X-ray Diffraction Crystallography
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krustallos “hard ice”
low quartz (a-SiO,)



e plane faces
 straight line edges
e point vertices

e constant interfacial angles
 rational intercepts

e 3-D periodic internal
lattice structure

krustallos “clear ice”
low quartz (a-SiO,)



A Chronology of Crystallography

Classical antiquity

1611

Greco-Roman thinkers — Nature of matter, polyhedral geometry,
Johannes Kepler — Hexagonal snow crystals, hcp and ccp spheres

1600s René Descartes, Robert Hooke, Christiaan Huygens —

1669
1688
1772
1783

1839
1849
1883

1890
1892
1894
1883
1895
1912
1913

Speculations on periodic spheroid packing in crystals
Nicolaus Steno (Niels Stensen),
Domenico Gugliemini, and

Jean-Baptiste Louis Romé de I’ Isle — Law of Constant Interfacial Angles

Abbé René-Just Hauy —

Law of Rational Indices, “molécules intégrantes,” unit cells
William Hallowes Miller — stereographic projection, Miller indices
Auguste Bravais — Lattice theory
William J. Pope and William Barlow —

Speculations on atomic and ionic sphere-packing in crystals.
Evgraf Stepanovich Federov,

Arthur Moritz Schoenflies, and

William Barlow (all three independently) — Space group theory
Paul Heinrich Ritter von Groth — Chemical and optical crystallography
Wilhelm Conrad Rontgen — X-rays
Walther Friedrich, Paul Knipping, and Max von Laue — X-ray diffraction
William Henry and William Lawrence Bragg — X-ray crystal structures




Discovery of X-Rays
1895

EINE NEUE ART

STRAHLEN.

P Winwrsn Koxean Rixvery

Wilhelm Konrad Rontgen

_ Early X-ray photographs
1845-1923 Anna Bertha Ludwig Rontgen (above)

Albert von Koélliker (below)




Founding Fathers of X-ray Crystallography

Rontgen Laue The Braggs

Discovery Discovery of X-ray First X-ray
of X-rays diffraction by crystals  crystal structures
1895 1912 1913

Nobel Laureates in Physics 1901, 1914, 1915



The Discovery of X-Ray Diffraction by Crystals
An der Ludwig-Maximilians-Universitédt Miinchen im Januar 1912:

Paul Peter Ewald, a Ph.D. candidate in Arnold Sommerfeld’ s
Institute of Theoretical Physics working on a thesis concerned
with visible light refraction by crystals:

If crystals consist of regular, periodic arrangements of atoms,
the interatomic spacings and unit cell dimensions should be

of the order of 108 cm.

3 Mr mu
acell = N p
AFm

Max Von Laue, a professor in Sommerfeld’ s Institute:

If X-rays are waves they should have wavelengths of the

order of 108 cm, as had been estimated in Wilhelm Réntgen’ s
Institute of Experimental Physics, and they should manifest
diffraction effects with crystals.

hA
kA
c(cosv,—cospt,)= 1A

a(cosv, —cosy, )

b(cosv2 - cos,uz)



Funfundsiebzig Jahre Rontgenst 75 Years of X-Ray

und Kristallstrukturanalyse ] )
Herbart A. Hasptman, Robert H Diffraction and

Crystal Structure
Analysis (1987)

Die Emidechung der Beug 2 von Rontgensirahlen in Kni
stallen durch Walther Friedrich, | Knipping und Max
Lawe im Jahre 1912 war cin Wendepankt in der modernen
Wissenschalt. Max von Lawse erhiclt fiir dic Entdeckung
1914 den Nobelprets fibr Plysik. Als i Jabr 1901 der ersie
Nobelpreds verliehen wurde, bekam Wilhelm Rontgen diesen
Preis fiir die Eatdeckung der X-Strublen, die nach ibm Ront-
genstrablen bemunnt wurden, und in dea Jabren danach bis
in die Gegeanart binein gab os cine Anfeinanderfc

Nobdpreisen, fiir dic Arbeiten und Entdeckungen suf dem
Gebiet der Rontgenstrahlong, Spektroskopie, Strahlenbes
gung und Krist phie. Im Folgenden wollen wir dem
nichtspezialisierten Leser ol Einblick in die Geschichie
dicser Methode vermitteln, Wir bedienca uns dara ciner

0 Chroaik, die sich aul jene Arbeilem
ber . die die Kristallstrukturanalyse beinkalien und die
durch Nobelprelse ausgezeichnet wurden, Wir mochien je-
doch betonen, dall wir uns damit sehr sedektiv mit dem The-
ma auseinandersetzen and unsere Darstellung aulberdem
sehe gekurzt ist. Interessierten Lesern empfehlen wir, di
Literaturverzvicha remen Arbeiten aufaugreifen, die
sich durch ihre Griiadlichkeit und Verstandlichheit auszeich-
nen und die such anderen dic notige Anfmerksamkelt schen-
ken, nimbich den viclen Mitwirkenden und ihren Beitr
mar Entwicklung dieser Methode, die in diesem Ubersichis
artikel notgedrungen leider unerwihnt bleiben

Die Entdeckung der Rontgenstrahibeugung
und die ersten Kristalistrukturbestimmungen

nn Fe
tut fur Theoretisch

torarbest Prot

1en « open




Hauptman/Blessing, Fiinfundsiebzig Jahre Rdntgenstrahlbeugung und Kristallstrukturanalyse

Sitzungsberichte

der

mathematisch-physikaliseben Klasse

doe

K. B. Alademie der Wissenschaften

za Minchea

Interferenz-Erscheinungen bei Rontgenstrahlen.

Jabrgang 1912

Honches 1922
Froing dor KowicTad Dupwdiihra Abalopr drr Chars buion
* Bomammas s & By i S 7 Nakns

Einleituvg. Barklas!) Untersuchungen in den letzten
Jahren haben gezeigt, dab die Rontgenstrablen in der Materie
eine Zerstrevung erfahren, ganz entsprechend der Zerstreuung
des Lichtes in triiben Medien, dat sie aber noch daneben im
allgemeinen die Atome des Korpers zur Aussendung einer
spektral homogenen Eigenstrahlung (Fluoreszenzstrahlung) an-
regen, welche ausschlieBlich fdr den Korper charakteristisch ist.

Andererseits ist schon seit 1830 durch Bravais in die
Kristallographie die Theorie eingefithrt, dafi die Atome in
den Kristallen nach Raumgittern angeordnet sind. Wenn die
Réntgenstrahlen wirklich in elektromagnetischen Wellen be-
stehen, so war zu vermuten, daf die Raumgitterstruktur bei
einer Anregung der Atome zu freien oder erzwungenen Schwin-
gungen zu Interferenzerscheinungen AnlaB gibt; und zwar zu
Interferenzerscheinungen derselben Natur wie die in der Optik
bekannten Gitterspektren. Die Konstanten dieser Gitter lassen
sich aus dem Molekulargewicht der kristallisierten Verbindung,
ihrer Dichte und der Zahl der Molekiile pro Grammolekul,

1) C. G, Darkla, Ubil. Mag., z. B 22, 896, 1911.

Yon W. Friedrich, I'. Knlpplng und M. Laue.
Vorgelegt von A. Sommerfeld in der Sitzung am 8. Juni 1912,

Theoretischer Teil

von M. Lane.

sowie den kristallographischen Daten leicht berechnen. Man
findet fur sio stets die GroBenordnung 10-% em, wiihrond die
Wellenliinge der Rdntgenstrablen nach den Beugungsversuchen
von Walter und Pobl?) und nach den Arbeiten von Sommer-
feld und Koch?) von der GroBenordnung 10—° cm sind. Eine
erhebliche Komplikation freilich bedeutet es, dab bei den Raum-
gittern eine dreifache Periodizitit vorliegt, wiabrend man bei
den optischen Gittern nur in einer Richtung, hdchstens (bei
den Kreuzgittern) in zwei Richtungen periodische Wiedey-
lolungen hat.

Die Herren Friedrich und Knipping haben auf meine An-
regung diese Vermutunyg experimentell gepruft. Uber die Ver-
suche und ihr Ergebnis berichten sie selbst im zweiten Teil
der Verdftentlichung.

1) B. Walter und R. Pohl, Ann. d. Phya. 25,715, 1808; 20, 331, 1908,
*) A. Sommerfeld, Ann. d. Phys. 88, 473, 1912; P. P. Koch, Ann,
d. 'hys. 38, 607, 1912,




Hauptman /Blessing, Finfundsiebzig Jahre Rontgenstrahlbe

platte samt Krista

vor Streustrahlunc

CuS0O,*5H,0
blue vitriol
chalcanthite

Abb. 2.

Das erste erfolgreiche

Beugungsphotogramm

von Friedrich und Knip-

ping (1912). . Zinkblende-Laue-Photogramm langs einer

1912}




e

=

Abb. 3. Versuchsanordnung fiir die Beugung von Rdntgenstrahlen nach
Laue, Friedrich und Knipping (1912). — Ein durch Bleiblenden begrenztes
Rontgenstrahlbundel durchdringt den auf einem Goniometer befestigten
Einkristall und trifft auf die (hier durch das Stativ verdeckte) photographi-
sche Platte. Die Photoplatte samt Kristall und Blende ist von einem Blei-
mantel umgeben, der vor Streustrahlung schitzt

CuSO,*5H,0
blue vitriol
chalcanthite

Abb. 2.

Das erste erfolgreiche
Beugungsphotogramm
von Friedrich und Knip-
ping (1912).

Hauptman/Blessing, Finfundsiebzig Jahre Rontgenstrahibg

Abb. 4. Zinkblende-Laue-Photogramm langs einer vierzahligen (a) und
dreizdhligen (b) Achse (1912)







Walther Friedrich, Paul Knipping, and Max von Laue (1912)
X-ray diffraction from CuSO,*5H,0 crystals

(a) The first single-crystal X-ray diffraction pattern
(b) Pulverized sample crystal

(c) Longer crystal-to-film distance

(d) Shorter crystal-to-film distance

Figure copied from W.L. Bragg, The Development of X-ray Analysis, 1972.



X-ray diffraction by a crystal

40,000 volts

> Lead
- Crystalline solid screen

— Spot from incident beam
~~ Spots from diffracted X-rays
| T~ Photographic plate




Crookes and Coolidge X-Ray Tubes




Generation of X-rays
kV acceleration, mA current

BERYLLIUM TUNGSTEN
-' v FILAMENT
WINDOW ~_ 4

COOLING
WATER

FOCUSING CUP VACUUM

SCHEMATIC CROSS SECTION OF AN X-RAY TUBE



Crystallographic Diffraction

Laue diffraction from a three-dimensional abc lattice grating

a(cosv1 — COS U, ) =a+(5-8§,)=hA

b(cosv,—cosp,)=bs(§—8,)=kA

Max von Laue, Walther Friedrich, and Paul Knipping (1912).

Bragg reflection from families of parallel Akl lattice planes

cth
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William Henry and William Lawrence Bragg (1913). (Father and son)

Integrated Bragg reflection intensities
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Charles G. Darwin (1914). (Grandson of the author of the theory of evolution)




X-Rays
Electromagnetic radiation beam

. h A=1A
Ultra-short wavelength light E=hv= —C,
E=124keV

Scattered by atomic electron densities

FX(h)=F"" I:pa(r):l ’ b= 1 =2(Sin9hkl ) ’ { 0< |h| < oo

Ay A Z,>fX>0
Electrons
Negative particle beam
. h h 1 . E ~100keV
deBroglie matter-waves A=—=—0- E=—my", .
p my 2 A~0.1A

Scattered by atomic electrostatic potentials

=5 [0 |

hZ |h|2



Neutron, X-ray, and electron scattering in a crystal

Roger Pynn, Neutron Scattering: A Primer. Physics Today, Special Supplement, Jan. 1985.




Neutron, X-ray, and electron scattering

DTS

g 2l
Nuclear
~ Interactio

I(S‘\pa§c/!: e’ ._

interaction
]

Eleciioiriagnetic
Interaction

Surface

SCATTERING INTERACTIONS

Fig. 2. Beams of neutrons, x rays, and electrons Interact with material by different mechanisms.
X rays (blue) and electron beams (yellow) both interact with electrons in the material; with x rays
the interaction is electromagnelic, whereas with an electron beam it is electrostatic. Both of

these Interactions are strong, and neither type of beam penetrales matler very deeply. Neutrons
{red) interact with atomic nuclei via the very short-range strong nuclear force and thus penetrate
matter much more deeply than x rays or electrons. If there are unpaired electrons in the material,
neutrons may also interact by a second mechanism: a dipole-dipale interaction between the

magneatic moment of the neutron and the magnetic moment of the unpaired electron

Roger Pynn, Neutron Scattering: A Primer. Physics Today, Special Supplement, Jan. 1985.



Some Elementary Optics Principles




Wave Interference and Diffraction

“When the light is incident on a smooth white surface it will show
an illuminated base IK notably greater than the rays would make
which are transmitted in straight lines through the two holes.
This is proved as often as the experiment is tried by observing
how great the base IK is in fact and deducing by calculation how
great the base NO ought to be which is formed by the direct rays.
Further it should not be omitted that the illuminated base IK
appears in the middle suffused with pure light, and at either
extremity its light is colored.”

Francesco Maria Grimaldi, S.J. (1613-1665)

RIS LTS CAXENERTION 0 “diffraction” from Latin diffringere “to break into pieces”

DierracTION
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Single Slit Diffraction

screen with destructive
asingle slit wave interference
| front

diffraction pattern intensity
on screen  distribution curve
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Double Slit Diffraction

screen with wave destructive /“ interference pattern intensity

double slits front  interference on screen distribution curve
| "

dark
light wave \

/ - | dark
ARFARPL S UINAN : ' bright
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dark
bright

dark

light source
monochromatic

dark
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destructive interference ¢ constructive
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Fraunhofer single and double slit diffraction

y ,
tan@ = — anf — 2
D tan@ D

Assumption of infinite
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Ir;cl;dneent Double Slit Diffraction
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tical Diffraction
T B BRIBlL B B

Interference pattern produced by white light passing
through two narrow slits.

PSSC Physics, Figure 18-A, p. 202-203 (1965)




Optical Diffraction

A =700 nm

188 Interference patterns of red light and blue-violet light
made with exactly the same setup used to make the

white light interference pattern in Fig. 18-A.

PSSC Physics, Figure 18-B. p. 202-203 (1965)



Wavelength
A =c/v(m)

JJ"'IJ" .u{ "L'ﬁ'JM

Type of Radiation

Typical Process

Energy
(eV)

Wavenumber
v=1/Acm™)

10131 X-unit)

10'9%(1A)
1091 nm)

10%(1 um)
103(1 mm)
102(1cm)
1

10%(1km)

105%(1 Mm)

Y -Rays

X-Rays

Vacuum Ultraviolet
Ultraviolet

Infrared
Far Infrared

Microwaves

Radiowaves

Nuclear Reaction

Intra-Nuclear
Transition

Inner Electron
Transition

Valence Electron
lonization
Valence Electron
Transition
Molecular
Vibrations
Molecular
Rotations

Electron Spin
Transition (ESR)

Nuclear Spin
Transition (NMR)

(1MeV)10°

(1keV)10?

(1meV)10°

(1peVv)10®

(1neVv)10*

(1peV)10 12

—

- 10"




Wave/Particle Duality

light wave energies photon momenta
h h
C m.,v
E=hw=hv == p=hk=== 0

A A 2

1 V
2

C

photon
wave

packets




Huygens' wavelets principle

Huygens (1678). Traité de la Lumiere.

Every point on a propagating wavefront acts as the source
of a spherical secondary wavelet that has the same
wavelength and speed of propagation as the primary
wavefront, such that at some later time the propagating
wavefront is the envelope surface tangent to the secondary

wavelets.



Diffraction according to Huygens’ wavelets principle

15t order diffraction

A A 8 - | |
—'v“"u
A [—-—V_—"..
"T;
o
o
primary Al
secondary ———
SouUurces -
. _'—-,'
A N ~ >
Al g |
plane wavefronts spherical wavefronts

©1996 Encyclopaedia Britannica, Inc.

AA’ is tangent to wavefronts
of secondary wavelets from
adjacent sources that differ

by one wavelength.



Thomas Young’ s drawing to explain the results of his
two-slit interference experiment in 1803
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Double Slit Interference of Light Waves
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d=25A7

Huygens-Fresnel construction
for Young’ s two-slit experimen
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directions with sin@_=mA/d



Fraunhofer (far field) diffraction condition

bright dsin@ = mA
dark dsin®=(m+3)A




Path length difference AL at scattering angle 6

AL=L—-L"=dsin0

ni — constructive interference

AL = | .
n+5 A = destructive interference




Some Elementary Principles of
Wave Motion




Sinusoidal surface wave

Ripples from a pebble dropped into a still pond



Constructive and destructive interference of
water surface waves




Wave Interference and Diffraction

6, =sin"'(21/d)
sin@, =ni/d

d=35 6, =sin"' (1/d)

sin@, = 0.29
0,=16°

sin@, =0.57
0, = 35°




Sinusoidal traveling waves
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Sinusoidal surface waves and wave interference

\.




Plane waves passing through slits

http://Iwww.physics.gatech.edu/gcuoUltrafastOptics/Opticsl/lectures/Opticsl-20-Diffraction-l.ppt




Wave interference
near the Strait of Gibraltar



Transverse wave in a homogeneous medium

near field

amplitude 1/R constant amplitude
oc
intensity amplitude?

_ _ intensity = energy area™! time™!
intengity  1/R”

oC

F.A. Jenkins and H.E. White (1957). Fundamentals of Optics. 3rd ed. New York: McGraw-Hill Book Co., Inc.



Plane-wave wavefronts
Wavefronts are surfaces of constant phase.




Projection and cross-section views of a sinusoidal plane wave

crest  crest
trough trough




A PRIMER

by Roger Pynn
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Propagation of a water surface wave

N :f(x_Ct)
yl’ :f[(x+Ax)—c(t+At)]
= f[(x—ct)+(Ax—cAt)]= Y

Ax
c=—=

At

4

The composite function chain rule: y=f (u (x))

Y _ 4 J :
%zf(x—ct), a—i;:—cf (x—ct)
) Slopg at x ’ ) Veloc\ﬁy at t —
82 144 ? 144
8—ng (x—ct), BTZ:CZf (x—ct)

e V'
Curvature at x Acceleration at ¢

= Ax=cAt
dy odf du
dx Ou ox
d’y 1 09%y

x> ¢’ o’

-~
The wave equation

, O
f(w)5

F.A. Jenkins and H.E. White (1957). Fundamentals of Optics. 3rd ed. New York: McGraw-Hill Book Co., Inc.



From a wave function to the wave equation

Given a general form for the wave function for a traveling wave,

y:f(u(x,t)), u=(x—ct),

application of the chain rule for differentiation gives

( o d]‘ ou ou ,
<8y:1 3 ——f()a f(x—ct)
0 d]‘ ou ou
ai)—— L o1 ——f( )_Bt —Cf (x ct)

az 144
Y= () Ge= 7 (x=cr)

N

.

and thence the wave equation,
0’y _1 0’y
ox° ¢ ot




The dispersion relations for a wave function

Dispersion relations describe the interrelationship of the wave

properties: wavelength A, period t, speed of propagation ¢,
frequency w, and wavenumber k.

yzf(x,t)zf(x—ct)

c=A/1
0=2nv =21t =2rxc/A
k=2mo =2n/A=2nc/t

y) (an(a)j 0
C:—:l\/: = —
T k )\ 2r k

v=f(r—ct)= fx—(@fk)i )= f(ks—or)/i]




Sinusoidal wave function

2mt, /T = wt,

ei(a)t—k-r—(po) :|
’ 2rcr, /A = kr,

=y, cos(wt—ker—g,), gooz{

w=Re[w




Y= Re|:l//0 ei(a)t—k-r—%):| =y, COS((Ot —Ker— gpo) ; 0, = {

Wave properties

21t /T = wt,
2y /A =k,

amplitude W, =V,.(t.7) maximum wave displacement

phase ¢ =o¢(t,r) (rad) argument of the 2m-periodic sinusoidal
wave function Y=y, cos0=Vy, sin?g—qo)

wavelength A=ct L distance crest-to-crest and trough-to-trough

period T=A/c T time per wave cycle

speed c=A/T=Av LT speed of wave propagation

frequency v=1/t=c/A T-1 wave cycles per unit time

wavenumber o=1/4 L1 wave cycles per unit distance

angular frequency w=2n/t=2nv | (rad) T-' | phase angle cycles per unit time

angular wavenumber | k=27/A=27c | (rad) L' | phase angle cycles per unit distance




Electromagnetic wave in space-time

E= Re[EO ei(“”_k'r_%)] =3 DN cos(a)t —Ker-— qoo)

T=2n/®»
-y

Jens-Als Nielsen & Des McMorrow (2001). Elements of Modern X-Ray Physics. New York: John Wiley & Sons.



Superposition of two equal-frequency,
equal-amplitude waves

of waves almost in phase

\/ NS KNS

'Z' ‘I" ‘I"

of waves almost 180° out of phase




Superposition of two equal-frequency,
unequal-amplitude waves

constructive interference

in phase 180° out of phase
crest on crest crest on trough
and and

trough on trough trough on crest



Superposition of two equal-frequency,
equal-amplitude waves

Wave superposition and interference

/\

/

\/

Equal-wavelength, equal-amplitude waves nearly in phase.
Constructive interference

Equal-wavelength, equal-amplitude waves neérly 180° out of phase.
Destructive interference




Superposition and interference of
sinusoidal transverse waves of equal wavelength

constructive interference

AN A N AN
ﬁ-ﬂ-’l‘-ﬂ-’ﬂ
ANANANANA

U.U.I-'-I
U-U-U-v
\/ . \/ \/ \/

partial destructive interference

\VaVAVVAVaVAVAVAYS
AVAAVAAVAAVAAWY,

complete destructive interference

Sum of both waves
© 2006 Encyclopaedia Britannica, Inc.




Superposition of any number of sinusoidal
(sine and/or cosine) waves gives a sinusoidal resultant wave

Fic. 115. For complex crystals, the net wave for any particular
reflection is the result of a combination of a number of waves out of step

by different amounts.

Charles W. Bunn (1964). Crystals: Their Role in Nature and in Science. New York: Academic Press




A superposition of three equal-wavelength,
equal-amplitude sinusoidal waves with different phases

a case in which . '
Fig. 4.12. Addjtion of three sinusoidal waves with different phase angles,
showing \the sum is not greatly different from the contribution of

one atom.

Henry S. Lipson (1970). Crystals and X-Rays. London: Wykeham Publications.




Picturing the Electromagnetic
Wave Nature of X-Rays
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em radiation from an accelerated charge

Figure copied from Compton and Allison (1935). X-Rays in Theory and Experiment.






radiation pulse from a momentarily accelerated charge




em radiation wave from a harmonically oscillating charge







em radiation pulse from an accelerated charge

* Atrest at ¢,
* Accelerated from ¢, to t,
* Constant velocity from t, to ¢,

R.M. Eisberg (1963). Fundamentals of Modern Physics. New York: John Wiley and Sons, Inc.



em radiation from an accelerated charge

=

Maximum radiation perpendicular to the acceleration direction.
Zero radiation in the acceleration direction



Electromagnetic Waves




Electromagnetic wave - side view




Electromagnetic wave - 3D view

E =E,cos(wt—kz) E, =0

B =0 B, = cB, cos(ot — kz)

electromagnetic wave di













and m wave fields from an electric dipole oscillator

For a vertical oscillation, horizontal radiation is maximal.
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monochromatic, linearly polarized,
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Mechanical models for 3-D electron oscillators

Spheres of uniform charge density with total charge g and mass m

anchoy

e

anchor point | :
clastic constraints Point

isotropic elastic

constraint m w: Classical electronradius

P IS CEUS AN fine Electrostatic potential energy )
- E=q¢(r)=q(q/r)=€'/r, | &
Relativistic mass - energy L
E=mc’

John Strong (1958). Concepts of Classical Optics. San Francisco: W.H. Freeman & Co.
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em waves from an electric dipole oscillator
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For a vertical oscillation, horizontal radiation is maximal.



Sinusoidally oscillating lines of force in the electric field
of an oscillating electric charge

For vertical oscillation, horizontal radiation is maximal.



Oscillating electric field around an oscillating electric dipole

Near field component
(Localized)

Far field component
(Propagate)

ky

Near field componem

(Localized)
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For a vertical oscillation, horizontal radiation is maximal.



em waves from an electric dipole oscillator

For a vertical oscillation, horizontal radiation is maximal.



and m wave fields from an electric dipole oscillator

For a vertical oscillation, horizontal radiation is maximal.




propagating with velocity
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Oscillating em fields




e and m waves from an electric dipole oscillator




X-Ray Scattering, Interference, and Diffraction




Electromagnetic radiation scattering




Thomson scattering of an X-ray wave
via driven oscillation of an electron

spherisphesical

g:_[ 2 jiei(wt—é) Scattered/wave
mc p)

plane

_ plane
Incident/wave
E

spherical
wave

20 =—-45°

Elastic scattering of an electromagnetic wave



Compton scattering of an X-ray photon by an electron

Compton scattering Recoil
electron

Target

Incident electron /

/

photon at rest p j

A

I

As— A= AA=——(1-cos6)

m,c

Inelastic photon-electron particle collision



Interactions of A *1A X-rays
within a typical 100 ym protein crystal

~98% transmission
~1.7% photoelectric absorption

~0.15% inelastic, Compton scattering

~0.15% elastic, Laue-Bragg scattering

Murray,..., & Garman (2005). “... the X-ray dose absorbed by macromolecular crystals.” J. Synchrotron Rad. 12, 268.



Crystallographic Diffraction

Laue diffraction from a three-dimensional abc lattice grating

a(cosv1 — COS U, ) =a+(5-8§,)=hA

b(cosv,—cosp,)=bs(§—8,)=kA

Max Laue, Walther Friedrich, and Paul Knipping (1912).

Bragg reflection from families of parallel Akl lattice planes
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William Henry and William Lawrence Bragg (1913). (Father and son)

Integrated Bragg reflection intensities
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Charles G. Darwin (1914). (Grandson of the author of the theory of evolution)




