniometer head of a
Laue camera. The incident beam was collimated using a tube of length 60 mm and an aper-
ture of diameter 0.5 mm. The distance between the source and the crystal was about 130 mm.
The camera length between the crystal and the film set normal to the incident beam collima-
tor was about 85 mm. Figs. 5 (a) and (b) show the Laue photographs taken at glancing angles
5.5° and 6.8°, respectively. The Bragg angle 65 of the 002 reflection is 6.1° for MoKa X-rays.
Figs. 6 (a) and (b) illustrate the patterns schematically. Diffuse spots A and A’ are caused by
TDS near the 002 and 004 reciprocal lattice points, respectively, by the Ka radiation. Sharp
long defect lines D can be seen across the middle of the diffuse spot A and Laue spot C. An
excess line E, which is the pair to the defect line, is seen in the diffuse spot due to the inci-
dent beam O. The direction of the line E deviates by an angle Aw = 6, — 0, from the direc-
tion of the incident beam O. The formation of the diffraction pattern can be explained using
Fig. 2 in chapter 1 on the assumption that diffraction of inelastically scattered X-ray is kine-
matical.
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(a)

(b)

Fig. 5. Laue photograph of the pyrolytic gra- Fig. 6. Schematic illustration of the patterns in
phite crystal. The sizes of the figures are Fig. 5.
the same as those of the original ones.
Defect lines are indicated by arrows.

3.2.2. Méssbauer diffraction of KCI®

The radiation from the source was incident with glancing angle 6, on the surface cleft
parallel to (100) plane of the KCI crystal with 10mm X 10 mm square area and thickness
5mm. Fig 7 illustrates the typical result obtained for the 200 Bragg reflection by the KCI
crystal. The integrated counts per angular width 20 minutes against 26 were plotted in the
figure. The crystal was set at Aw = + 30". The scattering angle 26 of the beam corresponding
to the maximum of the intensity profile is 26;. Filled circle and open circles are the ex-
perimental plots for I, and L, respectively. The plots I; in the dotted curve are measured
using the aluminium absorber plate of thickness 2 mm before the detector. The background is
due to the 122keV y-ray.

The intensity profiles of the elastic and inelastic scatterings obtained from the data in the
above figures are shown in Fig. 8 with the same scales as given in Fig. 7. The open and filled
circles are the experimental plots for the elastic and inelastic scatterings, respectively. Fig. 9
illustrates the intensity profiles of the inelastic scattering as well as that of the elastic scatter-
ing within and near the 200 Bragg reflections. In the figure, the integrated counts per angular
width 20 minutes are plotted against the scattering angle 26. The inelastic scatterings are esti-
mated to be the TDS plus the monotonic background of the Compton scattering. Remarkable
dips are seen in every intensity profile of the inelastic scattering. The deviations between the
scattering angles corresponding to the intensity maximum of elastic scattering and to the in-
tensity minimum of the dips of inelastic scattering can be seen roughly equal to the value of
Aw from the figures.

The physical explanation of the dips may be given in the same way as that described in
the Chapter I. Quantitative comparison between theoretical calculation and the experimental
intensity profile of the dips has not been given yet. The wide width of the dip is related to re-
flection width® of mosaicness of the specimen crystal, the divergence of the incident beam
and angular resolution of the detector.
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3.3. Summary, Conclusion and Discussion

The main fact obtained from the present experiment is summarized as follows:

1) By means of the Mossbauer y-ray diffraction using the position sensitive detector, the
elastic and inelastic intensity profiles in the Bragg reflections were measured separately with
energy resolution about a few 10" eV and angular resolution of scattered beam about 10
minutes in the horizontal diffraction plane.

2) The dip of the inelastic intensity profile was found near every Bragg reflection
measured.

3) If the glancing angle 6, of the incident beam deviates through Aw from the Bragg
angle 65, the direction corresponding to the minimum of the inelastic intensity dip deviates
through Aw from the direction of the intensity maximum of the Bragg reflection.

4) The main part in the inelastic intensity profile is estimated to be TDS.

We have the conclusion that the oberved dip of the inelastic intensity profile near Bragg
reflection is caused by Bargg reflection of TDS. The dip corresponds to the defect line in the
diffuse scattering observed in the diffraction pattern of X-ray film.

The dip of the inelastic intensity profile may be observed in TDS of other material under
the following conditions. The crystal is mosaic enough to cause the kinematical diffraction or
secondary extinction. Angular resolution of the detector is high enough to be able to detect
the dip. Energy resolution of the detector system is high enough to separate elastic scattering
and inelastic scattering such as TDS. The observation of the dip is easy for crystals from
which TDS is very strong. The Mossbauer diffraction and the position sensitive detector play
important roles to detect the dip. The conventional X-ray source and detector find difficulty
in revealing the existence of the dip due to their poor angular and energy resolutions used so
far. X-ray film is useful to find the two dimensional diffraction pattern of the defect line.
However, inelastic scattering in the Bragg reflection cannot be separated from elastic scatter-
ing.
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IV. Preliminary Study on Nuclear Resonance Filtering
4.1. Introduction

It was pointed out first by Rubyl) that the brightness of synchrotron radiation (SR)
within the highly monochromatic region of a nuclear resonance width 10"eV exceeds that
available from natural y-ray source in the 10-keV X-ray region. Thus, using pure nuclear res-
onance scattering, one can produce an ultra narrow band pass filter to filter synchrotron radi-
ation. Moreover, Mossbauer y-rays from radioactive isotopes have such inherent problems as
1) existence of short life time, 2) low intensity and low emittance due to isotropic emission
and self absorption, 3) large background of radiations due to precursor transitions accom-
panying emission of Mossbauer y-rays.

After a number of authors™ have investigated the problems of filtering, Cohen et al?
observed nuclear resonance curve using a gated detector developed to observe the conversion
electrons produced from *"Fe foil excited by SR. Chechin et al.”) observed an enhancement of
delayed counts behind an 57FezO3 single crystal positioned for the 777 pure nuclear reflec-
tion. Gerdau et al.” have obtained the first definitive Mossbauer spectrum after the two *"Fe-
yttrium iron garnet single crystal films with a stainless steel absorber. Faigel et al.” first
measured the full time evolution of the pure nuclear 777 reflection from Fe-enriched he-
matite. Development of nuclear resonance filtering of synchrotron radiation recently has been
achieved by some investigators”*".

Nuclear resonance filtering of synchrotron radiation groduces revolutionary X-ray beams
with characteristics 1) extremely narrow bandwidth (10 ~ eV ~peV), 2) small angular diver-
gence (mrad. ~ urad.), 3) narrow time spectra (nsec ~ psec), 4 ) quantum beat in time spec-
tra, 5) high polarizability. These characteristics resulting from the coupling of the properties
of synchrotron radiation with those of the collective nuclear resonance scattering cannot be
obtained with the radioactive source and they surpass the radiation from the radioactive
source. Thus, Mdssbauer y-rays from radioactive isotopes will be replaced by the filtered syn-
chrotron radiation. Such a monochromatic source will offer a new field of study about inelas-
tic-excitation with the small energy transformation. It has the potential of such applications as
structure determination of biomolecule and magnetic material, studies of surface and thin
film, interferometry, Mossbauer spectroscopy, etc.

As mentioned above, some methods already have been developed for nuclear resonance
filtering. They are uses of (1) crystal monochromater, (2) such single crystal monochromator
as *’Fe,0; which selects an electronically forbidden and nuclear allowed reflection, (3) time
gated detector with high time-resolution and time spectroscopy, which separate spontaneous
nonresonance radiations and delayed resonance radiation, (4) grazing-incidence antireflection
(GIAR) film and mutilayer thin film mirrors to suppress nonresonance radiation and gener-
ate resonance radiation by exciting Mossbauer isotopes contained, (5) polarizer and analyzer
to suppress nonresonance radiation. The methods (1)—(3) have been well developed and use-
ful already. However, the fourth and the fifth are still far from practical use.

This chapter reviews present authors’preliminary studym_m of the above (1), (4) and (5)
methods for nuclear resonance filtering of synchrotron radiation performed at the PF, BL-
14B of the KEK in Tsukuba.
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4.2. Suppression of Harmonics of 14.4keV Synchrotron Radiation'>"

For monochromatization of synchrotron radiation to bandwidth 10 eV by nuclear res-
onance filtering, suppression of enormous background scattering due to electron is the most
important problem in the study.

The purpose of this study is to make contamination of harmonics of 14.4keV clear and
to suppress the harmonics using different refraction effects in asymmetric 10 64 reflection
and symmetric 10 64 consecutive reflection from grooved surfaces of a silicon single crystal.
Principle of this method were proposed first by Bonse et al.'>, and developed by some inves-
tlga’tors16 A7,

Energy spectra of the synchrotron radiations monochromatized by the Si 111 double
symmetric reflections and the double 10 64 reflections from a grooved Si single crystal were
observed at the PF, BL-14B using a pure germanium solid state detector and a multichannel
analyzer as shown in Fig. 1. Synchrotron positron energy and current were 2.5 GeV and
about 300 mA, respectively. The radiation flux was lowered enough to protect the detector
using a slit system. The counting rate of 14.4 keV photon was about 1000 cps.

Figure 2(a) and (b) show energy spectra of the beam monochromatized by the double
symmetric 111 reflection and plus the double symmetric 10 64 reflections, respectively. We
can find the third, the fourth and the fifth intense harmonics of 14.4 keV radiation. The sec-
ond harmonics is suppressed by the 222 forbidden reflection of silicon pre-monochromator.
Sharp peaks of 3.4keV and 3.5 keV are escape peaks from detector germanium.

Figure 2(c) shows an energy spectrum of the beam monochromatized by the asymmetric
10 64 reflection and the symmetric 1064 consecutive reflection. A satisfactory suppression of
the harmonics can be seen from the figure. Energy resolution about 10 meV was obtained
using (+,+) arrangement of the Si (10 64) channel-cut crystal monochromators.

Si (111) Jj 0z =10°
E BFM WZL’:\

Si(111) S1

S2
$1,52 Slit
BFM Beam Flux Monitor C1 grooved Si crystal with
SSD  Solid State Detector the (10 64) reflection plane

Fig. 1. Instrumental arrangement.
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Fig. 2. (a) Observed spectrum of double symmetric 111 reflections, (b) Observed spectrum
of double symmetric 10 64 reflections, (c¢) Observed spectrum of asymmetric and
symmetric 10 64 consecutive reflections.

4.3. GIAR-Film Mirror'®*?

For the purpose of producing filters to monochromatize synchrotron radiation to band-
width of 107° — 10 eV by nuclear resonance scattering, an interference technique for X-ray
optics, grazing-incidence antireflection (GIAR) film, was proposedlg) and then, theoretical”
and experimental investigationszo_zz) were developed. The film is designed to suppress enor-
mous electronic background reflection in the angular region where nuclear-resonance reflec-
tion amplitude is large near the critical angle of total reflection. The advantages of the GIAR-
films are (1) crystals which have restrictions imposed by Bragg reflection and crystal structure
are unnecessary due to total reflection, zeroth-order reflection. The films require only flat
surface and flat interface between layers of uniform material, (2) the films are relatively easy
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to produce by applying improved technique of thin-film fabrication, (3) the film-mirror is
relatively freed of heating or radiation damage, and then stable against lattice-parameter
change, (4) the films can be designed to produce filter of very broad resonance width Aw =
1007, where I is a natural width, or narrow resonance width Aw = I'. However, the films
have such negative side as the filter can not accept full beam flux of the incident synchrotron
radiation, because of small effective cross-section of the incident beam limited by the size of
the mirror and the small angle grazing-incidence geometry. Although, this problem will be
overcome soon using high emittance of the synchrotrn radiation produced by a dedicated un-
dulator. The GIAR- films, however, are still far from practical use.

The purpose of this study is to prepare and test the GIAR films by an experiment of
X-ray interference between reflections from the film.

Iron enriched with 90% °'Fe was evaporated in the vacuum of about 107° Torr. An
about 250A thick *'Fe film coated with about 90A thick Al film was deposited on a 30 X
100 mm” flat surface of a quartz glass plate with thickness 10 mm. The *"Fe layer in the spe-
cimen GIAR-film was examined by Mdssbauer spectroscopy in which X-rays emitted in back
direction accompanying emission of conversion electrons from the film irradiated by radia-
tions from 25mCi *’Co in rhodium matrix were measured with a scintillation counter using
Mossbauer spectroscopy instruments. Figs. 3(a) and (b) show Mossbauer spectra of resonant
X-rays from *’Fe contained in a natural ion foil and from the *'Fe layer of the specimen
GIAR film, respectively. The figures show that the "Fe layer of the specimen film has bcc,
a-iron, structure. The reflectivity curve of the specimen was measured by means of the

1.10

1.00 it

1.10

RELATIVE EMISSION

1.00

fS 0 5
VELOCITY v /mm s’

Fig. 3. (a) Mossbauer spectrum of natural ion foil. (b) Mossbauer spectrum of the
specimen GIAR film.
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GIAR film, respectively. The figures show that the ° Fe layer of the specimen film has bcc,
a-iron, structure. The reflectivity curve of the specimen was measured by means of the opti-
cal system installed on the BL-14B shown in Fig. 4 and 0.8602A radiation monochromatized
finally by the 1064 double reflections from a channel-cut Si crystal. The angular divergence
of the incident beam is about 1”.

Figure 5 shows the reflectivity curve of the specimen. Open circles show the experimen-
tal result and solid curve show the theoretical calculation made by using model parameters
shown in Table 1. Each row in Table 1 indicates parameters of three layers from the top sur-
face of elements in the second column. The fitting parameters are electron densities N, thick-
ness | of the layers and standard deviations o indicating surface roughnesses and boundary
roughnesses between the layers obtained on the basis of the Nevot-Croce method”. The par-
ameters 0 and f are the real and imaginary parts of deviation from unity of refractive index.

Si (111)

SR Si(111) Si (1064) mirror scintillation
counter

Fig. 4. Instrumental arrangement.
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Fig. 5. Reflectivity curve.
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Table 1. Model parameters of electron density N, real part ¢ of deviation from unity
and imaginary part § of refractive index, thickness £ of layers and interface
roughness o of the film.

element | N(AT) | 6(x107%) | B(X107) | £(A) o (A)
layer 1 Al 0.64 2.1 1.2 70 16
layer 2 Fe 1.99 6.6 2.8 245 17
layer 3 Fe 1.47 4.9 2.1 14 12
substrate Sio, 0.69 2.3 0.097 @ 6

Table 2. Peak resonant reflectivities | R,|%, effective width Iy in the unit of natural
width 4.7 X 10™° eV, and signal-to-noise ratio |R,|/|R,|* for the ideal
sample in Table 1, where enrichment of *'Fe is 100% at ¢ in the case of
no Zeeman splitting: the 1/2—3/2 transition reflection, e, radiation
with B Il ky, and recoiless fraction exp(—k P<xt>y=07.

b | Tur [RIIRP,, Ty/20meV | (|R[)*Toq/20 meV
820" | 12471 45 (0.90/0.02) 2.9%107° 23%107°
sample A
10007 | 237 | 1.7 X 10° (0.85/5x 107% | 54 x107° 1.7 x 107
830" | 90r 91 (0.91/0.01) 2.1x107° 1.7 %107
sample B
10307 | 200 |2.2% 10° (0.85/3x 107" | 47X 107° 3.4%x10°

The Table 2 shows the effective energy width I, of nuclear resonance reflection, reflectivity
ratio |R,|/|R,,|* between resonance and nonresonance reflections at glancing angle ¢, for the
film model of Table 1, in which *'Fe enrichment is 100%. The angle @ in the Table 2 de-
scribes the position of the first and the second minima in Fig. 5. The values of I'; and IR,|?
are calculated from the formulas given by Hannon et al.". From the value in the last column,
we can estimate observation feasibility of a few resonant photons per second., if we can use
10° cps incident photons with energy 14.41keV in the energy range AE = 20meV for
double reflections of film mirrors in the Table 1. Good simulation of the curve fitted to an
observed interference pattern is obtained by assuming a three-layer model with boundary
roughnesses 10—20A between the layers.

4.4, Suppression of Nonresonance Radiations by Polarizer”

Electronic scattering vanishes for a 90° scattering in the direction of the incident linear
o-polarization, while there will generally be nuclear resonance scattering. When scattered
beams are mixed with o-polarized electronic scattering and s-polarized nuclear resonance
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scattering, which can be generated from a GIAR-film of enriched *"Fe irradiated by o~
polarized incident beam, the resonance scattering can be separated24) by suppressing o-po-
larized electronic scattering with an analyzer at a scattering angle 26 = 90°.

The aim of this study is to develop the polarizer and the analyzer for producing pure o-
or m-polarized beams, and then, to suppress nonresonant scattering and detect separately the
nuclear resonance scattering. The principle of this method has been proposed by some inves-
tigatorszs’%)

Polarizers of 26y = 90.2° for 14.4keV radiation were produced using the asymmetric
and symmetric 840 reflections from grooved surfaces of a silicon single crystal. The angular
width of the 840 reflection measured with a Si (840) analyzer in the (+, +) geometry is about
1”, which is close to the theoretical width 0.36". The o- and z-polarized components of the
radiations monochromatized and polarized by the double 840 reflections are observed with
the Si (840) analyzer and a scintillation counter at BL-14B as shown in Fig. 6(a) and (b).

SC
aq.= 50
Si(111) E Xﬁ
= EEI 4
Si (111) S1 Cl E C3
S3
(a)
S1-S4 Slit
BFM  Beam Flux Monitor
SC Na(I) Scintillation Counter
C1,C2 Si(840) Polarizer
C3 Si(840) Analyzer
SC

Si(111)

SR

Si(111) S1 Cl1 E C2 S3

(b)

Fig. 6. Instrumental arrangement.
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Fig. 7. Rocking curves observed by step scan- Fig. 8. Rocking curves observed by step scan-
ning analyzer C3 in Fig. 6(a). ning analyzer C3 in Fig. 6(b).

Energy and current of synchrotron beam were 2.5 GeV and about 300 mA, respectively. The
analyzer crystal was set on a four-circle goniometer. The rocking curves of the o-, z-compo-
nents were measured by step-scanning around the horizontal and vertical axes.

Figures 7(a) and (b) show rocking curves of the o- and m-components, respectively,
which are measured with C1 monochromator as shown in Fig. 6(a) and normalized with the
intensity of the beam incident on the analyzer. Counting rates at the peak of the o- and -
components are 4.2 X 10* cps and 20 cps, respectively. The integrated intensity ratio /1, is
2.9 X 107*, which is much larger than calculated value 1.8 X 107°. The disagreement be-
tween the calculation and the experimental result is due to large angular divergence of the in-
cident beam in the plane parallel to the direction of the o-polarization vector. Figs. 8(a) and
(b) show curves of the o- and m-components, which are measured with C1 and C2 mono-
chromators as shown in Fig. 6(b). Energy resolution about 25 meV was obtained using (+,+)
arrangement of the Si (840) channel-cut monochromators.

4.5. Summary, Conclusion and Discussion

Three methods to suppress electronic scattering investigated for nuclear resonance filter-
ing of 14.4keV synchrotron radiation made clear the followings. Satisfactory suppression of
higher harmonics is obtained using the symmetric and asymmetric 10 64 reflections in a
channel-cut Si monochromator. Suppression possibility of electronic scattering up to 1075 is
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obtained using GIAR-film double reflections or combination of GIAR-film mirror with the
840 polarizer and analyzer, simultaneously. The authors can obtain energy resolution about
10 meV using (+, +) arrangement of channel cut Si (10 64), or (840) monochromators. Pro-
duction of a few cps resonant photons is estimated to be possible, if 10° cps photons of
14.4keV in the energy region AE = 20 meV is incident effectively on GIAR film mirror. The
maximum photon flux 1 X 10* cps was obtained (1 X 10° cps has not been) by the present
authors’ experiment at PF, BL-14B. Production of a few cps resonant photons using our
GIAR film mirror may be possible at AR, NE3, where brilliance and photon flux are 10°
times higher than at BL-14B.

Recently, present authors could observe 15 cps of 14.4 keV nuclear resonance photons
near the critical angle for total reflection of X-rays by electron using monochromatized
14.4keV synchrotron radiation in a nsec short-time pulse mode incident on the sample B at
AR-NE3 of the KEK*”. The delayed nuclear resonance scattering as well as prompt compo-
nents were measured separately. The development of brilliant synchrotron source with low
emittance is necesary for nuclear resonance filtering with GIAR-film. Dedicated undulator
beam line at SPring 8 under construction may be useful for this purpose.
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