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1) CONTACT X RAY MICRO RADIOGRAPHY

X RAY Tube
|
elect. b obj F
Target X ne
2) PROJECTION X RAY SHADOW MICROGRAPHY
“ CURVED MIRROR-

3) REFLECTION X RAY MICROSCOPE

= Ob“ed: _ Photodetector

CONT

monitor

Il

|

cPU

™ Inter face

.5) COMPUTER X RAY TOMOGRAPHY

Fig. 1-1 X-Ray Shadow Graphy
FG: fine grain film, F: normal grain film, VA: video amplifier,
CONT: synchronized controling circuit, CPU: central processing
unit, which calculates true image of object from transmitted
x-ray quanta detected by arraied x-ray counters.
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table 1-1
Table t Bibliographies of X-Ray Diffraction Theories and Allied Fields
Year 1st-Author Key Word W.E. E.E. AM, ASIA
1898 RoOntgen Uber eine neue Art von Strahlen 217
1906 Thomson J.J. Ionization by ROntogen Rays 250b
1912 Bragg H. X-rays & crystals : 38
Bragg L. Specular reflection 39
1913 Bragg L. Diffraction, short wavelength, crystal 40
Laue et al. Interferenzerscheinungen 188
Laue Kritische 189
1914 parwin Theory of x-ray reflexion (1)/(2) 50/51
Ewald Kubischen kristal., pyrit 69
. Debye P. Warmebewegung 56a
1916 Ewald 1):dispersion theor,,2):refl, /brech. 70/71
1917 Ewald . ... 3):kristalloptik ;4) Interferentz 72/73 _
1920 Ewald Opt.& elect. statish. potential 74
BEwald Reflexionsgesetz d. rdntgenstrahlen 75
19271 Ewald Reziproke gitter 76
Bragy L. et al. rock-salt . 40a
1922 Darwin Reflexion of x-ray, imperfect crystal G52
1923 Born et al. Phasenbeziehung, Bohr model, 29
1924 Ewald Brechungindex, Abweichung, Bragg gesetz 77
Kramers et al. Streuung v.strahlung d.atom 173
Weisenberg K. Réntogengoniometer 263
1925 Born et al. Quantenmechanik 2 30
Born et al. Apericdischer veorgange 1
Born et al. Quantenmechanik 37
Dirac Fundamental equ. of gquantum mechanics 37
Ewald Intensitaten und strukturfactor 78
: Heisenherg Quantentheoretische umdeutung 111
1926 Born Quantenmechanik, stossvorgange 32/33
Born . Adlabatenprinzip d.guantenmechanik 34
Dirac " Quantum mechanics &, Hydrogen atom 58
Dirac Elimination of nodes 58
Dirac Relativity guantum mech.,compton scatt, 80/61
Ewald Intensitat d. rdntgenreflexe 79
Heisenberg =t al. Anomalen zeemaneifekte 112
Heisenberg Mashrkorperproblem und rescnanz 113
Heisenberg Spektra von zweil elektron 114
Heisenberg Schwankungserscheinungen 115
Klein 5-dimension relativstic theor. 160
Klein Wellenmechanik korrespondenzp. 161
Schrédinger Quantum theor.,eigenwert. 225
Schrédinger Heisenberg,Born,Jordan 226
Schrédinger Eigenwert problem 227
1927 Born et al. Quantentheor.,mcliekeln 386
Born Physical aspect, quanten mechanik 35
Parwin Zeeman effect, Spherical harmonics 53
Darwin Electron as a vector wave 54
Dirac Quantenmechanik, stossvorgange 62
Dirac Physical interpretation, quant.thecr. &3
pirac Emission & radiation, Q.theor. a4
Dirac Dispersion Quant.,theor., 65
Heiszenberg Menrkorper, rasonanz 16
Heisenherg Anschaulichen inhalt 117
James et al. Zero point energy by x-ray diffraction 132
Klein S5-dimensional theor. 162
Wentzel G. Theor. comptoneffects 261
Thomass 1.h. Calculation of Atomic field 250a
1928 Darwin Wave eguation of electron S5
Darwin Diffraction of magnetic electron 56
Dirac Quant. theor.of electron q6/67
Heisenberg Ferromagnetismus 118
Klein Reflexion von electron, 163
Klein et al. Streuung,electron,relativisatic 164
Hartree wave mechanics, non-coulomb central field 124a
Fermi Statistisshe method. 96h
Waller Total scattering of X-rays 260
Bethe H. Electron diffractyion 21a

1929 Heisenberg et al., Quantendynamik d. wellenfelder ' 119
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1930
1931
1932

1933
1934

1937
1939

1941
1945
1945
1947

1948

1549

1950

1957

1952
1953
1954

1955
1956
1358

1959

1960

1961

Heisenberg et al. Quantendynamik d. wellenfelder

Fock

Laue

Fock

Jordan

Kohler
Nishina et al.
Nishina et al
Ewal@

Moliere
Moliére
Moliédre
Weiskop
Fujiwara et al.

Zachariassen W.H.

Tomonaga
Hayakawa et al.
Hayakawa et al.
Ito et al.

Koba et al.
Koba et al.
Feynman
Feynman

Ito et al.

Ito et al.
Kanesawa et al.
Kanesawa

Koba et al.
Koba et al.
Schwinger

Tati et al.
Tomonaga

Dyson

- Fukuda et al.

Fukuda et al.
Feynman
Guinier et al.
Slater
Schwingexr
Schwinger
Wick

Feynman
Feynman

Kénig
Schwinger
Schwinger
Schwinger
Laue

Laue
Schwinger
Hashimoto H.
Schulz
Schwinger
Goldberger
Wagner

Ewald

Kato

Lang

Ong sing poen
Hildebrandt
Kato et al.
Lanyg

Martin et al
Borrmann et al.

129
Mehrkorperproblem 96a
Dynamische theorie 1940
Zweite gquantelung 92
Zweiten guantelung 133
Dynamische reflexion, Rontdgenstrahlen 187a

Photo-electric creation
Negative energy electron )
Dispersionsbedingung f. rdntgenfelder 80

Quantenmech., theor.,x-ray 199
Reflexion u. absorpticn 200
Theor. ,x-ray 201
Self-energy 262

Reflection pattern, capillary x-ray tube
Theory Diffraction :
Relativistic invariant formulation
Elimination of auxiliary condition
Elimination of auxiliary conditicn

Cohesive force field

Relativistic imwvariant formulation
Relativistic imvariant formulation
Space-time approach nonrelative Q. mechanics
Relativistic cut-off for gquantum mechanics
Cohesive force field

Cohesive force field 2

Relativistic invariant formulation,meson,
Relativistic invariant formulation, meson,
Salf-consistent subtraction

Subtraction method

Covariant formulation

Subtraction

Infinite reaction

Radiation theor.of Tomonaga,Schwinger & Feynman
Self-consistent subtraction in gquant. theor.
Self-consistent subtraction in quant. theor.2
Theory of positrons . 8%
Methode d. Laue 38
Electron,periodic lattice

Vacuum pelarization

Radiative correction

Collision matrix

Electromagnetic interaction

-Operator calculus

M 0., elect.microscope 171
Ggu%e invariancve

Quantized field 1

Green function 1/2

Energiestridmong 192
Teilchenstrdm 193

Quantized field 2/3/4

Thin Crystaiin Films,electron microscopy
Divergent x-ray

Quantized field 5/6

Causality condition in guant. theor.
Anomaler schwachung

Group and phase velocity

Flow of x-ray & material wave, perfect cryst.

Z55

Dislocation 194
X-ray microscope 207
Gekrummte RoOntgenstrahlen 1227123

Pendelldsung fringe, x-ray diffraction
Projection topograph
Many particle system
Absorption,Weqg im schwach deformierten

185

78a

Born & Wolf Optics 37a
Hashimoto et al. Elect. microscopy,edge dislocation

Engstrom et al. X-ray Microscopy & Micreoanalysis a5
Kato Energy flow, perfect cryst.

Kohra K. Theor. dynamics

Kendrew, et al. Mioglobim 187b
Kato Theor., pendell&sung fringe

ko
\

table 1-2

202
203
93
264
249
108
118
129
165
1a6
a7
88
130
131
137
138
167
168
229
248
248
£8
95
96
224
2390
231
256
9qQ
91
232
233
234/235
236/237/238
102
228
239/240
97
81
140
141
197
103
142
169a
143



1962
1963

1964

1965

1966

1967

1968

1962

1970

1971

Kato

Penning et al.
Takagi

Kate

Kato

Kato

Bonse

Bonse

Bonse
Fujiwara et al.
Kato

Kato

Ohtsuki

Polder

Taupin
Wilkens
Wilkens
Hattori et al.
Hattori et al.
Bonse

Bonse et al.

Hashimoteo et al.

Kambe
Ashkin et al.
Authier

Authier et al.

Hashimote et al.

Kato

Ohtsuki et al.
Schwinger
Authier
Balibar et al.
Kuriyama
Kurivama
Taupin
Authier
Authier
Authier et al.
Authier et al.
Ewald et al.
Heno et al.
Kambe

Kato

Kato

Kozaki et al
Kuriyama
Kuriyama
Wagenfeld
Balibar
Bursill

Ewald

Takagi

Xato

Xuriyama
RKuriyama et al.
Sharma

Uragami
Authier et al.
Bragg L.

Theor.,pendelldsung fringe,spherical wave
Anomalous transmission deformed cryst., 209
Theor.,small distortion

Theor.,perfect & distorted
Theor.,distorted cryst.,perturbation

Pendelldsung fringe,distorted cryst.,Fermat's principle

Theor.ausbreitung x-ray,schwach deform 23
Starke ablenkung,elastisch gebogen,cryst 24
kontrast an versetzungen 25
8i, Divergent x-ray

Pendelldsung fringe, distorted cryst.two beam

Pendelldsung fringe,distorted bent cryst.
Temp.,absorption.,x-ray

Anomalous transmission non-isctropic 210
Theor. ,deformes 246
Gitterfehlen 257
Kontrast,gitterfehlen 258

Structure factor of Sl,pendellosunq fringe

Pendelldsung fringe, beat
4-ray interferometer 26 .
Interferometer,Laue case 27

Si,pendelldsung fringe,white x-ray
Theor.,schwach verzerten gittern
Quantum theor.,x-ray diff.
Disribution d. deformation, cristaux
presque parfaits 8
Dislocations d. macle, lamelle d.macle %
Selected area x-rayv diffraction
Pendelldsung fringe, distorted cryst.
Electron/X-Ray diffraction

Relativistic guantum field theor.
Contrast of images in topography 10
Theor.,& exper.,imagees de dislocation 17
Theor.,distorted <ryst.

Anomalcus absorption

135

Dislocation image 247
Dislocaton images , transmission topo. 11
Contrast, stacking fault 12
Dynamical contrast, plane defect 13
Theor.,propagation, x-ray, defaut plan 14/15
Three strong rays

Trois rayons forts 121
Theor.,schwach verterten gittern 138
Spherical wave,absorbing perfect cryst.
Integral reflection power

Selected area diff.,,white x-ray
Thoer.distarted cryst.

Theor. ,distorted cryst.

Ewald & Laue theor. 254
Theor., generalization d. notion 18

Shear, molybdenum trioxide 42
Introruction to dynamic theor.
Thecr.,dlstorted cryst.

Pendelldsung friange, structure factor
Theor.,lsolated imperfection .
Theor.,vibrating cryst.

Grouth mech. ,whisker 222
Pendelldsung fringe Bragg case

Nouwveaux champs, cristal parfait 16
Early days 41

Chukhovskii et al, Theor.image of real crystal
Hashimote et al. Morphology, Mo-oxides, ammonium salt

Kuriyama

‘Kurivama et al.

Uragami
Afanasev et al.
Kachamin
Kurivama
Reibedanz
Uragami

Bonse et al.

Theor.,scattering amplitude

Primary & secondary extinction i
Pendelldsung fringe,Bragg,finite thickness
Dynamical theor. cryst.defect,

on the boundary

Compton-raman

X-ray microscopy

Pendelldsung fringe,finite thickness
Daefocuss,interferometer 28

216

43

134

241

a2

83

178
179

180
181

182

table 1-3
144
242
145

146
147

94
148

204

107
108

104

105
150
205/206

174
175

151
{152
172
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1) large area x-ray source; (T) target, (F) filament,(A} x-ray
aperture, (W) x-ray window, (X) xz~-ray bean,
{S) specimen crvstal.

2-1}) point focus point source;
(A) anode ,(W) Wehnelt cylinder,
(L) electron lens, {(e) electron beam, (T) karget.

2-2) line focus point source;
(Q) quenching water, (w) Vehnelt, (W) x-ray window,
(T} target assembly.

3) SOR sinchronized orbital radiation
Le: linear accelerater for incident electron, Ri: storage
ring of electron beamn, M: deflecting magnet, P: working
port, Ch: working channel, Ra: radiated x-ray, e: orbital
electron, B: magnetic field.
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Optical image of MoO; (B)
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Fig.3—9 (a) optical image of the M O3 crystal B having

screw steps on (010), (b) transmgssion

X-Ray magnified image having Kossel pattern with small bending
near center of the spiral growth. Dotted line circle shows the
location of the screw steps. Line circle corresponds to the area
from which the diffracted images in Fig.3-/0were obtained.
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Fig.3-/3 Magnified Laue Diffraction images (a,b-g), central shadow
image (h), optical images (i), (j) and unit crystal block (k) of
a right-hand helical Cu :
whisker.
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(hkl) Diff. Angle Range Wave Length Range A
m_m 10 ~ 20 0.72 ~ 14
220 220 022 13~ 23 057 ~ 10
202 3~ 44 14 ~ 18
311 19"~ 29° 071 ~ &1
422 12~16 03 ~ 041

Table 3-1 Variations of Wavelength .
in each reflections of the right-hand helical Cu whisker
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Fig.3-/4 Calculated intensity of (711) and (220) reflection of a
right-hand helical Cu whisker.
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rig.3-16 Relation between growth direction and Burgers vector of
dislocations in a left-hand helical Cu whisker.
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Fig.2-/9 Aan optical arrangement for taking the pendelldsung fringes

(T): target metal foil, (A): X-ray apperture, (S): specimen

crystal,

(G): simple gonio-stage, (B): central shadow image,
(D): diffracted Laue image, (F): X-ray film, (a): target-specimen
distance, (b): camera length. i



Fig.3-20 Pendelldsung fringes appearing in the MLD image of
a distorted Si crystal wafer )
(A): the MLD image, (B): some images sgowing pendelldsung
fringes.



)

Si (111) reflection

Fig.3-2/ Pendelldsung fringes appearing in a perfect Si crystal
taken by MLD method.

-



3-5-(3) NvTIL FHEENRY X |
kafo v Lafnéz 1959 Fiz ¥IAT XEFT AT W &G0 Rty W o Lk 8o TR,

59 4o n V1IN E 5 S0 B8RS 111 BREFE 5273%0 £2F 1% st Agke T HRELE HTa TS
sbtdon, 3% REE A GThhrenN 48890 nvTuTiS Eh 91050 2170 4 Sc BAEET
BB Yo XeG2/100-9-T B B jer Moy < £3 Yo RBr apsBohn, <D3RK
it e 93RRI IR s gy, FERATELIAL BH 05693 85 (Zacharjasem 1945 )
At BRI R ary oy, ERELR LG 0w Gbe v $EFE 1AL, Fa;,s—zz 1nF2he
AEOEIR g BB o FERIEME iR AN E 3T R T3¢ ( kohra 1960) (3~ 1) &
1<7¢%,

K =Kot LIl T )V/ (W) S| —-=(3-2)

Figa 3-22 05 Fi¥sE o¥taiz AR N7V 1S BB U B s RS, 3 F 1% s lE]1E N\ %0

yo({tiy: ,
A
A =1 = - =(3-3)

[aK] [l (rwTnf @

Kito n BERT Si kuoRkfFo B BIT1% (Scction patlern 1xKato 0§ hik3) ndEohr

gy ATt PEIRSBIBTIT PRI ook, TafEE Koo 1k Borm nFXELEB 0L
PRBIRT226 ¢ BUA Lk, MLD 1% 1% FiFis 211 xt%ka IRBADITAEXERTH S,
16O ARIRICRD 3v fy2} 03 Fig.3-21rBikibsie IXBERH A, Fr5 8o i nEIATs 14

17 (3-3)R'0h b I Iz d £,

35 MM

MLD1% 1t 8 & XAR AR h30T" (B 1o X&%% 3 nlBlicik ok 694118 :éam it

/lé



Fig.3-22 optical configuration of pendelldsung fringes and
conventional dispersion relation (Kohra 1960)., .Fringe distance

is proportional to 1/ak , however plane wave theory had failed
to explaine the origin of the fringe in x-ray case.
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Fig5-2 The 1st order T-Products & Corresponding Graﬁhs

The Feynman graph for each term is given on the right of
corresponding term, where vector potential Apm 1s divided into as A
=AL+Aj and AﬁzﬁwA#=iw(A;—A}J; superscript simbel "+" or "-" mean
creation or annihilation of a photon respectively. Also in
similar way electron field operators are divided into as qa:qﬁ+w'
and P =%+ g,
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Fig5-3 Typical Patterns in the 2nd order Perturbation

Bold arrow lines are propagating of electrons along time from past
to future. Round points are vertexes, Wavy lines coming from -
& going out to +ware incidence & scattered x-rays respectively.
Horizontal wavy lines are inner photon lines of radiationless
scattering. X.,X,,X, are all 4-dimensional

coordinates;X, is“pldced in past to X,. Electron lines

sandwiched be%ween two vertex points are internal propagating of
electrons expressed by electron contraction.
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Figs4 Relations between each Parts of Feynman Graph and Their

Functions

Functional form are glven in momentum representations. u.'s
are Dirac's spinols; a, 's are photon 5 operators and e 31
are polarlzatlon unit vectors. Kp's are energy -momentif vector of

photons and P_'s or ¢ _'s are that of electrons lFOI‘CP are
electron's opa@rators.
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Figs-5 Typical Shape of a Resonance State

S shows relative deviation frem exact resonance frequency
indicated by Kq. Jpis equal to (1/2)*FWHil(Full Width of Half
Maximum) of the resonance peak. '
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Figh5-6 The State of Multiple Reflection
=)
h is corresponded to the reciprocal vector of the reflecting plane
KO is the incidence, Kh is the diffracted but it again
b&comes as an incidence. ;
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Fig.b-l wave field in crystal

EX:bottcm
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The waves entered in the region between A and B in the top
surface contribute to the wave field at P in the bottom
surface. S: source, WP: wave field(4PABR} which contributes to
construct a wave packet at P, WI: wave field produced by the
incidence photon which impinges at the origin 0, H: lattice
vector, ¥: local normal to the exit surface, E: entrance

surface, EX: exit surface, QL: dislocation line, XA: X-Ray
aperture.
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Fig.e2 Wave vector configulation

—
B : Bragg angle, 6@: incidence angle, H: lattice vector, E:
entrance surface, Kv: Wave vector in vacuum, K¢ : Wave vector in
crystal, Kx,Kg,Kg ,Ksp @ components of Kg.
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Fig%y/; typical shape of resonance functicon -
S : eikonal surface of K wave, 1 & 2 : wave points on
tRe resonance condition,OJ : a wave function adopted to the
shorter wavelength of K wave, N.,: a wave function
adopted to the longer wgvelength of K_ wave, %: maximum
shift of wave vector in resonance which is Rroprticnal to [/,
L: Laue point.
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Derivation of Boundary Conditions
for the Tangential components of
E and H

Derivation of Boundary conditions
for the Normal components of
B and D

Fig.6-8 Conventional boundary condition
(T): discontinuity surface. A thin transition layer is defined,
within which € and u vary rapidily but continuously from their
values near T on one side to their value near T on the other.
Within this layer small near-cylinder, bounded by a stockade of
normals to T, roofed and floored by small areas 4 A;and 4Az0n
each gide of T.(Born & Wolf 1975).V¥,,4are normal vector.
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