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Fig. 1 Geometry around the Laue point Lay. P/, and P/; are planes
whose distance from Hy and Hj; is K. P/, is a plane normal to
n, (downward surface normal). The Laue point La, and
point P exist on Pl,. Pl; (i# {0, 3}) were not drawn for sim-
plicity. La; and La are points whose distance from H; (i€ {0,
1, ---,n—1}) is K. P, is the initial point of wavevector of the
Bloch wave. P’ that appears in equation (51) is the kth
numberd P’ i.e., the initial point of wavevector of the kth
numberd Bloch wave where k{1, 2, 3, -+, 2n}.
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Fig. 4 Schematic drawing of the ‘rotating four-quadrant phase retarder system’ [reproduction of Fig. 3 in Okitsu et al.

(2006)29].

Fig. 5 (Color online) Photograph of the ‘rotating four-quadrant
phase retarder system’ [reproduction of Fig. 3(b) in Okitsu
et al. (2012)3V7.
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Fig. 6 A schematic drawing of the goniometer on which the sample
crystal was mount (reproduction of Fig. 7 in Okitsu et
al. (2006)2).

Simulation

Experiment

Fig. 7 [E(a)] and [S(a)] are experimentally obtained and com-
puter-simulated three-beam X-ray pinhole topographs with
an incidence of horizontal-linearly polarized X-rays whose
photon energy was 18.245 keV. [E(b) ] and [S(b) ] are 04 4
reflected X-ray images enlarged from [E(a)] and [S(a)],
respectively [reproduction of Fig. 5 in Okitsu et al.
(2012)307.
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Experiment Simulation

Fig.8 [E(x)] and [S(x)] (x€{a, b, c}) are experimentally ob-
tained and computer-simulated four-beam X-ray pinhole
topographs with an incidence of +45°-inclined-linearly,
—45°-inclined-linearly and right-screwed-circularly pola-
rized X-rays whose photon energy was 18.245keV
[reproduction of Fig. 6 in Okitsu et al. (2012)3V].
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[reproduction of Fig. 7 in Okitsu ef al. (2012)3V].
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Fig. 10 (Color online) Transmittance of X-rays around the condi-
tion that 624, 628 and 066 Laue reflected X-rays are
simultaneously strong. Aw and A¢ are angular deviation
around [211] and [01 1] axes from the exact four-beam

condition.
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Experiment

Fig. 1 [E(a)] and [S(a)] are experimentally obtained and com-
puter-simulated flve-beam X-ray pinhole topographs with
an incidence of vertical-linearly polarized X-rays whose
photon energy was 18.245 keV. [E(b) Jand [S(b) Jare555
reflected X-ray images enlarged from [E(a)] and [S(a)]
[reproduction of Fig. 8 in Okitsu ef al. (2012)3V],
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Fig. 2 [E(a)] and [S(a)] are experimentally obtained and com-
puter-simulated six-beam X-ray pinhole topographs with an
incidence of horizontal-linearly polarized X-rays with a
photon energy of 18.245keV. [E(b)] and [S(b)] are 066
and 2 6 4 reflected X-ray images enlarged from [E (@) ] and
[S(a)] [reproduction of Fig. 9 in Okitsu et al. (2012)3V].

R—IV P RT 57T 533, BEHE, BHTFYATL
ThLIcbd Tlidie <, FEER L IBBGRAO RS & 5-
2 BBHTROIOIMMEY 7 FEDOF S, WiiI&5
ZHICZEDELNTVA,

Fig. 13 [S.(T-T)], 13 [S.(E-L)] i3, H&fRt (x=h)
X#e, MRt v=v) XPOAREFEL /2L &D T-
T HEX &M< » (T-T simulation), E-LEHOME 5
W7 — ) T EHL fF5h7: (E-L & FFT simulation)
AEEY I A VvV s VLKA RIS TNETH S, FE
BRaAT - /cBE, /Ry I 2V —v s VTREL 7,
RO & XY — 23 2A0B 7%, Fig. 15(@) D@ »
Thb, EEL&FFT v I 2V —v 5 /id, Fig. 16(h), 15
() DELEZRE L T, ZNEN, ar & B DF %
MOERE, Fig. 60 (ar) & (B1) O E < ICFHL
720 Fig. 16(ay), 16(By) % D7 E &R/, Fig. 14 [S,
(E-L)] THh 5%,

Fig. 15(b) & Fig. 15(¢) & [L#s 9% &, ASHUERHOERR
R7 Fvid, AWICHER T 5, Fig. 15(a) O X > 7 f ik
RO RICKF L TD, EFL& FFT VI 42—y 3 v/D
FHEEBFT L, KOVl ETHHH, LR
ZHEPLOAB AV AL ST, XBASSTAHXHE
DD EH>TWBT L, Fhb, HERIEREOS AL &
ZZECOWEMRZFPREELDTHSH, AFHIEREOHE
PRI, wmET -V ZH (FFT) L X0 E6N 5%
BRGFEL 7R\, FET #4751 H 72> TOFEMIT, EHS
D2019F-DFRSCBNTELR L TH 5,

Fig. 4 [S.(T-T)], W [E.], ¥ [S,(E-L)] (xe{h, v})

ST March 2020 Vol.33 No.2 73



066 AN, 084
026 ! % ey
i v

10 mm Polarization

004 g —
by 062
A
& <T-Tgl‘w ... ﬂ“

T-T simulation

¢

« 7
)
[Su(T-T)]. «

\ A

; S

Experiment

LN A

T

Polarization

il

TR 3

¥« s

» &« »
m&:—m@ &«

E-L&FFT simulation
T
pe. &
[SU(E-L)]e &

Fig. 13 [S.(T-T)1, [E,], and [S,(E-L)] (x&{h, v}) are the T-T simulated, experimentally obtained and E-L&FFT
simulated eight-beam pinhole topographs for horizontally (x=#) and vertically (x=v) polarized incident X-
rays [reproduction of Fig. 5 in Okitsu ef a/. (2019)3].
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(2019)3].
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Geometry of the eight-beam pinhole topography. x., y., and z. drawn on the upper right corner are unit vectors in

the directions [21 1], [011], and [11 1], respectively [reproduction of Fig. 1 in Okitsu et al. (2019)3%].
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(oy) and (B;) are computed separately under the assump-
tion of vertically polarized incident X-rays. These figures
have been computed by projecting intensities of the 000
forward-diffracted X-rays on the exit planes o; and S in
Fig. 15(a) on the imaging plate whose surface was normal
to the [100] direction. X-ray intensities of o, and B, in
Figs. 15(b) and 15(c) have been erased [reproduction of
Fig. 8 in Okitsu et al. (2019)39].
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Fig. 17 [E(a)] and [S(a)] are experimentally obtained and com-
puter-simulated twelve-beam X-ray pinhole topographs
with an incidence of horizontal-linearly polarized X-rays
whose photon energy was 22.0 keV. [E(b) ] and [S(b) ] are
2 42 reflected X-ray images enlarged from [E(a)] and [S
(a)] [reproduction of Fig. 12 in Okitsu et al. (2012)3V].
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Fig. 18 (a) Experimentally obtained and (b) E-L&FFT simulated
18-beam pinhole topographs. (b) was obtained by the E-L
&FFT simulation under an assumption of an incidence of
X-rays with a photon energy E=21.98415 keV (AE=E—E,
= —0.25¢eV, where E;,=21.98440 keV) [reproduction of
Fig. 3 in Okitsu et al. (2019)40].
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(2019)40].
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X-ray n-beam dynamical diffraction theories,
numerical method to solve them and experimen-
tal verification

Kouhei OKITSU Nano-Engineering Research Center, Institute of Engineering Innovation, Graduate
School of Engineering, The University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo
113-8656, Japan.

Abstract The behavior of X-rays when they are incident on a crystal can be described by the dynamical
diffraction theories. Studies on them when the transmitted and one Bragg-reflected X-ray beams
are strong (two-beam case) have a history of one hundred years. However, the population of
researchers on X-ray multiple-beam (n-beam) reflection is small. The present author has extend
the Takagi equation (T-T theory) such as to be applicable to n-beam cases and developed the nu-
merical method to solve it. They have been verified by comparing the computer-simulations and
experimental results with the synchrotron X-rays whose polarization state was controlled. The e-
quivalence between the Ewald-Laue and T-T dynamical diffraction theories is also described. The
theoretical, numerical and experimental studies on the n-beam diffraction of X-rays are explained.
Further, a hypothesis concerning the too large values of R factors in protein crystal structure anal-
ysis, is also described
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