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DYNAMICAL DIFFRACTION THEORY: INTRODUCTION

* The more commonly used theory for diffraction is the kinematical theory.
Scattering from each atom is considered once:

F(@) = X £ exp(igeT)

Normally a good approximation because charge scattering of x-rays is weak.

* Dynamical theory considers the multiple interactions of the x-ray wave field within
the crystal.

R NP

N | Ad Sn6

It is necessary when large, perfect crystals are involved (e.g. Si, Ge....).
Remember: A = interatomic distance.

* Dynamical effects can be observed also with small crystals.
Primary extinction: decrease in intensity of strong peaks.

* We will treat dynamical theory in view of the following applications:
=> Standing waves method.
= X-ray Optics.

F. Boscherini, 42 Scuola LdS, Teoria Dinamica i




DYNAMICAL DIFFRACTION THEORY:
MODIFICATION OF EWALD SPHERE CONSTRUCTION

* Kinematical theory Ewald sphere construction:
H=(hkt) b 4 I

dthkt)

* In dynamical theory:
=5 no longer a single Ewald sphere for each monochromatic ray;
= there exists a continuum of centers of allowed Ewald spheres,

the dispersion surface.

F. Boscherini, 42 Scuola LdS, Teoria Dinamica 4




DYNAMICAL DIFFRACTION THEORY:
THE SYMMETRIC BRAGG CASE 1

® The field amplitude is given by (centrosymmetric crystal):

%ﬂ =11/ (M*1) =R exp (i)
0

where
_ 749 Sill_l ;:# It is the angular deviation parameter.
AG=-6-6,
Fy 2 Zﬁ ep(id.g) ,. A=24 5.8,

N ﬁ
M= rv - —

® For -1<n <1, Ey/Ep is imaginary = there is total external reflection.

This is the Darwin width: wp = 2I'Fy/Sin 20

At 8 keV: Si(111) 36 prad
Si(311) 15 prad

The Darwin width determines the intrinsic resolution of a monochromator crystal:

AK=Q}DCOI BB Afyg“g

A
* The penetration depth in the region of total reflection is the:
extinction length = 2Sin 6B / (t2I" Fy)
I or 2 orders of magnitude smaller than normal photoelectric absorption.

At 8 keV: Si(111) I um
Si(311) 2.7 um compare to 64 (m

F. Boscherini, 42 Scuola LdS, Teoria Dinamica 10




DYNAMICAL DIFFRACTION THEORY:
THE SYMMETRIC BRAGG CASE 2

1‘2 _""I"rrl""l'"'I""l""l"”l"": 12
1.0 1
> 0.8

5 0.80

0.60

Reflectivit

o O
> o
f7aseqd

-
0.40 :— 0.2
020 | 0
0.0 & s -0.2

-2 -15 -1 05 0 05 1 15 2
n

* The phase change by & shows that relative phase of the two fields changes in the
region of total external reflection.

* The two fields Eg and Ey interfere to generate a standing wave field.

Its intensity is: I =|Ey + Eg|' = 1 + R + 2/R Cos [¢ — 2rcHer]
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X -ray monochromators

Table 2
Intrinsic Bragg reflection widihs s, cnergy resolutioms AE/E and
integral reflecting powers [ of perfect crystajs of silicon, germanium
and ar-quanz at 1.54 A.

Crystal hit -y AEIE !
(second ofarc) (X109 (x10)
.= Silicon i 7.395 N wy
p. | 545 604 ».7
i 3Lin 2.9 165
P R 3603 2.5) 9.3
m 233% 1.4 1K ]
L r Al 2925 1.47 155
33
@1) 1.99% oxx 949
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a~quariz o6 e 10.00 188
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a0 2252 281 1.5
1z 2977 03 15.5
02 2072 Ly 10.6
212 2042 147 0.7
M 2430 1.74 129
m 2368 () 126

[d‘9.=

“.A e



DYNAMICAL DIFFRACTION THEORY:
ASYMMETRIC BRAGG CASE

® The asymmetry factor is:

b =Sin(Bp - o) / Sin(6B + )

15 10 » A b
(sec of arc}

® The beam cross sections also change:

WHSH = ©0S0




DYNAMICAL DIFFRACTION THEORY:
| EFFECT OF POLARIZATION AND HARMONICS

* For n polarization the Darwin width decreases by a factor | Cos 2 6pl

= Use vertical dispersion for most commom SR sources.

¢ For a given angular setting harmonics can be transmitted by the crystal:

A=(1/n) 2d Sin 0
The reflectivity curve for higher harmonics has:
1) smaller shift with respect to 6g (shift «<1/n? at least)

2) smaller width (width «1/n2 at least)

1
R, (8-3,))

0.5 i

o-0 [arc sec)




PRINCIPLES OF MONOCHROMATOR DESIGN:

FLAT CRYSTAL CONFIGURATIONS

® Consider a point source of X-rays with divergence Q and a flat crystal with Darwin
width op.

The central reflected ray has a wavelength:
Ao = 2d Sin 8¢
The minimum and maximum wavelengths reflected are:

A1 =2d Sin (89 - Q2 - @p/2)
Az =2d Sin (8¢ + /2 + ©p/2)

and the band-pass is:

AMA = (Q + wp) Cot Oy

/7/62///////////
(-]

¢ For two parallel crystals (+,-) every ray transmitted by the fist crystal will also be
trasmitted by the second (band-pass equal to single crystal case).

gl

i 7
T

«

(+,-)
A scan of the relative alignment of the two crystals yields the

double crystal rocking curve, independent of beam divergence.




FLAT CRYSTAL

* For the anti-parallel configuration (+,+) only those rays with equal divergence
within @p will be trasmitted (high resolution configuration).




DIAGRAMMI DI DUMOND
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CHANNEL CUT MONOCHROMATOR

¢ Cut a groove inside a single crystal bloc to obtain (+,-) configuration.

Advantages: simplicity
low cost

Disadvantages:  no harmonics rejection
beam height changes with angle (Az=2 G Cos 0)

*® The band-pass is given by:

AMA = (Qsource + Sslits + @pr/bl/2 ) Cot B9

Qsource = (source size) / (source - mono distance)
Qslits = (slit setting) / (soource - slit distance)




DOUBLE CRYSTAL MONOCHROMATOR
® The two crystals are now independent.
Advantages: harmonics rejection possible
beam height can be constant

more degrees of freedom

Disadvantages: cost
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ph/s, 100 mA, 3.6 mradp
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Sagittal focussing of x-rays with bent crystals: introduction

%scarelli, BBS‘CL\QP:HL' D'Amr:{b,ﬂrdr, Mﬂujtn'm' and Malvill'o . s, S}ucl‘. R.,.(_gb/ 14 3

(19a¢

® Magnification is: M=9= V[l +(2£9)]
s

® Horizontal acceptance determined by:  62() - 82(0) = wp
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Sagittal focussing of x-rays with bent crystals:
simulation of beam footprints

Si(311) 25 keV
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Sagittal focussing of x-rays with bent crystals:
monochromator design




SAGITTAL FOCUSING

Crystal: Si(311)
Energy range: 6-25 keV

Average Photon Density Gain: 50

Example @ 15 keV

(beam not vertically focused)
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Sagittal focussing of x-rays with bent crystals:
images of beam and rocking curves
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Sagittal focussing of x-rays with bent crystals:
horizontal acceptance
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Sagittal focussing of x-rays with bent crystals:

resolution and spot size

— — -unfocused mode

dynamical focusing mode
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® X-ray absorption spectroscopy in the dispersive geometry:
= Time resolved studies in the milli-second time scale (parallel acquisition)
= High-pressure (small spot)
= Dichroism (high stability, use of quarter-wave plates)

slits

¢rystal
o

e e e T T .

Synchrotron

ra/diarion /

Rowland

circle ~=\
* For curved crystal optics (tangential focussing):

I/r+ 1/ = 2/(R Sin ©g) <
I = source - crystal distance |
1’ = crystal - focus distance

©, = Bragg angle

® The symmetrical solution is:
r=r'=R Sin 90

Rowland circle geometry:
The source and the monochromatic focus lie on the Rowland circle (R/2).

T 2L LT
\’




® In the case of a SR source r= o

r =R Sin©y/2 and we have a polychromatic focus.

.,lll"””l'

dogo8/2-Y

'

* Energy dispersion
AE/E = Q Cot 09
Q2 (total divergence) = {(collected divergence)2 + (source size)2 + (intrinsic)2} 12
Q1 = (L/R - L Sin 8¢/r)
Q9 = As/t
Q3 =wp

Typically AE = 400 - 1000 eV



OPTICS OF DISPERSIVE X-RAY ABSORPTION SPECTROMETERS 3
* Energy resoluﬁoﬁ
SE/E = @ Cot B9
@ (total divergence) = {(source size)2 + (intrinsic)2 + (detector)2 }122
=h/(r-k) /R Sin 6o - 1)

M2 = @p
o3 = (Ar/d)}{(1/R - Sin 8¢/r)/(2/R - Sin 6¢/r)}

- o

("33

/
saurce

The source size contribution is minimized when:

k =R sin 6¢g

i.e. when the detector is on the Rowland circle
and the sample is midway between crystal and detector.

Aoe,
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~ig. 6 The energy resolution as a function of the detector distance
from the Si 311 crysial monochromator is clearly seen by the
stienustion of the strong white line a1 the arsenic K edge of 2
chaleogenide sample As,S,.



* Cylindical curvature of the crystal causes the presence of aberrations in the spot
size:

Source

Crystal

Detaclor

Energy

Fig. L The c¥lindrical optics produces a nonhomogeneous
distribution of the rays around the focus point. This geometri-
cal aberration. which is proportional to the square leagth of
the crystal, is a prohibitive limitation for XAS in dispersive
mode when working with very small samples because only 2
portion of the energy bandpass goes through them.

This can be eliminated e.g. by machining the contour of the crystal so that it will
bend into an ellipse:

IO triangle- shaped

{ ) sliipse-shaped
Fig. 6. (+--+-~ ) Triangie-shaped crystal and { } correc-
tion 1o the linear variation of the width. The crystal is shaped
1o provide an ideal [ocus [rom 90% of the fuil length.
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unduiator (42 periods of 40 mm, K = 138 (at minimum gap)).
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HEAT LOAD

* The heat load on the first crystal of a monochromator can be very high, especially
on 3rd generation machines, e.g. for ESRF:

Bending magnet: Total power ~ 200 W, Power density ~ 1 W/mm?2
Undulator: Total power ~ 2 kW, Power density ~ 40 W/mm?2
Wiggler: Total power ~ 10 kW, Power density ~ 20 W/mm?2

100K T T T T T T T T
[ SHE-COOLED CRYSTAL
20 KEV

40K [~

COUNTS PER SEC

20K |-

0 - 0, (arc sec)

*® Solutions:
= Cryogenic cooling (thermal exp. of Si = 0 near LNT)
= Thin crystals + water cooling

=> Judicious use of filters
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