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The Most Important Thing to
Remember
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http://en.wikipedia.org/wiki/Euler's_formula



Fourier Theory

« Originally proposed by Jean-Bapiste Joseph
Fourier in 1822 in The Analytical Theory of Heat

e Described discrete function as the infinite sum of
sines




The Fourier Transform
F(k)= T f(x)e™ dx
F(k)=1f(x)

In the three dimensions this is generalized to:

F(ky=[ f(r)e™ dr=17(r)
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The Fourier Transform

Let's look at an example: i Po WX, k(X))
e e —e
—o<x<—X,, f(x)=0 F(k):h[ ikI = ik
—X,<x<X,, f(x)=h o
X, <x<w,  f(x)=0 sin@ =" ;" . 0=kX,
I
Fk)= | 100 ds Fy=2n3" e 5 xS,
o k o
F)=h | o ds snkX, =0
—X, kX, =tx
=+
XO
(@) | © fo | {®) e 6]
— I&XQXD """ ; 4 & sin g



@] Fourier Transform
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The Dirac ¢ function

5(x—x0){

e e}

0, (X=%)#0

j5(x—x0)dx:1 !

—0 1.1

A 3D lattice may be decribed as a three
dimensional array of delta functions.
r=pa+qb+rc

I(r)= > &(r—[pa+qgb+rc])

allp,q,r

An important feature of the & function is that: oo |

o0

—00

In three dimensions:

0

[ f(ns(r—ry)dr=1f(r)

—00
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Fouriler transforms and ¢ functions

One ¢ function

F(k)= T f(x)e™ dx

— T o(x)e™ dx :[e'h]ﬂ =e’ =1
T\;vmo o functions:
J(xX)=o(x+x,)+Hx—x,)

F(k)= T f(x)e™ dx

:Té‘(x+xo)eﬂ“dx+T5(x—x0)ei“dx \ /\ /
e’ +e” ”

cosf= 0=kx,

F(k)=2coskx,



@] Fourier Transform
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Waves and Electromagnetic Radiation

« What is a wave? | -

— Direction of propagation \ m m m m m ﬁ

— Amplitude " W W .
 Wave crest W W W \] W \}

« Wave trough e ———

Energy = 3.61E-19 kJ/imole
— G
Wavelength 5.45E14 Hz Essrﬂe:rﬂ 70 candela  Propagation

. %{ L
° Pe rIOd Frequency Wavelength Amplitude
* Frequency

http://www.olympusmicro.com/primer/java/wavebasics/index.html



Waves and Electromagnetic Radiation

e What is a wave?

— Direction of propagation

— Amplitude
 Wave crest
* Wave trough

— Wavelength

e Period
* Frequency

w(X,0) =y, Cos 27[%

v (0,1) =y, cos 27rl
.

v (X,1) =y, 008(27[% -2 l}

r
_2r
A
2z

k

@
T

w(X,t) =y, cos(kx—at)
AX Kk

—_—=— =V
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ox? oy a2t Vot
Y(x,y,z,1)=y,cos(k x+ky+k,z—wl)
2
2, 3.2 a
ky+k +k; = =

62y/(x,y,z,t)+62|//(x,y,z,t)+62y/(x,y,z,t) _ 1 8y(x,y,2,1)

r=(xy,2)
k=(k,.k,.k,)
k-r=(kx+ky+k,z)
yAr,1)=y,cos(k-r—wt)

y(r,1)=y,cos(k-r—wt+¢)
r )= . T8
y Hen r=27/w
; \ 4 =0 W




Intensity (Amplitude) of the Wave



Diffraction

 Diffraction by one dimensional objects
 Diffraction by two dimensional objects
 Diffraction by three dimensional objects




Diffraction by a one dimensional

object
k=(k_,0,k)
k-r=(k_0,k)-(x,0,0) .
k-r=ktx ——
k,=ksind, edent  _ xo,

k-r=kxsinf,

F(K)= T F(x)e™% g

F(sim@ )= T f(x)e™™% dx




Diffraction by one narrow slit

A narrow slit is defined by:
f(x) =0(x) and 6(0) =+

F(sing,) = j S(x)e™sn% dx = j S(x)dx =1

F(sing,)=1
F(sing,) =1

- b
(2) ) (b)

4 1F|:Siﬂ Bjjl | 2

0 X 0 sin 6,



Diffraction by one wide slit

J(x)=0if —o<x<-X,
J(x)=1if - X, <x<X,
f(x)=0if X,<x<oo

iloc s &, 0 ikXysmb;  —ikX,sin0; - -
F(sin8,)= T F(x)e™ ™% dx = T tocsinG, g [ € T _e e _2X, sm(kXO.smﬁs)
X ikxsin @, ikX,sin0, kX,sin6,
_ax? sin” (kX sin0,)
0
. - (kX, smH)
() - (b)
| p /e ([ F(sin 62
[ 1 I | | | | L | 4 "'T_-T 3 :
~ XX, ¥ i




Rectangular aperture
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Diffraction by two narrow slits

Two narrow slits are defined by:
f(X)=0(X+X,) + 0(X—x,) and o(x,) =+ and 5(—X,) =+

F(sing,) = j f (x)e™"%dx = 2 cos(kx, sin 6,)

—0

F(sin6,) = 2cos(kx, sin 6,)
|F(sin6,)|" = 4cos?(kx, sin 6,)

(a
: 4 S ® |-F (sin '5'.1'”2
' nf‘”‘n SRR E
e — ::U:L::u“ RAHTH
X, X X —%ﬂ T—%ﬂ 0 ,r%-; nT 4 sin 6,
3% 3m



Diffraction by Two Wide Slits

J(x)=0if —o<x<—(x,+X,)

J(x)=11f —(x,+X,))<x<—x,—X,)
F0)=0if —(x,~ X,)<x <(x,~ X;)
J(x)=11f (x,—X))<x<(x,+X,)
f(x)=0if (x,+X,)<x <00
f(two wide slits) = f(one wide slit)* f/{two narrow slits)

(a) (®) ©
) FEx) y Sx) L S0
Aot | 2,

1L L 1 i
llllllllllllllll



Diffraction by Two Wide Slits

(b) (c)
i | F(sin 8) 2 | F (sin 8,) | * | F(sin @) |7
- | ; "
‘43*1_.&4::-.‘ e LA LL PR LELL RN, = = ;J | PN
] ] sin &, T 0 T sin @, I tot I sin. @,
i} o -2 27 . T
kX kX, kxy Kxp Xy Xy

2n 2¢



Diffraction by N Narrow Slits

| E¢sin 6, |7

{a) ) {b)
I =2z 0 21 sin
Jexy, fexy
Fisin 8%
i f[).'} | & E
— R R S B . .L o W - PR F) S | S 1* YOS 11 S5O
-px, -y 0 % Py X —2r Q2% stn & -
hﬂ kxﬂ CoL e
4 flx) | Fisin 8, |*
A 0 2m, in 6,
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* The position of the main peaks in a
diffraction pattern is determined solely by
the lattice spacing of the object

 The shape of each main peak is
determined by the overall shape of the
object.

* The effect of the object (motif) Is to alter
the intensity of each main peak, but the
positions of the main peaks remain
unchanged.
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* The positions of the main peaks give
Information about the lattice

 The shape of each main peak gives
Information on the overall object shape.

* The set of intensities of the main peaks
gives information on the structure of the
motif.



Diffraction by a 3D Lattice

r=patgb+trc

f(r)= Y. &r-[pa+gb+rc])

. . (a) ,
F(Ak)= | f(r)e™"dr | F (Ak.a) | *

allr

F(AR)= [ Y 8(r—[pa+gb+re])e™ dr

allrall p,g,r
F( Ak): Z eiAk—(pa+qb+rc) — Z eipAk-a . eiqu-b . eirAk-r
all p,q,r all p.q.r ...L M . : . :
ipAk-a ighk- irAkr 6 —4r =2 0 2 4 En
F(Ak)zzepm; .Zqukb.ZeAk n I’ i T 7 ﬂ;l:..a
all p allg all r -.aﬁn...
. » PAKk- i AK - . 2 RAK -
5 SlIl2 2 a SlIl2 Q 2 b SlIl2 2 ¢ _F
FIAKY = . .
‘ ( )‘ . zAk‘a . 2Ak‘b - 2Ak'c
Sin sSin ——— Sin

2 2 2



- 2 PAk'a - ZQAk'b - 2 RAk‘C
, SIN 5 SN 5 SN 5
F(AK)[ = ., Ak-a . ,Ak-b . ,Ak-C
SIN SIN T SIN 5

We see maxima when

Ak -a =2hz where h is a positive or negative integer
The first zero occurs at:

p% =+ and the peak width is A(Ak -a) = 4?7[

As P, Q and R tend to infinity the functions become ¢ functions:

\F(Ak)f{Z&(Ak-a—zm)} -{Z5(Ak-b—2k7z)} -{Zﬁ(Ak-c—Zlﬁ)}

all h all k all |
Each term 6(Ak -a—2hx) represents a plane and each summation represents a

series of planes.
All three summations thus represents a three sets of parallel planes with each
intersection of three planes representing a lattice point.



" ZPAk'a - ZQAk'b - ZRAk‘C
, Sin 5 SIn 5 SIn 5 .
= . . (b)
Sin Sin T Sin 5

We see maxima when
Ak -a =2hz where h is a positive or negative integer
The first zero occurs at:

p% =+ and the peak width is A(Ak -a) = 4?7[

As P, Q and R tend to infinity the functions become ¢ functions:

\F(Ak)f{Z&(Ak-a—zm)} -{Zé(Ak-b—Zkﬂ)} -{Z5(Ak-c—2lﬁ)}

all h all k all |
Each term 6(Ak -a—2hx) represents a plane and each summation represents a

series of planes.
All three summations thus represents a three sets of parallel planes with each
intersection of three planes representing a lattice point.



-2 PAk'a - ZQAk'b ) RAk‘C
. sin ) sin ) sin )
Fak) = ., Ak-a . ,Ak-b . ,Ak-C
sin sin“——— sin
2 2
We see maxima when

Ak -a=2hz where h is a positive or negative integer /(//’//

The first zero occurs at:

p% =+ and the peak width is A(Ak -a) = 4?7[

As P, Q and R tend to infinity the functions become & functions:

\F(Ak)f{Z&(Ak-a—zm)} -{Zé(Ak-b—Zkz)} -{Zﬁ(Ak-c—Zln)}

all h all k all |
Each term 6(Ak -a—2hx) represents a plane and each summation represents a

series of planes.
All three summations thus represents a three sets of parallel planes with each
intersection of three planes representing a lattice point.



The Reciprocal Lattice

a -a=L b -a=0,¢-a=0
a-b=0,b -b=1c -b=0
a*-c:O, b*-c:O, ¢ -c=1
Sinceb -a=0and ¢ -a=0, a must be perpendicular to b and c.
a =a(bAac)
and
a-a=1
SO
a-a(bac)=1and a-(bac)=V,

SO

. bAac bAace b’ cCAQ CAA - anb anb

= = 5 = = 5 C = =
a-(bac) V a-(bae) V¥V a-(bac) V






Diffraction by a 3D Object

e'* "™ and f{(r, )dr,

diffracted wave from element dr,= f(r,)e’*™ “dr,
diffracted wave from element dr,= f(r,)e'®™ “dr,
diffracted wave from all elements dr, = Zn fx ) " Pgr.

diffraction pattern = I f()e ™ dr | //1
V ﬁj_.,_ “: —=Volume element di;

diffraction pattern =e “ I f(r)e™ dr _— mgmi/ﬁ )
v -

diffraction pattern = I f(r)e™ dr A
V

Fig. 8.5 Diffraction by o volwme element. The volume element dry centred on vy affects the
waves in & manner which may be represented by the function f{r}dr. A wave e/ r1-wtl o

If . . d l] b' _ 0 propagated, and the mathematical expreesion for the comtributien of the valume element dry
r lS OutSI e e 0 Ject) f(r) —_— ko the G'-'_t‘ai'. diffraction pastern must be some mathematical combioabion of fr]dey and

diffraction pattern = I f(r)e* dr = T ()]
allr



Diffraction by the Motif

* In this section we will:
— Learn scattering (diffraction) by a single

electron
_earn scattering by a group of electrons

Deflne t
Deflne t
Deflne t

ne electron density function
ne structure factor

ne atomic scattering factor

Defline Friedel’s Law and when it fails

— What the effect of translational symmetry has
on the diffraction pattern

— Look at a real example of scattering by a motif



http://www.xtal.igfr.csic.es/Cristalografia/parte_ & -en.html

Thomson Scattering by a Single
Electron

a=—E
m

n

scal __

e’ \/ 1+cos’ 260
E. Argrymc’ 2

& =8.854x10"" F-m™
¢ = speed of light

r = radius of interaction

0= Bragg angle

I{Ks)

fel

|'.; " E: __;d"-
=
o d_.___.-- i
> e
— e _~Tg :
e GBo
0 —
o
-
I

Ke
F
T




Thomson Scattering by a Group of
Electrons (I)

E_,_ & \/ 1+cos’ 20
2

- 2
k. Argirme

m
f.=

eZ

2
4 g rme

E_, :fe\/1+ cos’ 26
E. 2
but if the beam 1is polarized we can write:

E
scat — 29
i 1.p(20)

m

where p(26) 1s the polanization factor.
For now let's ignore p(26).



Thomson Scattering by a Group of
Electrons (Il)

(Escat )A = f.L,,

(Be)y = (Eu), +(Ew), .- ,m/

at
( E _ W Diffracted wa

Remember
FAK)= [ f(r)e™* dr
allr

The amplitude function of a group of electrons is

Jop(r)
Substituting into F(Ak) gives

F(AK)= | £p(r)e™ dr



Thomson Scattering by a Group of
Electrons (lll) or the Motif

FA)= | fp(r)e™ dr

all r

FA) =7 | pr)e™ dr ot E (Ak)= [ pr)e™ dr 4,

umnit cell unit cell

Let's define coordinates of the unit cell as follows:
0<X<a 0<Y<bh, 0<Z<c
)_( Y

:3 z:g and 0<x<1, 0<y<] 0<z<l1
c

> Y
a
X, Y and Z represent absolute coordinates and
XY

X =

and z represent fractional coordinates.

(a, b, 0)
r=xa+yb+zc

dr=dx dydza-bre=V dx dy dz
p(r) becomes p(x,y,z)



Thomson Scattering by a Group of
Electrons (V) or the Motif

x=1 y=1 z=1 .
F. (Ak) =V J‘ I j o(X, y’z)elAk.(xa+yb+zc)dX dy dz

x=0 y=0 z=0

Ak =275,
S, =ha +kb +Ic’
Ak -r=2x(ha” +kb™ +Ic) - (xa+ yb + zc)
=2z (hx+ky +1z)

111

Fo (AK) = Ry :VIIIP(X’ y, 2)e*" "9 dx dy dz
000
Fo = ‘Fhkl‘eiml

2
Ihkl :‘Fhkl‘



The Electron Density Function

x=1 y=1 z=1 _
Fra (AK) = Fy =V [ [ [ p(x,y,2)e™ 0= *dx dy dz

x=0 y=0 z=0

F.., is the Fourier transform of p(x, y, z)

p(X,Y,72) =V£ | Fa(ak)e™eteld (Ak)

all Ak

PG Y,2) = [y (AK)e 590 (AK)
all Ak
But the hkl values are discrete so we can rewrite this as

p(X’ Y, Z) — Vizzz Fhkle—Zﬁi(hx+ky+Iz)
h k|



The Structure Factor (l)

x=1 y=1 z=1 _
Fhkl =V J. I J. ,O(X, y’Z)elAk-(Xa+yb+zc)dX dy dz

x=0 y=0z=0

o(X,y,2) = VEZZZ Fhkle—z;zi(hx+ky+|z)
h kI

r=xa+yb+zc

x=1
Fhkl — j p(r)eZﬁiShkl.rdr

unit cell

r:n+R ,////
p(r)zzpj(r_rj) »

x=1

Fog = _[ ij (r—r, e m T dr

unitcell ]



The Structure Factor (Il)

F= T 2P (r—rj) &> dr

unit cell j

Assume the positions of the atoms, r,, are constant, then dr = dR

2 J)
T 2 7S { R)
TS T+
Fhkl = r ij(R) e / dR Imaginary
unit cell j '
_ 2 ﬂishﬂ'l’- 2 MSM'R
I;;'IH T Ze ’ I p J (R)e dR P LA 2n(hx A ky;+1z)
j atom T
Let us define the atomic scattering factor, Jj (v ket I
. 2 7S R _
= | p(R)E™*dR gk
atom ! Real !
2uibx, + ko +1z))

Fhkl _ Zj}eZHiSMTj
j
r=xa+yb+zc
(ha"= +kb’ +lc*) -(xja+yjb+zjc) =hx,+ky, +iz;
F;!kl _ Zﬁezm(hxﬁkyjﬂzj)
j

ST



The Structure Factor (ll)

X=l Val 25 )
K, = Vf r o(x,,2)e™ ") gy dy dz

x=0y=0z=0

Fhkl _ Z jj‘-ez 7i(hx jHeyHz ;)
J

* In the first equation the coordinates (X, y, z) refer to any position within the
unit cell, whereas (x;, y;, z;) in the second equation define the position of the

atoms.
* p(Xy,2)is a continuous function describing the overall electron density, f;, is
a property of each atom.

« The first equation requires an integration over the entire unit cell, but the
second equation requires a summation over the positions of the atoms

within the unit cell.



. 2rmi(hx+ky+lz) 1)
What does F,, => f.e =|F,[€mean?
J
e The amplitude of scattering depends on the number of electrons in each

atom.
» The phase depends on the fractional distance it lies from the lattice plane.

|

Randy Read R
Atomic structure factors
add as complex numbers,
or vectors.

Scattering from
lattice planes



The Atomic Scattering Factor

dR=R’sing dR dp dy and S, -R=S, ,Rcos¢
=] o™ dR= [ p (R)" IR sing dR d¢ dy

atom

Y2 R )
= p.(R)e™ R sing dR d¢ dy
J J

=0 ¢=0 R=0

/= 27ZT Rzpj(R)\

/= 47:T Rzpj(R)
L]
2sind
S, = 7

f=4z| Rp(R)

atom

([ 2aSR 2SR
e e ) AR
278, R

(sinZESh,dR] dR
\ 27mS,,R

4 . A
Sin(47rsm6?R)
A

4sin @ dR

R

\ A y

f

Point atom

Real atom

1 |
0.5 1.0

@,
:=-J|::l
I



Correction for Thermal Motion (1)

B 2 il iz, ) F,,, 1s measured over a long time
Fyy =21

2 mS;,H l' 2 mShHuj
Fu= Zf

J
_ 2 JTiShH-rj
Fy=2.fe
J

_ _ e "M 1+ 2 IS, u, 27[2( gl )
Consider a small random displacement about r;,

2 7S r+u
F,, Zf et
2 MiSppu;
e w1 -2 S

F ZMSMI ZMSM-uj
E:f RN 27:2 210

2 ISy ; - -
e 1+ 2miSu; — 27" Syt

Let us define u; as motion in the direction of S,

that 1s perpendicular to the plane A4/

S, -u; becomes §,,u; and

_ 2 ﬂiShH'l'j 2 ﬂiShHuj
P
J




Correction for Thermal Motion (II)

—_— . 2 JR—
27 Syu; =27 (2 Szl 9) u

J

—_ : 2 —_
2 :—8;:2(5139) %

Let us define B, = 87 u_f

- ) 2
32 TiSputh; ~ efB]-(Z sin@/ )

(5), = e e

(Eﬂd) Z( ) 2oy zy)

J
( ) Zf ](ZSmB/}l) Zm(hx Hky+Hz;)

sin 6



Freidel’'s Law

Imaginary

Let's consider two centrosymmetrically
disposed reflections: e
,'\\
_ 27i(hx; +ky; +1z) o // S
Fhkl_zfje o y S F
J 27i (hx; +ky; +1z;) 27i (hx; +ky; +12;) / AR
. mi(hxj+kyj+lzj) =27i(hx;+ky;+1z; . ol P
FhT(I = Z fje = Z fje o e \ Fi
j J \ > F
Fo = F and thus |F,| =‘Fhk, =‘Fhkl‘ - S

2 2
Ihkl = Im :‘Fhkl‘ :‘Fhm‘
Furthermore;

% — _¢hkl



Dispersion

Scattering is the result of an interaction of electromagnetic radiation
with an electron.

— Rayleigh or elastic scattering

— Compton or inelastic scattering

Dispersion occurs when electromagnetic radiation interacting with a
an electron in a shell has nearly the same frequency as the oscillator,
le resonates

d°X. dx; _—
++ K —+ 0¥, :——E W12k T
dt Iodt m
_ e 1 —  iot—i 27k T
X, = —— _ E e’ 2
Mo, | o K
a)g Wy
Q. 2 w.dw ] o
f=>— => 0 [— = 04> @ (& +in,) = O+ f+if
j @, Ky L. W K, j
1 —1 T



Effect on Diffraction Data

A I
F(H)

e Form factor
f=fo+Af" +iIAT"

f:fO‘I‘f"I‘if” F(-H)

F(H)+F”(H)

e Structure Factor

=S )™ NG

r




Breakdown of Freidel’s Law

F _Zfezm(hxj+kyj+lzj)
b J

J

Fhkl :Zlf}eZE‘i(hxj+@j+lzj)+_(f; +f|+ if‘n)eZﬂ‘i(th+ﬁyA+le)_

j#A -

Fm _ Z_f}ezni(hijrkyszj) +_(f:: _I_fl_l_ if‘") eZﬂi(ﬁxA+FEyA+sz)

j
. —2 mi(hx ;+hy;Hz;) - 2 mi(hx iy Hz )
g =X fje 0D 4] (f3 4 fraif)e et
j

Fy #F_ and thus |F,, |=|F,

i‘Fm‘

Imaginary

Ly #1 and |F,, [ #|F[
Furthrmore:

¢;Tk1 + _¢hld

Real



Absorption

* Absorption Is another resonance effect
and Is related to dispersion by the

equation
_ 4aNe’

MaC
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Systematic Absences ()

Consider a body centered lattice. For a given atom at
coordinates (x, y,z) there will be a second atom at
(x+1/2,y+1/2,z+1/2) and F,,, becomes

Jj=N;2
_ 2 mi(hx iy Hz;) 2 [ h(x /2 ey 41 21 (z41/2)]
F,= Z ( jjfe i S fje i j i )
j
J=N/2

Z f 2 7i(hx by iz )(1+em(h+k+l))

Ifh+k+l is even: ") —1 but
if h+k+1is odd: ™"+ =1
Forh+k+[=2n:

j=N/2 j=N/2

Fhkl _ Z erm(hx oz )(l-l-l) ) Z Zm(hx ez )

J
j
Forh+k+[=2n+1:

J=N/2

Zf 2m(hx+ky]lz])(1+(_1))

L -
- -
]
[ ] -
L -
Body-centred - |
Im A .

| e’=cosp+ising

sin ¢

4

1
!cmyl;{:



Systematic Absences (ll)

Let's consider a 2, screw axis. For a given atom at
coordinates (X, Y, z) there will be a second atom at
(—x,y+1/2,—z) and F,, becomes

j=N/2
27i(hx; +ky;+lz; 2x7iTh(=x:))+k(v: +1/2)+l(-2:
Fhkl _ Z (fje i (hx;+ky; +1z;) n fje milh(=x;)+k (y;+1/2)+1( zJ)])

j
Forh=0and|=0

JN/

27i(hx;+ky; +1z;) ik

When k is even e™* =1, thus:
j=N/2 j=N/2

hx; +ky:| hx; +ky; +I
hk| Zf 2m(x+yj+z)(l 1 :22 fe27z|(x+yj+z)

Forh=0and | =0, when k is odd: e”"‘ -1, thus

j=N/2

hk| _ Z f 2;z|(hx +kyJ+Iz)(1 ( 1))

http://wwwba.ic.cnr.it/sites/default/files/abc/abc/symmetry/restr2.htm



Small Angle Scattering Is an
Example of Scattering by a Motif (I

F(Ak)= j- fp(r)e™  dr 2WPY M
allr

30w —f

1.5 2
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O 1053 2WPY
105 30W|
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Textbooks and Resources Used

Jim Pflugrath and Lee Daniels, Rigaku Americas Corp.

Crystals, X-rays and Proteins: Comprehensive Protein Crystallography,
by D. Sherwood and J. Cooper, Oxford University Press, © 2011

Fundamentals of Crystallography, 2"d Ed., C. Giacovazzo ed. Oxford
University Press, © 2002

Understanding Single Crystal X-ray Crystallography, D. Bennett, Wiley-
VCH, © 2010

International Tables for Crystallography, Volume A, Space Group
Symmetry, T. Hahn, Springer, 2002

Dauter and Jaskolski, J. Appl. Cryst.(2010), 43, 1150-1171
http://escher.epfl.ch/software/
http://www.ysbl.york.ac.uk/~cowtan/sfapplet/sfintro.html
http://wwwba.ic.cnr.it/abc

http://see.stanford.edu/see/lecturelist.aspx?coll=84d174c2-d74f-493d-
92ae-c3f45c0ee091
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