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1 X-ray radiation1 X-ray radiation1.1 Dis
overyIn 1895 Wilhelm Conrad Röntgen investigated the 
hara
teristi
s of gaseous dis
harge tubes. Henoti
ed that with every gaseous dis
harge there were �uores
en
e appearan
es on a �uores
ents
reen outside the tube. Röntgen realized that the reason for this had to be a new kind of radiationwhose existen
e had been undis
overed till then. He dated the day of this dis
overy to 08.11.1895.In the English-speaking literature the term "X-rays", whi
h had been suggested by the dis
overerhimself, is generally a

epted. In the German-speaking region the radiation is named after itsdis
overer: "Röntgenstrahlung". Röntgen himself 
arried out the �rst investigations to determinethe 
hara
teristi
s of the new radiation and realized that it was able to pass through opti
allyopaque materials. The proof of the ele
tromagneti
 wave-
hara
ter of the radiation, however, was

Fig. 1.1: Experimental setup a

ording to Friedri
h, Kip-ping und v. Laue - Quelle: [Lau13℄furnished by Laue, Friedri
h and Knipping only in 1912 by di�ra
tion experiments on 
rystals.Fig. 1.1 shows the histori
al experimental setup used by Kipping and Friedri
h.As it is des
ribed below the x-ray tube 
reated poly
hromati
 x-ray radiation. The out
omingradiation was 
ollimated by holes in two lead plates onto the 
rystal under investigation. The
rystal itself was mounted on a goniometer with some degrees of freedom. The photo plate wasused for dete
tion. Two of the publishes photographs are shown in Fig. 1.2.The publi
ation of this work took pla
e 1913 in the �Annalen der Physik� and already in 1914Max von Laue re
eived the Nobel pri
e as initior of these investigations.The Laue method is used still used with the help of 
onventional x-ray tubes for determinationof the 
rystal orientation (i.e. the determination of the orientation of the 
rystallographi
 baseve
tors with respe
t to the outer 
oordinate system). The availability of syn
hrotrons as sour
es ofx-ray radiation (extreme high intensity, broad spe
trum of frequen
ies, small divergen
e) enlargedthe perspe
tives of the Laue-Methode towards a time-resolved determination of the 
rystal stru
-ture. The basi
 knowledge, that is also ne
essary in this experiment, is also for these appli
ationsinevitable.4



1.2 Erzeugung

Fig. 1.2: Historis
he Laue-Aufnahmen eines Kupfervitrolkristalls1.2 ErzeugungX-rays are quanta of ele
tromagneti
 �elds in the high energy range; they have a wavelengthbetween 1 pm and 1 nm. This 
orresponds to an energy value between 1 MeV up to 1 keV.

Abb. 1.3: Elektromagnetis
hes Spektrum; Quelle: �Gebändigtes Li
ht�,Themenheft der DPG und des BMBF, 06/2000In the ele
tromagneti
 spe
trum (1.3) the lower energies beyond this are so-
alled hard ultravi-olet rays; the energies above 100 keV are 
alled gamma rays, if the radiation is generated throughnu
lear transitions. 5



1 X-ray radiationX-rays have a relatively high energy 
ompared to visible light and that is why they 
an easily pen-etrate material. Furthermore, X-rays 
an indu
e materials to �uores
en
e and they 
an bla
kenphotographi
 plates. Be
ause of these 
hara
teristi
s the X-ray methods found wide appli
ationin medi
ine and te
hnology.Ele
tromagneti
 radiation is 
reated, if 
harged parti
les are a

elerated. This happens for ex-ample in a syn
hrotron by de�e
tion of the ele
trons in magneti
 �elds or by a simple de
elerationof ele
trons in a solid material as it is the 
ase for the x-ray tube. Fig. 1.4 shows su
h an x-ray

Fig. 1.4: Prin
ipal setup of a x-ray tubetube. Free ele
trons are liberated at the 
athode by means of glow emission und then a

eleratedin a high voltage �eld (10 kV-300 kV). When these ele
trons hit the anode, the will be de
eleratedin one or several hits with bound and free atomi
 ele
trons. The fast ele
trons transfer a 
ertainamount of momentum and kineti
 energy to the atomi
 ele
trons:
Ekin =

1

2
me · v

2 = e · U (1.1)A 
ertain part of this energy will be emitted as x-ray radiation. However, the biggest part ofthe energy 
auses a heating of the anode material. Anode material as its melting temperatur ishigher than 3000◦ C. In order to in
rease the radiation intensity or just to prevent a melting ofthe anode material, the anode has to be water 
ooled. Copper, molybden, silver or 
hromium are
ommon anode materials. Be
ause of absorption in air yield of the x-ray Bremsstrahlung intensityis maximal for 
opper radiation.A theoreti
al des
ription of this �Bremsstrahlung� is done with the help of the so 
alled Lienard-Wie
hert potential:
ϕ(x, t) =

∫

V

∫
̺(x′, t)
|x− x′| · δ(t′ − t−

|x− x′|
c

) dx′ dt (1.2)For a single ele
tri
 
harge this potential 
an be 
al
ulated analyti
ally and one gets the following6



1.2 Erzeugungradiation �elds:E(x, t) =
e

c2




1 − β

R− ~β ·R (R− ~β ·R
)

+
R×

(R×
(

~β ·R
)
× v̇)

R− ~β ·R 

 (1.3)B(x, t) =
R
R

×E(x, t) (1.4)with R = x−x′ = x−r(t′) and β = v/c as the velo
ity of the ele
trons normalised to the speed oflight. In the 
ase of Bremsstrahlung radiation the 
ontribution ~β × v̇ vanishes and the absolutevalue of the 
orresponding Poynting-Vektor is given by:
|S| = S =

c

4π

e2

c4
v̇2

R2
·

sin2(ϑ)

(1 − β · cos(ϑ))6
(1.5)Here ϑ is the angle to the propagation dire
tion of the ele
trons in the x-ray tube. The fun
tion
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Fig. 1.5: Chara
teristi
s of Bremsstrahlung radiation(1.5) is depi
ted in Fig. 1.5 for three di�erent values of β. Furthermore a s
hemati
 drawing ofthe emitted spe
trum is shown. From (1.1) one 
an see, that there is a 
uto� wavelength λmin inthe left part of the spe
trum, that is related to maximum kineti
 energy of the Elektrons, that arede
elerated in the anode. Photons with this wavelength are 
reated, if the total kineti
 energy ofthe ele
trons (1.1) is used for the produ
tion of the photon. One gets:
λmin =

2π · ~ c

~ω

=
2π · ~ c

Ekin
λmin =

2π · ~ c

eU
(1.6)

⇒ λmin[Å] ≈
12, 4

U [keV]
(1.7)The spe
trum of the Bremsstrahlung is 
overed with the so 
alled 
hara
teristi
 spe
trum. Itoriginated from a

elerated ele
trons, that liberate atomi
 ele
trons in the anode material. What7



1 X-ray radiationremains is an ex
ited atom, whi
h returns to its ground state by 
at
hing an free ele
tron andemitting an photon. This anode material spe
i�
 radiation has a limited spektral bandwidth andso it is very bright. This part of the total radiation power is of lower interest in this experiment.However, it might explain, why 
ertain di�ra
tion spots have a very high intensity.1.3 Chara
terisiti
sAs already mentioned, Röntgen dis
overed that X-rays penetrates deeper into matter than lightbe
ause of its high energy. To des
ribe the intera
tion between X radiation and matter adequately,the following e�e
ts have to be examined: absorption, s
attering, generation of se
ondary radi-ation, pair produ
tion, ionization, lumines
en
e as well as di�ra
tion and refra
tion. Here onlythe last two e�e
ts will be looked at more 
losely be
ause they are essential for the understandingof the Laue method. For questions 
on
erning the other e�e
ts we refer to the tea
hing module�X-ray opti
s� and to the relevant literature. [Gru94℄.To observe di�ra
tion e�e
ts, the wavelength of the radiation and the measurements of the obje
ton whi
h the radiation is to be di�ra
ted have to be of the same order of magnitude. In the rangeof "visible light" we deal with wavelengths between 400 and 700nm. The typi
al measurements ofa di�ra
tion latti
e have to be of the same s
ale and thus ruled gratings typi
ally have some 1000lines/nm. The intervals between the lines of a di�ra
tion latti
e for the X-ray range then wouldbe of the same magnitude as the distan
e between the atoms be
ause the wavelength is typi
ally1000 times smaller than in the visible opti
al range. A latti
e of this kind 
annot be arti�
iallyprodu
ed but the atoms of a 
rystal form the latti
e themselves. Max von Laue, W. Friedri
h andP. Knipping re
ognized this 
onne
tion already in 1912 [2a℄. In their histori
al experiment theyre
orded the �rst di�ra
tion images of 
rystals in the X-ray range. If a 
rystal (whi
h fun
tionsas a three-dimensional latti
e here) is radiated with poly
hromati
 radiation, this radiation willbe refra
ted under di�erent angles depending on the wavelength. (This pro
ess is analogous tothe pro
ess on an opti
al latti
e.) This 
an be illustrated by the help of the following model: TheX-ray �eld indu
es ea
h ele
tron within the 
rystal to os
illate. In this way every ele
tron itselfbe
omes the starting point of X radiation. The ele
trons, however, do not os
illate automati
allyin-phase. Be
ause of their di�erent position within the 
rystal they are hit by the primary radi-ation at di�erent points of time. There have to be spe
ial 
onditions for the wave trains of these
ondary radiation to superpose in 
onstru
tive ways. That is why the interferen
e 
onditionsare similar to the ones in the opti
al range. In our 
ase, however, the interferen
e 
onditions aremore 
ompli
ated be
ause of the three-dimensional latti
e stru
ture. The formation of the atomswithin the 
rystal and the positioning of the 
rystal latti
e towards the primary rays are of spe
ialimportan
e. The Laue method makes use of this fa
t to determine the symmetry 
hara
teristi
sof the 
rystals. We will have a 
loser look at the parti
ular 
onne
tions and the formation ofdi�ra
tion images later.1.4 Dete
tionX radiation 
an be proved by every measurable intera
tion between X-rays and matter. Forexample, X radiation ionizes the mole
ules of the air and in this way indire
tly 
auses the redu
tionof an ele
tri
 �eld between two plates of a 
apa
itor by penetrating the air between those plates.This prin
iple is also used for the Geiger 
ounter after Geiger and Mueller. Here, however, wehave an axially symmetri
 positioning of the 
apa
itor in an inhomogeneous ele
tri
 �eld (tube8



1.5 Radiation prote
tion�lled with inert gas under low pressure). The high voltage of the 
apa
itor a

elerates every ionwhi
h is produ
ed through X radiation. These ions in turn produ
e free 
harge 
arriers through
ollision ionization and in this way redu
e the dete
tion limit for the dose of radiation. By meansof su
h a measurement only the intensity of the X radiation 
an be examined, a spe
tral or lo
alresolution is not automati
ally possible.The s
intillation 
ounter is based on another prin
iple. Here the X-rays indu
e pro
esses oflumines
en
e within a 
rystal (usually sodiumiodide doped with thallium). The opti
al photonsgenerated in this way hit a photo
athode and release ele
trons in this 
athode. These ele
trons arestrengthened through a voltage 
as
ade ( photomultiplier). Be
ause the strength of the voltageimpulse depends on the energy of the X-rays, not only the radiation intensity but also the spe
traldistribution 
an be dete
ted, if the de
ay time of the 
rystal is short enough. In the Laue methodposition sensitive area dete
tors like the following are ne
essary to dete
t the di�ra
ted radiation:
• A lumines
ent s
reen is exposed to the radiation. The s
reen transfers the radiation into theopti
al frequen
y range, so it 
an be photographed. However, this method be
ame obsoleteand is not used nowadays.
• A photoemulsion is exposed to the radtiation. Depending of the stru
ture of the �lm thepro
esses that leads to a bla
kening of the �lm by x-rays are similar to these in the opti
alrange. However, the bla
kening 
urve i.e. the 
onne
tion between lightening time and thedegree of bla
kening is di�erent for x-rays.
• The Laue pi
ture is enhan
ed by a image signal enhan
er and pi
ked up by a CCD- Kamera.So the Laue re
ord is immediately given as an ele
troni
 medium.
• The �Imageplate system� is 
omparable to the dete
tion method by a photo emulsion. Theimage plate 
onsists of a polymer, in whi
h x-rays 
an 
reate defe
ts. These defe
ts are stableunder normal 
onditions, but show �uores
en
e for a 
hara
teristi
 wavelength. With thehelp of a spe
ial s
anner the di�ra
tion pattern 
an be digitalised.1.5 Radiation prote
tionDealing with X-rays is very dangerous. There 
an be both physi
al and geneti
 (hereditary)damages and injuries. Only severe radiation injuries 
an be per
eived immediately by the persona�e
ted. That is why spe
ial pre
autionary measures are ne
essary whi
h are legally regulated inthe "Regulation about the Prote
tion against Damages and Injuries 
aused by X-rays" of January8th 1987, latest update on July 18th 2002. Be
ause of this regulation there are spe
ial guidelinesfor dealing with X-rays in working environments and supervision. The following measurementsand limits guarantee the observan
e of these legal regulations in our experiment: The maximallo
al dosage in this experiment was 30 µSv/h. The hands will be exposed to radiation about threeto �ve hours if the experiment is well prepared. The limit of radiation for the hands of peopledealing with radiation be
ause of their work is 150 mSv/year. So in our Laue experiment theradiation is far beneath the legal limits. The other parts of the body are prote
ted by lead sothere is no measurable radiation.Further information is given in the standard literature.

9



2 Bes
hreibung von Kristallen2 Bes
hreibung von KristallenAs indi
ated in the subse
tion 1.3, regular submi
ros
opi
 stru
tures are ne
essary for the 
reationof di�ra
tion pattern with X-ray radiation. Su
h a regularity has to 
over a wide volume area
ompared to the atomi
s distan
es in order to develop strong interferen
e phenomena. Amorphoussolid stru
tures do not show regularity and therefore reveal if any only weak interferen
e patterns.On the other hand 
rystals exhibit even in makros
opi
 samples very regular stru
tures and 
anbe analysed with X-ray di�ra
tion very e�
iently. The des
ription of the di�erent 
rystal systemsand the 
ontained symmetry 
hara
teristi
s is the topi
 of this se
tion.2.1 Coordinate systems and latti
e planes
PSfrag repla
ements
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Fig. 2.1: Crystallographi
unit 
ell of a 
rystal:The basis ve
tors enti-tles with a, b, 
℄ or [a1,a2, a3℄. a and b en
losthe angle γ, b and 
 theangle α and 
 and a theangle β. The lengthsof the basis ve
tors arealso 
alled latti
e para-meters.Regularity of a 
rystal means, that a 
ertain 
on�guration of atoms (a latti
e point) in a 
rystalis repeated over and over again in ea
h of the dire
tions in spa
e to build up the 
rystal latti
e.The smallest 
on�guration of latti
e points to build up the whole 
rystal is 
alled a 
rystallographi
unit 
ell (see Fig. 2.1). Within this unit 
ell the edges de�ne the by the so 
alled basis ve
tors ofthe 
rystal. Now, the periodi
ity of the 
rystal demands for a re
onstru
tion of the total 
rystalby means of su

essive translation in the dire
tions of the three basis ve
tors.Neither in nature nor in the laboratory the shape of a ma
ros
opi
 
rystal will exhibit the shapeof the unit 
ell. The outer surfa
es of 
rystals 
an be 
lassi�ed by 
ertain latti
e planes instead.These 
uts through the 
rystal, for whi
h the 
ondition of periodi
ity is given, will 
ross the axiswhi
h are de�ned by the dire
tions of the basis ve
tors in the points ao, bo und 
o (see Fig. 2.2).It should be mentioned here that ao, bo und 
o need not be integer numbers. However, these threenumbers are mostly given by interger numbers.2.2 Re
ipro
al latti
e and Miller's indexesThe re
ipro
al latti
e is a mathemati
al 
onstru
tion, whi
h is useful for indexing of latti
e planesand for further insight to the X-ray di�ra
tion of 
rystals.10



2.2 Re
ipro
al latti
e and Miller's indexes
Fig. 2.2: Latti
e plane ofa 
rystal: The lat-ti
e plane shown in thesket
h 
rosses the ex-tensions of the basisve
tors in the pointsao, bo und 
o (in unitsof the basis ve
tors).Equally oriented latti
eplanes show a 
onstantratio ao:bo:
o. R is ar-bitrary ve
tor guidingfrom the origin to thelatti
e plane and N isthe normalised ve
toron the latti
e plane.

PSfrag repla
ements a ao
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Die basis ve
tors of re
ipro
al latti
e are de�ned by the following equations:a · a⋆ = 2π b · b⋆ = 2π 
 · 
⋆ = 2πb · a⋆ = 0 
 · b⋆ = 0 a · 
⋆ = 0
 · a⋆ = 0 a · b⋆ = 0 b · 
⋆ = 0
(2.1)A solution to this linear equation system is given by the de�nition equations:a⋆ = 2 π

VEZ · b× 
b⋆ = 2 π
VEZ · 
× a
⋆ = 2 π
VEZ · a× b mit VEZ = a · (b× 
) (2.2)(2.3)Sin
e the basis ve
tors of the real latti
e are linear independent the basis ve
tors of the re
ipro
allatti
e have the same 
hara
teristi
 and one 
an develop any ve
tor in terms of these two setsof basis ve
tors. So one 
an write R = u · a + v · b + w · 
 with suitable values for u, v and

w. This arbitrary ve
tor 
onne
ts the origin with the latti
e plane in Fig. 2.2. N = 1
2π

·
(n1 · a⋆ + n2 · b⋆ + n3 · 
⋆) is the normalised ve
tor on the plane.The perpendi
ular distan
e D of the latti
e plane to the origin is given by:

D = R ·N = n1 · u+ n2 · v + n3 · w (2.4)This equation is valid for all ve
tors B leading from the origin to the latti
e plain and thereforeone 
an modify (2.4) with respe
t to the three 
rossings with the 
oordinate system axes:
D = n3 · ao = n2 · bo = n3 · 
o (2.5)11



2 Bes
hreibung von KristallenThe four equations (2.4) and (2.5) together build up the latti
e plain equation:
hu+ k v + l w = m (2.6)Here h, k and l are integer numbers. They are given by mao

, mbo

and m
o

respe
tively with a suitablevalue of m whi
h is also integer. One 
an show, that (2.6) is the mathemati
al des
ription of the
mth latti
e plane, 
ounting from the latti
e plane, that in
ludes the origin. The ve
torG = h · a⋆ + k · b⋆ + l · 
⋆ (2.7)is a arbitrary re
ipro
al latti
e ve
tor and is perpendi
ular on the latti
e plane under 
onsideration.It 
hara
terises the latti
e plane 
ompletely using equation (2.6). The triple (h k l) is 
alled asaMiller's index. Fig. 2.3 shows three examples for latti
e planes together with their Miller'sindexes.2.2.1 Angle between two latti
e planesThe angle between two latti
e planes is equal to the angle between the 
orresponding normals onthe planes. Therefore equation

cos(ψ) =
G1 ·G2

G1G2
(2.8)is valid.2.2.2 Interplanar distan
esMoreover the interpretation of the integer number m makes it possible to 
al
ulate the interplan-etary distan
e between two latti
e planes with the same orientation. In a quadrati
 form onegets:

d2
hkl =

1

G2
hkl

=
1

(h · a⋆ + k · b⋆ + l · 
⋆)2
(2.9)PSfrag repla
ements
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Abb. 2.3: Example of three latti
e planes with the 
orresponing Miller'S indexes.The basis ve
tors are di�erent for the three 
ases, so the 
omparison of theindexes is not su�
ient for the 
omparison of the latti
e planes.
12



2.2 Re
ipro
al latti
e and Miller's indexesCoordinate systemattributes simple body fa
e base
entered fa
e 
entered
ubi

a = b = c

α = β = γ = 90◦

trigonal
a = b = c
α = β = γ

For α = β =
γ = 60◦ thetrigonallatti
e isequal to thefa
e 
entered
ubi
 
elltetragonal

a = b 6= c
α = β = γ = 90◦hexagonal

a = b 6= c
α = β = 90◦

γ 6= 90◦orthorhombi

a 6= b =6 c

α = β = γ = 90◦mono
lini

a 6= b 6= c

α = γ = 90◦ 6= βtri
lini

a 6= b 6= c
α 6= β 6= γTab. 2.1: The 14 Bravais latti
es: For identi�
ation of the latti
e 
on-stants and angles see also Fig. 2.1 13



2 Bes
hreibung von Kristallen2.3 Symmetrie Operations, Bravais latti
es and point groupsSymmetry operations are transformations of a system, that remain the system un
hanged. Thesymmetry operation translation is the basi
 tranformation, that is valid for every 
rystal. Besidethis there are the following symmetry operations:
• Mirror planes (m): The system has a mirror plane with a 
ertain orientation.
• Rotation (2, 3, 4, 6): There are 2,3, 4 and 6 fold rotation axes, i.e. the system turns toitself by rotation of 360◦/x.
• Inversion (1): The inversion inverts all spa
ial 
oordinates.These symbols appear in groups of 1, 2 or 3 
hara
ters. The interpretation of a single 
hara
teris easy. For instan
e 6̄ means, that there is a 6-fold axis with a inversion ¯, that has to usedafter ea
h rotation step by 60◦. For symbols with 2 
hara
ters there are two types. The �rsttype says, that for 43 one has to apply a 3-fold symmetry axis, that is perpendi
ular to a 4-foldaxis. The meaning is di�erent for 4/m. Now there is a 4-fold axis, that is perpendi
ular to amirror plane m. Symbols with 3 
hara
ters are understood in the same way as Symbols with 2
hara
ters. However, here one has to use all three dire
tions of spa
e. As seen in the subse
tions2.1 and 2.2 it is possible to des
ribe a 
rystal not only by a single unit 
ell and single set ofbasis ve
tors respe
tively. There are un
ountably many latti
e planes, whi
h ful�l the 
onditionof peridi
ity and therefore 
an build up the �walls� of other unit 
ells. However, there are moreuseful de�nitions of unit 
ells and less useful ones. In the end all these unit 
ells 
an be redu
edto a basi
 shape of the 
rystal latti
e be
ause of its intrinsi
 symmetry.In general on distinguishes between 7 di�erent groups of symmetry operations ea
h of whi
h
ontains a 
ertain amount of symmetry operations. These groups are {1̄, 2/m, mmm, 4/mmm, 3̄m, 6/mmmund m3̄m} and represent the 7 
oordinate systems, that are shown in Tab. 2.1.Although the in�nite 
rystal will always show the spe
i�
 symmetry elements, the symmetry ofthe unit 
ell 
an be redu
ed by 
ertain 
on�guration of the atoms. Nevertheless one sti
ks up tothe 
lassi�
ation into the 7 
oordinate systems. The redu
ed set of symmetry groups are the 32point groups that are listed in Tab. 2.2 with their 
orresponding 
oordinate system.Triklin Monoklin Rhombis
h Tretragonal Trigonal Hexagonal Kubis
h1̄ 2/m mmm 4/mmm 3̄m 6/mmm m3̄m� � mm2 4mm 3m 6mm �� � � 4/m 3̄ 6/m m3̄1 2 222 422 32 622 432m 4̄2m � 6̄m2 4̄3m� � � 4 3 6 23� � � 4̄ � 6̄ �Table 2.2: 32 kristallographis
he Punktgruppen unterteilt in die 7 Grundgittertypen14



2.4 Stereographi
 proje
tion

H
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Figure 2.4: Stereographi
 proje
tion: a) Shown is a latti
e plane or a part of the surfa
e of a
rystal. The 
orresponding pole is P′, P is the point in the proje
tion with the 
oordinates(ϕ, ϑ) and (ϕ, ̺) respe
tively. b) Equatorial plane (plane of the stereographi
 proje
tion)with the de�nition of the length ̺. 
) The x′-z-proje
tion is the layer, in whi
h die 
onne
tionline and the pole lie.2.4 Illustration of point groups und 
ontaining symmetries: Stereographi
proje
tionThe stereographi
 proje
tion is used to display the relation between the ma
ros
opi
 
rystal planesand arbitrary latti
e planes respe
tively in a 2dimensional way. Thus, it is ne
essary to proje
tthe points of a sphere into a plane. (for labels and names see Fig. 2.4):

• The 
rystal is pla
ed in a sphere with a radius of 1 in su
h a way, that the equator plane ofthe sphere is the plane of the stereographi
 proje
tion.
• Starting from the 
entre Lote n̂ on the 
rystal planes are drawn up to the surfa
e of thespheres.
• The 
rossing points of these Lote with the surfa
e of the sphere are 
alled surfa
e poles orjust poles P′. The poles of the northern hemisphere are 
onne
ted with the south pole Sof the sphere, those of the southern hemissphere with the north pole N . The 
rossings Pwith the equatorial plane are dire
tly the points in the stereographi
 proje
tion with the
oordinates (ϑ, ϕ) or (̺, ϕ).
• A pole on the northern hemisphere is drawn as a �lled 
ir
le, pole in the southern hemisphereis drawn as a ring. 15



2 Bes
hreibung von Kristallen2.4.1 Latti
e planes and zones in the stereographi
 proje
tion: The Wul� netIn generell there are two basi
 methods to display a arbitrary latti
e plane in the stereographi
proje
tion.Analyti
al method: The �rst method begins with the 
al
ulation of the re
ipro
al latti
e ve
tor2.7, that is given by the Miller's indexes of the latti
e plane under 
onsideration. This ve
tor 
anbe des
ribed in Cartesian (x, y, z) or in spheri
al 
oordinates R, ϑ and ϕ:
h · a⋆ + l · b⋆ + l · 
⋆ = G = R ·





cos(ϕ) sin(ϑ)
sin(ϕ) sin(ϑ)

cos(ϑ)



 (2.10)From part 
) of Fig. 2.4 one 
an see the relation
̺ = R · tan

(
ϑ

2

) (2.11)for the distan
e from the 
entre of the stereographi
 proje
tion to point P . The angle ϕ 
an beused without any transformation. This method 
an also be used in the opposite dire
tion i.e.when a point in the stereographi
 proje
tion is given.Meridians and parallels: Wul� net The des
ription of meridians and parallels is done the bestways in another notation Fig. 2.5. In this 
hanged notation a latti
e plane normal 
an be de�nedby a longitude λ and a latitude ψ angle. These angles are also known from the 
oordinate systemon the globe. Whereas meridians 
ontain all poles with 
onstant λ - these are just the greatPSfrag repla
ements
λ

ψ x
y

z
Fig. 2.5: De�nition of lon-gitude λ and latitude

ψ. Take 
are aboutthe 
hange in orienta-tion 
ompared to the�gure Fig. 2.4 for abetter viewing
ir
les of a sphere -, the so 
alled parallels are the set of poles with 
onstant ψ. (see Fig. 2.6 forhelp in geometri
al understanding). The meridians are same as the 
rystallographi
 zones.TheWul� net shows the stereographi
 proje
tion of several meridians and parallels with 
ertain
onstant spa
ing in the values for λ and ψ. An implementation with a 
hange in longitude andlatitude of 5◦per step is shown in Fig. 2.7.Usage of Wul� net: Geometri
al method The Wul� net is the basis of the se
ond methodthat is a geometri
al method. In prin
iple it 
an be used for two di�erent 
lasses of tasks: One
an draw the stereographi
 proje
tion for a given set of poles or one 
an get angular relationsbetween the poles in a given proje
tion.The �rst task gives more insight in the working prin
iple of the net:16



2.4 Stereographi
 proje
tion
PSfrag repla
ements

x
y

z
λ

PSfrag repla
ements x
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zψ
Figure 2.6: Meridians - poles with 
onstant longitude λ - and parallels - pole with 
onstantlatitude ψ

• A proje
tion is only valid for a 
ertain orientation of the 
rystal. So at �rst the orientationof the 
rystal with respe
t to the proje
tion plane must be known and �xed. Fixing the polein the 
entre of the proje
tion is su�
ient. One says: �I draw the stereographi
 proje
tionin dire
tion (1 1 1)�.
• The se
ond pole in the proje
tion - the �rst one was the pole in the 
entre - 
an be drawn atan arbitrary angle ϕ in proje
tion plane. Only the distan
e from the 
entre is relevant forpositioning the pole. This distan
e is in fa
t an angle given by (2.8) and has to be 
ountedin units of the Wul� net, i.e. in units of meridians from the 
entre meridian.
• The remaining pole are entered as follows:� At �rst one has to 
al
ulate the angle towards the pole in the 
entre.� Now the Wul� net is rotated around the 
entre point until another known pole lies onthe meridian λ that is equal to the 
al
ulated angle. Now one knows, that the knownpole and the new lie on the same meridian, i.e. the two poles have the same longitude

λ� The di�eren
e in latitude ∆ψ is the angular distan
e between these two pole and is
al
ulated again with the formula (2.8). One 
an measure it in stereographi
 proje
tionin units of 
rossings with the parallels in the net.The se
ond task is quite similar:
• To get the angular relation between two poles out of the stereographi
 proje
tion, one hasto rotate the Wul� net until the two poles lie on the same meridians.
• Now the angular distan
e is given by the 
hange in latitude ψ from on pole to the other.poles, that lie on the same meridian, belong to the same zone. If the Wul� net is orientated in su
ha way, that the zone 
ondition is visible, one 
an also mark the zone axis. This zone axis is normalto the zone and the 
oordinates in the proje
tion are given just the same as it is the 
ase for asimple pole. The 
oordinates are: λzone axis = λzone−90◦ if λzone ≥ 0◦ and λzone axis = λzone +90◦otherwise. The other 
oordinate ϕzone axis = 360◦ − ϕfarest pole from 
entre. 17



2 Bes
hreibung von Kristallen
Fig. 2.7: Wul� net with di-visions ∆ψ = 5◦ and

∆λ = 5◦. The ori-entation is x:→ andy:↑. Further imple-mentations with vari-ous divisions in λ and
ψ with di�erent linethi
knesses are linkedhere.Illustration of pointgroups with the help of stereographi
 proje
tion: The 32 point groupsbuild the irredu
ible group of 
ombinations of symmetry operations in 3 dimensional spa
e ex
eptthe translation. The single elements of this group 
an be distinguished and explained by theirstereographi
 proje
tion. Starting from a single pole in the stereographi
 proje
tion with theMiller's Indexes (h k l) the symmetry elements of the point group under 
onsideration are appliedto the pole in the proje
tion. One gets further poles on the basis of the 
ontained symmetryoperations. If a pole is transferred to itself, one has left the general positions and the proje
tionis redu
ed to spe
ial positions of the poles. If this happens the number of poles in the proje
tionis redu
ed in 
omparison to the general positions.Fig. 2.8 shows the stereographi
 proje
tion of the point-PSfrag repla
ements (4 d 1 )(2 
 .m2)(2 b m.2)(1 a ..2)m m2

Figure 2.8: General (bla
k) andspe
ial (
olored) positions ofthe point group mm2
group mm2. It belongs to the orthorhombi
 
oordinate sys-tem.The importan
e of this theory for the experiment lies inthe symmetry 
onsiderations, whi
h are valid for the stere-ographi
 proje
tion just as for the laue di�ra
tion pattern.All symmetry elements of a point group must appear also inthe di�ra
tion pattern. The di�ra
tion has to reveal evenmore symmetries as it 
annot distinguish between pointgroups with and without an inversion. So the 32 
rystal-lographi
 point groups are redu
ed to 11 distinguishableLaue groups.This means, that the di�ra
tion pattern of a 
rystal witha hexagonal unit 
ell will show a 6-fold rotation axes inseveral di�ra
tion orders (see 3) of the Laue re
ord is the in
oming beam is perpendi
ular to the(0 0 1) latti
e plane.Further information and the des
ription of all 32 point groups and their stereographi
 proje
tion18



2.5 Crystal stru
tures and used 
rystals.
an be found in [Pub89℄.2.5 Crystal stru
tures and used 
rystals.2.5.1 QuartzQuartz is nothing else than sili
on oxide SiO2 in a spe
ial
PSfrag repla
ements

SiO
Abb. 2.9: Helixstru
ture ofQuarz


rystalline stru
ture. In 
ontrast to gallium arsenide the 
on-stituent atoms of Quartz Si and O do not build up two Bravaislatti
es with a spe
i�
 orientation to ea
h other. Instead thesili
on atoms represent the 
entres of a tetrahedra. The 
or-ners of the tetrahedra are o

upied by the oxygen atoms. (seeFig. 2.9). Sin
e the stoi
hiometri
 relation of 1 Si atome per 2O atoms is violated for a single tetrahedra, every single oxygenatom is 
onne
ted with two sili
on atoms and represent the
orners of two tou
hing tetrahedra. The 
rystalline stru
tureis the following: The �rst position of su
h a SiO4-tetrahedramay be (0 0 0). By rotation of 120◦ and subsequent displa
e-ment in the 
rystallographi
 
-axis one rea
hes the se
ond po-sition of a tetrahedra: (−a/2
√

3 a/2 c/3). Another s
rew rotationleads to the third position in the unit 
ell:(−a/2 −
√

3 a/2 c/3).In Fig. 2.9 two heli
es with the length of 2 unit 
ells are shown. Combining all other atomsof the stru
ture, one 
an see the hexagonal unit 
ell of the 
rystal. The latti
e 
onstants are
a = 4, 9124Å and c = 5, 40039Å.2.5.2 Zin
 blend stru
tureZin
 sulfate (ZnS) o

urs mainly in two 
on�gurations of solid state, the wurzite- and the zin
blende stru
ture. For the se
ond stru
ture the zin
 atoms and the sulphur atoms build up twoseparate 
ubi
 fa
e 
entered latti
es (f

). Moreover these two latti
es are displa
e by 1/4 (in unitsof the diagonal) along the diagonal. Fig. 2.10 shows the atomi
 positions of the zin
 and sulphurin a single f

 unit 
ell of the 
rystal. It 
ontains 4 zin
 and 4 sulphur atoms, so the stoi
hiometri
relation is ful�lled.

Fig. 2.10: zin
 blend stru
-ture: a) shows thef

-stru
ture b) showsthe tetraedri
 stru
-ture, that is typi
al fordiamond stru
tures.
PSfrag repla
ements a) b)ZnS tetrahedral bondstrigonale unit 
ell
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2 Bes
hreibung von KristallenThe positions of the atoms in the unit 
ell in referen
e to the 
ubi
 basis ve
tors are:Zn: {(0 0 0), (0 1/2 1/2), (1/2 0 1/2), (1/2 1/2 0)}S: {(1/4 1/4 1/4), (1/4 3/4 3/4), (3/4 1/4 3/4), (3/4 3/4 1/4)}
(2.12)Another example for the zin
 blend stru
ture ist Gallium arsenide, whi
h is used in this exper-iment. The 
ubi
 latti
e 
onstant is a = 5, 6533Å. Further information on this 
rystal 
an befound in [Wik℄.The diamond latti
e is a spe
ial type of a zin
 blend stru
ture, as for diamond both types ofatoms are the same. Carbon, sili
on and germanium 
an 
rystallise in this 
on�guration.Further literature to this topi
 
an be found in [Dem05℄, [Kle98℄ and in Kristallographie I vonWalter Steurer and Thomas Weber. Unfortunately, these books are written in german. However,there will also be mu
h literature in English language.
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3 X-ray di�ra
tion at 
rystals3.1 Simple di�ra
tion theoryFor this se
tion the standard literature of solid state physi
s is useful.The simple di�ration theory of X-rays is based on the following physi
al pro
ess: An in
omingplane wave with a waveve
tor ko (|ko| = k = 2π/λ) enters matter and indu
es the atomi
 ele
tronsto os
illations of the same frequen
y as the in
oming wave. These oszillations give rise to theemission of spheri
al waves. The intensity of the superposition of all s
attered waves is observedat an observation point B. The dire
tion from the intera
tion point to this point is given by thewaveve
tor k of the outgoing wave. Sin
e the refra
tive index of matter and air is nearly 1 forX-rays, one 
an state |k| = k. The amplitude of the in
oming wave at point P in matter is given
Fig. 3.1: Simple di�ra
tiontheory

PSfrag repla
ementsR
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rO P B
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kR rR
R

by:
AP (r, t) = Ao · e

iko·(Ro+r)−i ωo t (3.1)HereRo is the leading ve
tor to the sample. At point P an ele
tron is ex
ited and emits a spheri
alwave with a probability f . The amplitude of this wave at point B 
an be approximated by
AB = AP (r, t) · f ·

ei k·(R−r)
R

(3.2)In order to 
al
ulate the amplitude of all di�ra
ted wave at point B one has to integrate of thetotal s
attering volume of the sample. The spatial weighting is done by a spa
ial dependingele
tron density distribution̺(r). Hen
e the integrated intensity at the observation point - onlythis quantity is measurable in the experiment - is given by:
IGesamt
B =

A2
o

R2
f2 ·

∣
∣
∣
∣
∣
∣
∣
∣

∫Streu-volumen ̺(r)ei (

−q
︷ ︸︸ ︷ko − k)·~rd3r

∣
∣
∣
∣
∣
∣
∣
∣

2 (3.3)Furthermore the 
harge density distribution shows the same periodi
ity like the 
rystal latti
e.Thus one 
an develop this fun
tion into a series of re
ipro
al latti
e ve
tors.
̺(r) =

∑G ̺G · eiG·r ⇔ ̺G =
1

VEZ ·

∫

̺(r) · e−iG·r d3r (3.4)21



3 X-ray di�ra
tion at 
rystalsThe sum of the series is independent from the integral in (3.3), so deta
h this sum from the totalintegral and one gets for the remaining integral:
∫

ei (G−q)·~r d3r =

{
V für G = q
0 sonst (3.5)The extra
ted di�ra
tion 
ondition is the 
ondition for 
onstru
tie interferen
e of all s
atteredwaves in point B: q = k− ko = G (3.6)The measurable intensity 
an be formulated:

IGesamt
B =

A2
o

R2
N2 f2 · |̺q|2· (3.7)3.2 The Laue equationsThe multipli
ation of the equation (3.6) with ea
h of the latti
e base ve
tors a, b und 
 leads tothe three Laue equations (using equations 2.1):

(n̂− n̂o) · a = h · λ
(n̂− n̂o) · b = k · λ
(n̂− n̂o) · 
 = l · λ

(3.8)Here the relations n̂ = k
k
and n̂o = ko

k

an be applied. In the experiment n̂ and n̂o 
an bedetermined dire
tly from the Laue re
ords. So the Laue equations deliver three 
onditions forthe four unknown quantities h, k, l and λ. A solution to this problem is not a

essible withoutfurther information about the unknown parameters. Fortunately it is known, that h, k und l areinteger numbers. Therefore

h =
(n̂− n̂o) · a
(n̂− n̂o) · 
 · l and k =

(n̂− n̂o) · b
(n̂− n̂o) · 
 · l (3.9)must result in integer numbers, if l is 
hosen to be integer. Using this information, one 
andetermine all four unknown parameters, if the orientation of the 
rystalline unit 
ell i.e the
artesian representations of a, b and 
 in the laboratary 
oordinate system are known.3.3 Ewald 
onstru
tion and the re
ipro
al spa
eThe di�ra
tion 
ondition (3.6) 
an be interpreted geometri
ally using the Ewald 
onstru
tion:

• In this experiment the 
rystal is irradiated with poly
hromati
 X-rays Therefore the absolutevalue of the wave ve
tor k = |k| = ko| 
an take all values in the interval k ∈ [kmin, kmax] =
[2π/λmax, 2π/λmin]. Whereas λmin is determined by (1.6) and the maximum kineti
 energy ofthe a

elerated ele
trons (in the 
ase of X-ray tubes) λmax is limited only by the de
reaseof intensity with higher wavelengths.22



3.4 Bragg's interpretation of the di�ra
tion 
ondition
• The re
ipro
al spa
e is a 3dimensional spa
e that is build up by the re
ipro
al latti
e baseve
tors (2.2). It 
ontains the re
ipro
al latti
e of the 
rystal and has the same units like k(
ompare with 3.6). Hen
e, one it makes sense to draw the wave ve
tors of the in
omingand outgoing beams into the re
ipro
al spa
e.
• Fig. 3.2 shows the ewald 
ontru
tion in 2 dimensions. Two 
ir
les with the radii kmin and
kmax are drawn in su
h way, that the 
ross ea
h other in a single point of the re
ipro
allatti
e. The 
onne
tion lines between the 
entre and this re
ipro
al latti
e point have to beparallel to ea
h other and parallel to the dire
tion of the in
oming beam.

• The di�ra
tion 
ondition is now ful�lled for all re
ipro
al latti
e ve
tors, that 
onne
t the
rossing point of the two 
ir
les with another latti
e point in between the two 
ir
le andthe two spheres in 3D respe
tively. This is shown for a single set of in
oming and outgoingwave ve
tor and a re
ipro
al latti
e ve
tor.
Fig. 3.2: Ewald 
onstru
-tion: The lengths ofthe shown wave ve
-tors are kmin, kmax and

kmin < k < kmax.All re
ipro
al latti
epoints inside the 
rosshat
hed area lead toa 
onstru
tive interfer-en
e in the 
orrespond-ing dire
tions.PSfrag repla
ements kmaxkmin
3.4 Bragg's interpretation of the di�ra
tion 
onditionBragg interpreted the di�ra
tion 
ondition 3.6 as a 
onstru
tive interferen
e at the latti
e planesof the 
rystals. The in
oming X-ray beam is de�e
ted like an opti
al beam opti
s a

ording tothe well known re�e
tion law: Is the di�eren
e in the opti
al length of the di�erent paths throughthe 
rystal in Fig. 3.3 just a integer multiple of the wavelength, the 
ondition for 
onstru
tiveinterferen
e is ful�lled.The di�eren
e in the opti
al path lengths is given by:

m · λ = ∆s = 2 dhkl · sin(ϑ) (3.10)
dhkl is the distan
e between two neighbouring latti
e planes, that 
an be 
al
ulated by means ofequation (2.9). m is a integer number and 
ounts the order of the interferen
e. In this 
ase ofLaue di�ra
tion of X-rays one 
an approximate the refra
tive index by n ≈ 1.It is possible to show the equivalen
e of the Laue equations (3.8) and Bragg's equation (3.10) ingeneral. 23



3 X-ray di�ra
tion at 
rystals

ds ds

PSfrag repla
ements ϑ

ϑ

dhkl Fig. 3.3: Bragg's interfer-en
e 
ondition: The in-
oming beam en
losesan angle ϑ with the lat-ti
e plane3.5 Atomi
 form fa
tor, stru
ture fa
tor and extin
tion rulesThe s
attered intensity in (3.7) depends on the absolute square of the Fourier transformed 
om-ponent of the 
harge density distribution ̺G. Here G is just the re
ipro
al latti
e ve
tor for whi
ha 
onstru
tive interferen
e is observed. The integration 3.4 is done over the volume of the totaluni 
ell of the 
rystal.Moreover it is possible to understand the total 
harge density as the sum of 
harge densities ofall atoms in the unit 
ell with the origin at the 
oordinates of the atoms ~rα: ~r = ~rα + ~r ′:
̺ ~G

=
1

VZ

∫Zelle ∑

α

̺(rα + r ′) · e−iG·r ′−iG·rα d3r′

=
1

VZ

∑

α

e−iG·rα ·

∫

̺α(r ′) · e−iG·r ′

d3r′

︸ ︷︷ ︸

fα

(3.11)
fα is the atomi
 form fa
tor of the di�erent atoms. The total sum is 
alled stru
ture fa
tor ofthe 
rystal. The only free parameters are the 
omponents of the re
ipro
al latti
e ve
tors G andthe Miller's indexes respe
tively.

SG =
∑

α

fα · e−iG·rα (3.12)(3.13)The atomi
 form fa
tor fα de�ned in (3.11) 
an be 
al
ulated for an angle θ between ~G and ~r ′and a radial symmetri
 potential:
fα =

∫

̺α(r ′) e−iG·~r ′

d3r′ (3.14)
= −2π

∞∫

0

1∫

−1

̺α(r′) ei G r′·cos(θ) r′
2
d′ d cos(θ)

= 4π ·

∞∫

0

̺α(r′) · r′
2
·
sin(G · r′)

G · r′
dr′ (3.15)24



3.5 Atomi
 form fa
tor, stru
ture fa
tor and extin
tion rulesAs an example the stru
ture fa
tor of a 
ubi
 fa
e 
entred 
rystal with a single type of atoms 
anbe expressed by:
Sf

G = f ·

(

1 + eπi (h+k) + eπi (k+l) + eπi (l+h)
)Obviously, Sf

G vanishes, if two of the integer numbers h, k and l are even. Extin
tion rules likethis and many others arise in dependen
e from the distribution of the atoms in the unit 
ell andthe relative values for the form fa
tors of di�erent atoms in the unit 
ell.Further information 
an be found in [Dem05℄ and in Physik der Röntgenstrahlung.
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4 Versu
hsbes
hreibung4 Versu
hsbes
hreibungThe experimental setup, pro
edure and tasks will be explained in this se
tion. It is obligatory,that the students 
omply with the mentioned safety and operation instru
tions.4.1 Experimental tasksThis se
tion begins with the des
ription of the experimental tasks thatPSfrag repla
ements ̺

ξ

ϕhas to be exe
uted in this experiment. The various elements not men-tioned in the theoreti
al part are explained in the following. A 
arefulproto
ol of the experimental steps is of elementary importan
e. It isno problem to draw another sket
h, on the other side a missing infor-mation mostly is not a

essible after �nishing the experiment.Determination of the orientation of a 
rystal : At �rst the two Imageplates (IP) has to beerased and read out to be sure, that the are more signals stored in them. To guaranteethis one should do a test readout of the IPs. It's important to handle the IPs with 
are.Therefore they must only be moved with a small su
ker.A alpha-quatz 
rystal will be mounted on the sample holder of the Laue 
amera and adjustedin su
h a way, that all angles of the goniometer show a value of 0◦.The 
amera will be equipped with the erased IPs in dire
tion of re�e
tion and transmission.The illumination is done with a 
ollimator diameter of 0.8mm for 8Minutes at a 
urrentof 30mA and a a

eleration voltage of 40 kV. It is very important, that the IP 
arrier ofthe 
amera is put together and mounted 
orre
tly. A 
omparison with the re
ord of anorientated sample from Fig. 4.1 should be done.The aim of this task is to re-adjust the orientation of the 
rystal to its (110)-latti
e plane.The following steps have to exe
uted:
• High symmetri
 re�exes has to be extra
ted and identi�ed from the �rst re
ord with thehelp of the Greninger net. The 
hara
teristi
s of su
h high symmetri
 re�exes is thatmany zones 
ross ea
h other in theses points. Furthermore the are only few re�exes inthe dire
t vin
inity of these symmetri
 re�exes. The identi�
ation of these re�exes isdone by a measurement of the angluar distan
es to ea
h other with the Greninger netin 
omparison with theoreti
al angles between low indexed latti
e planes, i.e. re�exeswith Millers indi
es h, k, l in the range of {−1, 0, 1}. It is advisable to prepare a tableof all these angles before starting the experiment. Moreover a measurement of thedistan
e sample to s
reen is ne
essary for the 
hoi
e of the 
orre
t Greniger net.
• The orientation of the 
rystal is adjusted with the following iterative method. Afterea
h re
ord out of a series of about 3-5 illuminations the deviation of the (110)-re�exesfrom the 
enter of the re
ord in λ and ψ has to be measured. Now alternately oneof these two deviation angles is translated into a rotation of the sample with thegoniometer. After every variation another re
ord has to be done. The �rst re
ordshould lead to 
orre
tion of the ψ angle.
• A trouble-free and e�
ient experimental development is garantueed by a rigorous eras-ing of the IPs after ea
h read out. This 
an be rea
hed by exposing the IP to moderate26



4.1 Experimental taskssunlight for about 10 minutes. Obviously it is usefull to 
hange the IP from on re
ordto the other in order to shorten waiting times.
• In the end of the orientation pro
ess the (110)-re�ex must not deviate more than 1◦ in
λ and ψ from the 
enter of IP. Careful proto
oling of the di�erent re
ords is obligatory.Espa
ially the orientation of the IP in the Laue 
amera has to be well-known.Fig. 4.1: Laue re
ord of aSiO2 
rystal in dire
-tion of re�e
tion. Thein
ident beam is par-allem to the (110) sur-fa
e pole. The redmarked meridians aresymmetry equivalent.The meridian lo
atedmostly in the 1st quad-rant 
ontains the fol-lowing poles: (1 1 -1),(0 -1 0), (1 0 -1),(-1 -1 -1). The 
rossings ofthis meridian with theblue horizontal merid-ian and the blue ver-ti
al meridian are the(0 -1 0) and the (-1 -1 -1) poles, respe
tively.Cal
ulation of Miller's indexes out of a laue re
ord: A part of a GaAsWafer has to be adjustedto its polished (111)-surfa
e. Determine the Miller's Indexes of the 
learly visible Laue Spotsin the re�e
tion pattern of GaAs. Furthermore the 
orresponding wavelengths should be
al
ulated. Think about a reasonable error treatment. Pro
eed in the following way:

• De�ne the axis of the laboratory system. Choose this system in su
h a way, that somespots lie on the x or y-axis.
• Cal
ulate the normalized dire
tion ve
tors n̂i from all re�e
tion spots in the pattern -leading from the 
rystal to spots in the laboratory system and ve
tor of the in
omingbeam n̂o.
• De�ne the base latti
e ve
tors of the 
rystal system. determine the transformationMatrix M from the 
rystal system to the laboratory system:rLS = M · rCSUse the fa
t, that the 
rystal surfa
e is not only a (110) latti
e plane, but also perpen-di
ular to the dire
tion of the in
oming beam.Is there a freedom left in the de�nition of M? 27
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• Transform the latti
e base ve
tors from the 
rystal system representation to the labo-ratory system representation and 
al
ulate the values:

h′ =
(n̂i − n̂o) · a
(n̂i − n̂o) · 
 k′ =

(n̂i − n̂o) · b
(n̂i − n̂o) · 
for ea
h re�e
tion spot.

• Cal
ulate the Millers Indexes h, k, l from the values h′ and k′ for the spots and the
orresponding wavelengths λ.
• Do an error dis
ussion leading to estimations on the error of h, k, l and λ. This 
anbe done while dealing with the other parts of this task or in the end.Analysis of a �lm re
ord of a quarz 
rystal in transmission The Quarz 
rystal of the �rst taskwill pla
ed inside the Laue-Camera with an arbitrary orientation. Light sensitive photo�lmswill be installed in dire
tion of re�e
tion and transmission and illuminated for about 10hours. After the development of the �lms in the photo laboratory, several re�exes have tobe transferred to a transparen
y. Extra
t 7 meridians with the help of the Leonhardt netand transfer the 
orresponding latti
e poles to the Wul� net (stereographi
 proje
tion). Thepositions of the single re�exes on the meridians have to be transferred, too.In whi
h area of the stereographi
 proje
tion do you �nd the re�exes of the transmissionre
ord, where the re�exes of the re�e
tion re
ord?4.2 Elements of the experiment4.2.1 Safety warnings and instru
tion rules

• The laser 
an only be used with suitable safety or adjustment glasses.

Abb. 4.2: Usage of the X-ray system28



4.2 Elements of the experiment
• it's not allowed to open the doors of the X-ray ra
k before swit
hing o� the power supplyof the x-ray tube. Opening the X-ray ra
k without swit
hing o� the power supply will 
asean emergen
y shut down of the power that 
an probably damage the system.
• However, the system will rea
t with an emergen
y shutdown, if the ra
k is not opened ina

ordan
e with the regulations. So there is no possiblity for enhan
ed radiation exposition.It is not allowed to swit
h on the power supply by dea
tivation of the se
urity measures.
• In order to prevent a damage of the X-ray system the high voltage has to be in
reased insmall steps like 0.1/kVs. The same is true for the 
urrent: 0.1/mAs

• At the beginning of the experiment, the X-ray system is the heating mode. Before swit
hingon the power supply, one should 
he
k the values of the high voltage and the 
urrent:
Vmin = 20 kV and Imin = 5 mA. After turning on the voltage the voltage has to be in
reasedup to value of Umax = 40 kV. After that the ele
tron 
urrent will be in
reased to a level of
Imax = [30]mA. For shutting down the system the des
ribed pro
edure is reversed.4.2.2 Laue-
ameraIn Fig. 4.3 one 
an see a photo of the Laue 
amera together with the goniometer and the sample
rystal. In dire
tion of re�e
tion one 
an see a plate, whi
h 
ontains the X-ray �lm of the imageplate. Moreover the 
onne
tion to the X-ray tube is shown.

Fig. 4.3: Laue-Kamera4.2.3 LaserjustierungThe laser adjustment of the 
rystal surfa
e is done with a metal plate, that 
ontains a laserpointerand a photo diode. The laser beams is re�e
ted dire
tly onto the sensitive area of the photo diode,if the distan
e to the sample and the orientation of the 
rystal surfa
e is 
hosen 
orre
tly.The power supply (10 V) is 
onne
ted with the blue (-) and the red (+) 
onne
tion pin. The29
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hreibungyellow led must shine otherwise the photodiode might be damaged. Therefore the polarity of thepower supply has to be 
he
ked with the multimeter. After that the multimeter is 
onne
ted withthe green and yellow 
onne
tor pins. This signal is nearly proportional to the intensity of thein
oming light. A �rst adjustment is done with the help of the eye. After that the orientation ofthe 
rystal has to be varied in su
h a way, that the voltage on the multimeter is maximal.

Fig. 4.4: Laser adjustmentof the 
rystal surfa
e4.2.4 Projektionen der Re�exeThe Laue re
ords 
an only be analysed, if the proje
tion of the Re�exes on the dete
tion plane isunderstood. At �rst ~k is de�ned by (3.6) for a 
ertain latti
e plane.PSfrag repla
ementsin
ident beam
ϑ1

ϑ2

zone axis 1
zone axis 2 Fig. 4.5: Geometry of thetransmission dire
tion:The spots on the s
reen
an be 
lassi�ed to oneof the two meridiansshown.30



4.2 Elements of the experimentFig. 4.6: Geometry ofthe re�e
tion dire
tion:One 
an see the Lauespots of three di�erentmeridians. The shownzone axis and its angleto the in
ident beamdire
tion ϑ 
orrespondsto the upper of thethree meridians.
PSfrag repla
ementsEinstrahlri
htung ϑ

Zonena
hse
The proje
tion of the laue re�exes on the s
reen is quite simple. However, not the re�exes are ofinterest, but the 
orresponding poles. In order to get the 
oordinates λ and ψ of the plane poles,one has to 
onsider an additional distortion. Just as it was 
omfortable to use the Wul� 
hartfor the work within the stereographi
 proje
tion, it is now also useful to 
reate a 
hart showingthe lines, that would 
ontain Laue re�exes of equal longitude and latitude in one 
hart. It isimportant to realize, that in 
ontrast to the Wul� 
hart it is not important to 
hoose the 
orre
tsample-�lm-distan
e for the 
hart. In the 
ase of the re�e
tion one has to use the Greninger - , in
ase of the transmission the Leonhardt-
hart (Fig. 4.7). The parametrisation of the 
urves andfurther detailes are derived in the referen
e [Ber65℄. Fig. 4.5 and Fig. 4.6 give an impression onthe geometry of the proje
tions.

17
0

16
0

15
0

14
0

130

120
110

1009080
70

60

50

40

30
20

10

D=35mm

17
0

16
0

15
0

14
0

130

120
110

1009080
70

60

50

40

30
20

10

D=35mmAbb. 4.7: Greninger- (left) und Leonhardt 
hart (right). the inner stru
tures 
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har.The distan
e of the sample to the s
reen is |D| = 35 mm.The 
onne
tion between the real 
oordinates of the stereographi
 proje
tion and the two 
harts31
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ted in Fig. 4.8 and Fig. 4.9. The 
orresponding transformationsare given by::
Re�e
tion dire
tion:

D < 0

ϑ =
1

2
· arctan

(

−
r

D

) (4.1)
ρ = tan

(
ϑ

2

)

= tan
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1

4
· arctan
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−
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)] (4.2)
Transmission dire
tion:

D > 0
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Fig. 4.8: Cal
ulation ofthe 
oordinates in theGreninger
hart32



4.2 Elements of the experiment

Fig. 4.9: Cal
ulation ofthe 
oordinates in theLeonhardt 
hart
PSfrag repla
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4.2.5 Filmentwi
klung und Imageplate-systemX-ray �lm development The �lm development is done in a dark room with the help of 
ommondevelopment and �xing baths. The time for development adds up to approximately 1minute, the�xing is done in 7 minutes. After that the �lm is washed out in water for about 20 minutes anddied for 45 minutes.Imageplate-system One has to sti
k to the operation manual in order to prevent damage of thesystem.4.2.6 Literature of 
omparable experiments (german)Further literature is linked in the following list:
• Alexander Heide: Debye-S
herrer-Verfahren und Laue-Verfahren
• Tim Haupri
ht und Matthias Heidemann: Röntgenographis
he Methoden
• Carola Eyÿell und Tim-Oliver Husser: Kristallzu
ht und Röntgenbeugung
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