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d6 B A
H=2A

& REPHRFEREE ~ 1nm WER, MAIREHKECEER A = 400 — 700nm, RIFFHFIH

#£ (Rayleigh Criteria), 9 #iZiRRE

An
d=061""; NA~1 (1)
NA
km m mm _ pm nm pm
A[m] 100 10° 102 100 1 107" 1072 107 107 1077 107° 1077 1078 1070 10710 107! 10712
radio micro IR | | uv X ray gamma
10100 10° 107 105 10° 10 10" 1012 101 10M 105 10 1017 1018 1019 10% 102 f [H]
MHz GHz THz PHz EHz
1071 1072 107® 1077 1079 107° 107* 107% 1072 107! 1 10t 102 10° 10 10° 106 E [eV]
ne' eV meV eV keV/ MeV

- BRLR T

& X GHEIFICERE A = 0.01 — 10nm, ATREFERIBRATIURE X G4
= AR RITHARREREERASZE LY "BRE"
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X HH&674 (XRD) &N

Rontgen discovers X-ray Max von Laue diffracts

(Nobel prize in physics, 1901)

P.P. Ewald develops
dynamical theory of
X-Ray diffraction

X-Rays from single crystal
(Nobel prize in physics, 1914)

Establishment of the Joint
Committee on Powder Diffraction
Standards (JCPDS), now
International Center for
Diffraction Data (ICDD)

T LI T T T
1895 1912 1917 1935 1947 1953

1969

First commercial pow-

der diffractometer

X-Ray powder diffractometer

developed by Le Galley

Braggs developed theory to determine
crystal structures from diffraction pattern
(shared Nobel prize in physics, 1915)

DNA structure solved by
Watson, Crick and Wilkins
(Nobel prize in Physiol-
ogy or Medicine, 1962)




X Gt FnE FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
¢ from one outer shell

incoming x-ray

N
photoelectron from

. scattered x-raj
one inner shell v

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm
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X Gt FnE FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
“ from one outer shell

incoming x-ray

°
photoelectron from

. scattered x-raj
one inner shell v

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

@ SEIEEG] (elsastic scattering) - X BHEMATMRERE, RERFRAUE (FIBNGEIERE!), A58
EELSEFHRHRFE Z.

X SRS E E R RG] 3R

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm
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X GHefs FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
8 cray from one outer shell

incoming x-ray

| scattered x- T scattered x-ray

Y incoming x-ray ™\ /§

X S %

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

s SRS (elsastic scattering) X SHRMTTMR LR, HEEFRANE (FriBRseiEsst), BEHe
EELSEFHRHRFE Z.

X SRS E E R RG] 3R

% SHHN (photoelectric effect) : RFARREFRIL X LA FHEBERAETF, IEERFIH
BRENEERWRER M MEE FHER LIRS

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm
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X GHefs FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
8 cray from one outer shell

incoming x-ray

| scattered x- T scattered x-ray

Y incoming x-ray ™\ /§

X S %

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

s SRS (elsastic scattering) X SHRMTTMR LR, HEEFRANE (FriBRseiEsst), BEHe
EELSEFHRHRFE Z.

X SRS E E R RG] 3R

% SHHN (photoelectric effect) : RFARREFRIL X LA FHEBERAETF, IEERFIH
BRENEERWRER M MEE FHER LIRS

% FREWMHBE (Compton effect) : X SHEEITREMBRFITH, FIHRK—HIER.

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm

202342 22 H


http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm

X SEk FNeE F RS MRS

& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

& NG X SHERATLUAAR—NMEER, S8 FHRRREHETRE — 1 IKEK

2https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/

3https://www.xtal.iqfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif
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X SEk FNeE F RS MRS

& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

& NG X SHERATLUAAR—NMEER, S8 FHRRREHETRE — 1 IKEK

T < > T
HHHHHHH ) \HH T
il ]

)

nttps://opengeology.o g/Mlner alo gy/12 ray-diffraction-and-mineral-analysis/
3https://www.xtal.iqfr.csic.es/Cristalografia/archiv OS/reciprocal*space,gif
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& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

& NG X SHERATLUAAR—NMEER, S8 FHRRREHETRE — 1 IKEK
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X SEk FNeE F RS MRS

& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

® NG X SHEALUAAR—FER, S8 FHREESHE— KR
.

v X GHEATHERE (X-ray diffraction) B TFREIRK X T8 ATRMAER 3

\

I

SN
)
77
77
77

7

|
|
|
|
|
i

2https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/
3https://ww igfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif
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X GHefs FHEEER

& BT r1 7 r2 ERSHRETE r AREA

4 cos(klr —r1| — wt+ 1)

cos(klr —ro| — wt+
) 4 Ay (Klr — 12 ¥2)

v —rq] v — o]

()

=~
=
D

N
‘\‘\\ \ \\‘\\\ \
) \\\\\\\‘\\

- AARE ORI THEE, B A = A2, BYPRBEE 01 = ¢2. *

“http://lampx.tu .at/~hadley/ss1/crystaldiffraction/interference2d php



http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/interference2d.php

HHRER

® ML FIRSE X AWATHSERRETFFENES, ERARL, — N FENAER
FHIBSHRIEML (phase) HE. HEEM (METFH), YAREFFEENESRFSHH
BRERE, BSHKERS T RS RN,

i
\</1/“~m 0

Sir William H. Bragg Sir William L. Bragg
(father) (son)

® & E®R (The Bragg Law) :

2dpp sin @ = nX; (n=1,2,3,...) 3)

CEY, FEETETIXEEEFHEL NEELET, WA RFELRNSFERFTFIEEE, FNRE— M AGHEEEE
EFstRE, #attiiEs.
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https://baike.baidu.com/item/%E5%A8%81%E5%BB%89%C2%B7%E4%BA%A8%E5%88%A9%C2%B7%E5%B8%83%E6%8B%89%E6%A0%BC/10672210
https://baike.baidu.com/item/%E5%A8%81%E5%BB%89%C2%B7%E5%8A%B3%E4%BC%A6%E6%96%AF%C2%B7%E5%B8%83%E6%8B%89%E6%A0%BC/7470335

& E R — LA

w X BT RE RIEPENEFHSEZBHEETHNE R, ARBTITHEN A EAEF
*EQ%XE?E?M%&E@&%' AHRUERFRREEYE, TERELEETERSMBELITHZ
B R R Al o

& RBARIEEREG), X HEITHFEENEER
A< 2dp or dpg = g (4)

ttizu}x % REIRG Ko SHSERKR L54A. $E88 Ko KK 0.7T1A, R¥E K, &K
0.56

& ANMRAFE, BERAXTH nlBE, BEEEKNFREEE

2dyKrsind = \ (5)
0 —RERRATHIE R (20 RAGIHE X R) .

LITEBUARNENE, B (hk]) BEM » RETHERRS (hk) BEF(T. BRE@EEEHA
dpkr = dpw/n BIRER 1 R6TH.




& E R — LA

© FRGRT, HHEARREEY (Lh) ZENXR

MAFRE sin20—7[ +k2+12} (a=b=rc)
MARE sin29—4a2 |:( +k2 +il2] (a=b9éc)

4 2
NRBRR sin29—4[3 h2+hk+k2)+( ) F], (a=1b+c)

A 2 1 2
EX@BERE sin26[() +(—) +<—> } (a#b#c)
4 a b c

= X HEITHEEMUR SR REX, FREEHANERER.

Shttp://pd.chem.ucl.ac.uk/pdnn/inst1/anode.htm
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TS F MRS CRER

® BESRPHNEERSR AW B, HEXH 52 Ry M Rp, B Ry =Rp—R,, BELEHHE
HAIE R E(t) = £eilkr—wd)

#® JWMIRE O Elik A f1 B 3, ER

¢B_¢A:ko.(RB_RO)_kO'(RA—RO):ko'Rn
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TS F MRS CRER

® BESRPHNEERSR AW B, HEXH 52 Ry M Rp, B Ry =Rp—R,, BELEHHE
HAIE R E(t) = £eilkr—wd)

# JLMIX A F1 B REHANER D, SHIBIAATUER
E(t) = £, 1 ®D—RA)—witdal | g ik (Rp—Rp)—witép]

= glei[kl-(Ruka)fw+¢A] {1 + ei[—klvn,ﬁkO.Rn]]
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TS F MRS CRER

® BESRPHNEERSR AW B, HEXH 52 Ry M Rp, B Ry =Rp—R,, BELEHHE
HAIE R E(t) = £eilkr—wd)

& B, WTEHEER
Gll7k1 RntkoRn] _ . (ko — k1) - Ry = 2mar (m € N) ©)
IR RERKRIEX, B
ko — ki = G, @)
R(7)MRFHEAHTE (Lave Equation)
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F B TR — it AR

® G =0 —EHEFEHE. MR Gn BEFEHE, BH —Gn BHREH
& BRF(7)EL, TAE2HHER
ko —ki = Gy,
—ki = G — ko
= ki =(Gn—ko)?
=k% — 2ko - Gy + G2,
= 2ko-Gpn =G}, (fko| = ka) (8)
RB)EEMENXMHRHE!
® G HEMETFRAE (hk) BELHE, B (Gm|=n7". Bi& ko § Gn LBH o, B4
HEA 0 = 90° — », K(B)AUEK

2 2
2ko G cos p = an = 21 cosp = n—7T
A Ak

= 2dhkl sin @ = nA (9)

HAWSE T g AR
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FREARGEH THTHATEMNHFENXER, BAMARER EHMTTHT R ?
& RMNME G =0 ERES BAHT R) LEHRRHFEHE!

® WL A%, iBE —ko Bi# ko BARRTL O . "HRE O AEG. WA [ko| frffRIE—
ME. BA X SEREKEL RIEEEN, Bk b c A > o

RECKELNERSBERRFERE, N O BIiZEHE a2 TaERITS AR °

B - AMERERBIERAE, HBIMME k =ko+G Fl ki =ko — G

TRIESRL, MEERAD O &, 3 ko B —ko BliA T 4.
S%W,ﬁﬂijtlﬁ(]ﬁﬁ\ij] https://www.xtal.iqfr.csic.es/Cristalografia/parte, 05—&h . html
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https://www.xtal.iqfr.csic.es/Cristalografia/parte_05-en.html

EEEER

w X ST E R R AR TR R

Ewald sphere

reciprocal-

— B ARBEGISAXS



http://gisaxs.com/index.php/Ewald_sphere

B

HITTHE EE R
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BT LT X R R IR Y B

& RIZEHFRATFHIREA m, BEA ¢ HIMED o KERGENGI, HRFR SRR
R (EESHPHEE, BIATNZK), ZEREREY, BR—MIBNE o TRHER
F. RHESARMRRIES, XMRIAIBIHREST (Thomson scattering) . 1°

SENSTH IR A M BT RS, TISRIRE AR EAR A
2

4megme? 2

He, I RASEAERE, ¢ NGBS L2 BRI R.

& AAEE, WHPREREFMHNRETEHIMRL, BT8R FHAERELEN

I, (m9)2 ~9.10938356 x 10731

= =2.9661 x 1077 (11)
I 1.672621 898 x 1027

mp

w Fle, ATRUAARTFI X SHEAEMERH £ 2R e Tk |

9%1%*&5_51 https://wuli.wiki/online/DipRad.html

1"?&?“%@1@&%&3@3&%?’3’13&&%@1 SBEREKIR: MEHFIHS (Rayleigh scattering) 23R FHMAEHST, SBE
teF
Uhttps://farside.ph.utexas.edu/teaching/jk1/Electromagnetism/node107. html
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https://wuli.wiki/online/DipRad.html
https://farside.ph.utexas.edu/teaching/jk1/Electromagnetism/node107.html

FEFESEF

& gﬁl(ﬂ)ﬁﬁ?ﬁ X SRR R A E PR TR, AWM LREFHHNEFHRE—ENS
p(r

® SEGEARENES, DEFEHFOASES, 7 &b o(r)dr BFHEERA p(r)e’?", 348
FHHRITRS, BATATUEE

1@ = WA@P = fla) = [ pe™ dr, (=l ko) (12)

fla) FRAFEFHHETF (atomic scattering factor) , M EXTTMELRR EstRE FHEEHEER

Mt25$#8 ( Fourier transform) .
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RFHSEFR— L5
=7, # 7 RRFRAHNEFY.

& % q=0/, RMNATUEHLER(qa=0) =
& BRIRBFEES TR OXIRE, B o(r) = p(r)
f9) = [ ptrenrar
27
zqrcos@
f%o J@ . J _ r? sin © dOd¢dr

- MEFHHEFATASH

=fc 47TT’2p(r)Md (13)
r=0 qr

BEH q=2kosin0 = 272828 (EEXA 0 FILE © MK F), E—H flq) EERIL

200 g 00 i
o MRBFEESTESHEY, VWETFHHEFRESHSH

72 o2
_ﬁ) = f(Q):CXP<— 2 > (14)

v BRFEESHREER. WREFHSETFUARCEST

1 e
8mwo3 € ! = f(q) =

(r)*;cx<
0 = oy P

(e
_— 15
1+ ¢202 (15)

p(r) =

202342 §22




FEFESEFR SR

® % 0<g<25A B, X HEEFEHNEFAUA—ASHEHRF

Z alexp{ (4q) } te (16)

Hrh, BFFEH a;. b; #1 ¢ ATRLM International Tables for CrystallographyZ& .

8_
— H
6 - — C
— O
s 4
=
2_
0_
0 5 10 15 20 25

qlA-1]
- ASEHEFS. BNEETHETHEET

2http://lampx . tugraz.at/~hadley/ss1/crystaldiffraction/atomicfornfactors/formfactors .php
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http://it.iucr.org/Cb/ch6o1v0001/
http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/formfactors.php

JLAEHEF

& RAMBRST RN~ BT SRS B, BEEFEEE— 1 ARRES, TUSH
pc(r)gépa(r—f{p—m) (17)

Sob N, HEKEBIME, 1 RERAETONE, o WETHER, THAE (ESUHS)
F@) = [ pele) o7 ar Y (@750 (18)

& AILEE, q=k —ko REERERE G, REEARENEL—H.
& F(G) RARMKHILIALEHEF (geometric structure factor)
# {RI& pa(G) ~ fa,
(G) o [F(G)]* = | Y fae® 7o = 13 fife® (7 (19)
o o B

RIS KRR —BEE (b ho ha) BEER, B G = mY? | hyb;, MEFELMANLRE
TUUEH 7o = X7, 27 a;, M
2

I(G) o (20)

3
fa €Xp |:2m7r Z h;j z?:l

=1

202342 §22 H




37 R AR LAEEEF
® WRUS: BEARE—NETF, #4754 (0,0,0), W

I(G) o |fal? (21)
® bR BREABENRT, L4554 (0,0,0) 7 (5,5, 5), BEREFMHEMER, W

3
I(G) o f2|1 + exp |:im7r D hj] |2 (22)
j=1

@ 3, hy AEE, W I(G) o« 4f?

@ Y, h HEH, W I(G) =0
® BT BEAENANETF, #4554 (0,0,0). (5,5,0), (5,0,3) (0, 5, 3), BIREFH

AR, M
I(G) o< f2|1 + exp [imm(hy + ha)] + exp [imn(ha + h3)] + exp [imm(hz + h1)] ? (23)

@ h; &ATHHBFLMAHBE, W I(G) o 167

@ h; AERE QHFLIER 2B 1F) HER, W IG) =0
& IRRMEYLAEHETFIHES NiZEE:

http://lampx.tugraz.at/~hadley/ssl/crystaldiffraction/atomicformfactors/
neutronstructurefactor.html
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http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/neutronstructurefactor.html
http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/neutronstructurefactor.html

HIMGTEE R E R R

& REMATEN: MEARERNES, SIEMMERE, GIMARKRAE. A
& RE: BRERS, EITHERETX, EEER

& WRURNE: R F XN AR L

& HAHM: X HEEREANIBS XS 5IENEETS

& IR




- HFiTS

® HFHMATFREARM_SME, LN FRRFHIRIERKA

10

—— X-ray photon, energy x1000
—— Electron, energy x100

—— Neutron, energy x0.01

Wavelength [4]

1 5 10 50 100
Energy [eV]

- TREGEETH X 514, BFURPFHRK

v HIEEEEE B AR FA F R A A FITSH AR NE R A1 !

By Fi KAEERIIXER N\ = he/E, HM he ~ 1240eVnm

202342 22 H
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B FHTE AR F TSR =

& PFERMEFZEEMG. MAKRSH
SBEFEREFHXRRAK, BIATRE
SRELRETFREPERFHMALE.

& FRUNERFFHEER R FARN &
12%&2?5%], AR 53 H B R A s E Rl i
RRF-

& HFRSHENEFILMESRE, FHF
B s st A ERREL R/ . Bk F
HEMREB TR B, FitbdFiTshE
AMIATNE RIEEE T/ FFHAE,
EZ%WE%WEH‘JE%@LE, R
L5 .

& AR FREEREALNRTRS
{EAT IS




B FHTE AR F TSR =

—{_wFis

& PFERMEFZEEMG. MAKRSH
SBEFEREFHXRRAK, BIATRE
SRELRETFREPERFHMALE.

& FRUNERFFHEER R FARN &
12%&2%‘:.’%, AR 53 H B R A s E Rl i
RRF-

& PFHSNEMEFILNESH%E,
B AR REL RN . ElkhF
SR TAZB B E, B FOTEE
MU E REERTF/EFRIME,
EZ%WE%WEE"JEWEELE, [
L5 .

& AR FREEREALNRTRS
{EAT IS

mFE

& tHFgEE T, BFHEMBEKI X SH4m
RKERS, EmMBEFITHAELL X 5
LETHRENNAE (2dsind = n)).

& BFHRKHTEEERA, B2
SHEBEEIZLL X SHERMATH RS
%, RENEZREKER.

& BFMRTFHEFZMEFRIECE
ARERH. XMBEEERRE, Hit
FRRXTEL FHYBSTRE STEL 3T X SHEREYEL
SHEEERE . SEEFITARREL X
HEITERESHE .

& RARENBERAURE X g, BE

ALLBEREAAIIIER T "ER. AW
RERFEXZEHH "HE".




O X HLEFER A%

202342 22 H



X GHE&ITHREIREE T

- X HEITHRR R ENATER

202342 §22 H



w RARERN X 5%, WRIFEEEREK LHAKSLLERD) . SBITHESBLED .

® FEMEFA M —HESEK (A > A > X)) B X SIENH—MEEHST, WEERINER
ek (BPRME) MHERITHESE, ELrT SRS HiTHES.

incoming X-ray

& BENGERREHATRETET, WIS ERSEnRE, BiizAEERTRERE
B, FEFEHFESIREEEH!

Yhttps://www.xtal.igfr.csic.es/Cristalografia/parte_06-en.html
o 5 4 ¥ 202342 B2 H



https://www.xtal.iqfr.csic.es/Cristalografia/parte_06-en.html

S EiTS E R

MAX VON LAUE * NOBELPREIS PHYSIK 1914

Rontgenstrahl-Beugung
am Kristallgitter

- DEUTSCHE BUNDESPOST —

- BEE 1979 FLEITMLSENRENBEZ —, EFHEFRE S RITHER.




ek ki

& MEREREENDI—NRENELZ BREE X SIERMHERENES L. EERKIEREKRHEN
RENREE, BFLENTILEREIRGENG M/ N ABERRE, XTI RS HE
e (BHERK), FEESHITHIESR.

incoming X-ray




MERLTE T

& XMAHERAEX FREHN AL BER BTSRTRERNSS, Y T EREREHR
BANAEE, EEETRENITHEAGRERIHE.

w XMTEMERERLRN (FFEXRE), ALERTYASI T SEWRESEE 25000
iﬁﬂ%ﬁﬂﬂ‘]ﬁ)ﬁ%?ﬁﬁﬁ#, ATERMHERTERRITILE, BRI AEH 7R




— IEITHHMER X SR (B



https://en.wikipedia.org/wiki/X-ray_crystallography

MR XRD E

& EOMSBMELEH, AR VestalS Z4818# 5k XRD E.

C(a=3.5614)
—— Si(a=5.4444)
—— Ge(a=5.6754)

z
B
H
S
A
=
[»
2
K
<

20 [degree]
— LM BRI AR XRD A, N&F X SR AH1.54 A,

® BAEINST X K ) FETHAE 20, TVRAEMRBHERETRGHEEE d.

F{-E ﬁ*—i Utilities — Powder Diffraction Pattern, EIFNGIRY X SHELEKIGRE, %
Material Projects bt a[A# 4l XRD, REEFEEEF.

[EEESTE T 202342 22 H 32/38



https://jp-minerals.org/vesta/en/download.html

X Gzt

& X GiE: RERFELTEBRESE X 5%, SFESNTEIEST (bremsstrahlung) F14%F
fEsESt (SPTEEEMAER).

— high voltage

+

Anode
T Cathode 3 »“— -
+

low voltage

Wavelength [A]

- X SRELAMTRE, URARE X FHRLGE

202342 §22 H



X Gzt

& EFESOLR: BERELENERNTERZTER SN, SFERENENLATER
SHELLE R R R .

B RS EAEERESRA (REMZLI. AR, EHNEE X HEEENMESE
i%). RER (F=KESESREN X SERER X AN LZE). SEEE. SiRERE.
RSN, Bk, BRESURSREEN. SEBE. fERE. BETEREEE.




X GHELIR

& X Gt 1981 £, EEEM TRIARAHITRRE X SELEOLSIRRGHTI, LA
T FFREME X SHEHOLIMR . KEREM X SHEROLE B AT — RS X £ iE A 4R
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