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Abstract

The peculiarity of X-ray tomography is to provide three dimensional volumetric informa-
tion of a sample non-destructively. This is of particular interest when studying the physical
and chemical composition of biological and technical materials. With the advent of high
brilliant, third generation synchrotron radiation sources, the spatial resolution of X-ray
tomographic investigations can be scaled down to the micrometer or even submicrometer
range while the coherent nature of the radiation extends the traditional absorption imag-
ing techniques towards edge-enhanced or phase-sensitive measurements. Nowadays, the
scienti�c trend is to investigate millimeter-sized specimens at micrometer resolution with
both soft (8{15 keV) as well as hard (> 20 keV) X-rays within minutes. The requirements
on the detectors in terms of spatial resolution and e�ciency are therefore very high.
In this work two high performance X-ray detectors are presented, which have been devel-
oped and successfully installed at the microtomography station of the Materials Science
Beamline at the Swiss Light Source.
The �rst one, based on a scintillating screen optically coupled to a CCD camera, is being
used for routine investigations. Di�erent con�gurations are available, covering a �eld of
view ranging from 715x715 �m2 to 7.15x7.15 mm2 with magni�cations from 4x to 40x.
With the highest magni�cation 480 lp/mm have been achieved at 10% MTF which corre-
sponds to a spatial resolution of 1.04 �m. A low-noise fast-readout CCD camera transfers
2048x2048 pixels in 250 ms at a dynamic range of 12-14 bits to the �le server. Several
sinograms and slices are reconstructed \on-line" for quality control purposes.
The performance of optically based detectors is restricted by scintillation properties, op-
tical light transfer and CCD granularity to a practical limit of one micrometer and a few
percent e�ciency. The second detector presented in this work, called Bragg Magni�er,
achieves a breakthrough in this respect. The novel device performs two dimensional mag-
ni�cation in the X-ray regime exploting the well-known principle of asymmetrical Bragg
di�raction from two crossed 
at crystals. The instrument has been designed to achieve
2500 lp/mm at 22.75 keV and this goal, which is actually a world �rst, has been reached
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with a Si(220) crystal pair with an asymmetrical cut of 8�. The integrated re
ected power
is higher than 90% at energies higher than 20 keV, which means that almost no 
ux is loss
in the optics. The bright, magni�ed X-ray image is converted to visible light by a thick
scintillator, increasing the e�ciency dramatically without deterring the spatial resolution.
The Bragg Magni�er has been successfully operated at energies ranging from 21.1 keV to
22.75 keV producing hard X-rays two-dimensional radiographic projections with magni�ca-
tion factors of 20x20 to 100x100 making submicrometer (voxel-size 100-350 nm3) computer
tomography possible.
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Riassunto

La peculiarit�a della tomogra�a a raggi X �e quella di fornire informazioni volumetriche
tridimensionali di un campione in maniera non-distruttiva. Questa caratteristica �e di es-
trema utilit�a quando si procede allo studio della composizione �sica e chimica di materiali
biologici e tecnici. Con l’avvento di sorgenti di radiazione di sincrotrone ad alta brillanza,
la risoluzione spaziale degli esperimenti di tomogra�a a raggi X ha potuto essere spinta
�no a raggiungere il limite del micrometro od addirittura a superarlo. Inoltre, la natura
coerente della radiazione ha esteso le tecniche tradizionali basate sull’ assorbimento verso
la semplice quanto e�ciente "evidenziazione degli spigoli" e verso i pi�u complessi contrasti
di fase. Oggigiorno il trend scienti�co propende per l’analisi di campioni di alcuni mil-
limetri di grandezza, con risoluzioni attorno al micrometro, utilizzando sia raggi X so�ci
(8{15 keV) che duri (> 20 keV) da concludersi nel giro di alcuni minuti. Queste richieste
costituiscono una vera s�da per lo sviluppo di rivelatori corrispondenti alle aspettative.
In questo lavoro vengono presentati due detettori ad alte prestazioni per raggi X che sono
stati sviluppati e successivamente installati con successo alla stazione di microtomogra�a
della linea di fascio per lo studio dei materiali della sorgente svizzera di radiazione di sin-
crotrone.
Il primo detettore, che consiste in un sottile schermo scintillante connesso otticamente ad
una camera CCD ad alte prestazioni, �e usato attualmente per esperimenti di routine. A
disposizione ci sono di�erenti con�gurazioni che rendono accessibili campi visivi varianti
da 715x715 �m2 a 7.15x7.15 mm2 con ingrandimenti da 4x a 40x. Con l’ingrandimento
pi�u potente sono stati registrati 480 lp/mm al 10% MTF corrispondenti ad una risoluzione
spaziale di 1.04 �m. Una camera CCD ad alta velocit�a di lettura e con un basso livello
di rumore trasferisce 2048x2048 pixels in 250 ms con una gamma dinamica di 12-14 bits
al server d’archiviazione centrale per mezzo del quale vengono ricostruiti "on-line" alcuni
sinogrammi e sezioni tomogra�che al �ne di controllare la qualit�a dell’esperimento appena
e�ettuato.
Le prestazioni di detettori basati su di un sistema ottico sono limitate dalle propriet�a di
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scintillazione degli schermi impiegati, dal trasferimento ottico della luce e dalla granularit�a
della camera CCD ad una soglia pratica di un micrometro ed ad un’ e�cienza attorno
all’ 1-5%. Il secondo detettore presentato in questo lavoro, chiamato Bragg Magni�er, �e
innovativo rispetto a questo aspetto. Esso produce un ingrandimento bidimensionale nel
regime a raggi X sfruttando il ben noto principio della di�razione asimmetrica di Bragg
prodotta da due cristalli piatti incrociati. Lo strumento �e stato concepito per risolvere
2500 lp/mm a 22.75 keV e questo obbiettivo, che �e una prima mondiale, �e stato raggiunto
con un paio di cristalli di Si(220) con un taglio asimmetrico di 8�. L’e�cienza di ri
essione
integrale �e superiore al 90% a 20 keV, e ci�o signi�ca che di fatto non sussiste perdita di

usso fotonico attraverso le ottiche. L’immagine a raggi X ingrandita viene convertita a
luce visibile grazie ad uno scintillatore decisamente pi�u spesso: questo aumenta sensibil-
mente l’e�cienza del rivelatore senza ridurne la risoluzione spaziale. Il Bragg Magni�er �e
stato utilizzato con successo ad energie tra 21.1 keV e 22.75 keV ed ha prodotto proiezioni
radiogra�che bidimensionali a raggi X con ingrandimenti tra 20x20 e 100x100 aprendo
le porte alla tomogra�a computerizzata sub-micrometrica con elementi volumetrici di
100-350 nm3.
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Chapter 1

Introduction

Imaging methods have always played a major role as research tools in medicine or bi-
ology. The increasing tendency to study more directly the underlying building units of
living objects, i.e. cells and their macromolecules, has spurred the development of imaging
techniques to reveal details on smaller scales. Therefore, light microscopy (with a limit
resolution of 0.5 �m) has been complemented with electron microscopy, which achieves
spatial resolutions in the nanometer scale, i.e the capability of resolving single atoms.
X-ray microscopy has extended its resolution limit down to 30 nm [1] and is becoming a
valuable research tool.
Besides spatial resolution there are also other, often equally important aspects that have to
be judged to evaluate an imaging technique, in particular when it has to be applied to med-
ical or biological research. One is the sample preparation, which should be as less invasive
as possible in order to keep the sample structural properties intact. With X-rays this task
is easy to do, since they penetrate almost all medical and biological samples fairly well. On
the other hand, light and electron microscopy can use much more powerful lenses than are
available for X-rays and are therefore capable to produce high quality images containing
ample structure information. Sample opaqueness and scattering can cause some di�culties
for the light microscope while structural changes su�ered by a sample undergoing electron
microscopy (drying, contrasting, and vacuuming) can be severe.
Of course, optimal structure information is obtained by 3D imaging. The commonly used
procedure used in light- and electron-microscopic imaging is to section the sample, acquire
two-dimensional images of the single sections, and render the whole data in 3D by using
suitable algorithms. The obvious disadvantage is that the sample has to be destroyed by
histologic sectioning. An exception to this rule is o�ered by confocal optical microscopy as
developed by Boyde et al. [2]. This technique excludes light originating at object’s points
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6 Chapter 1. Introduction

lying outside the focal plane of the objective from contributing to the microscope image.
The focal plane thus de�nes a "section" through the sample without the need to cut it
physically. The collection of the 3D information is performed by stepwise positioning the
focal plane at di�erent depths below the surface. Obviously the working distance of the
objective yielding a su�cient magni�cation as well as the need for the sample to be made
by a translucent material restrict the application of this method.
On the other hand, X-rays penetrate all light materials fairly well and 2D projections of
the sample can be easily taken. This 2D images carry partial 3D information of the total
sample volume traversed in the projection. The full 3D information, as is well know by
now, can be obtained by acquiring projection images of the sample along a number of
di�erent direction. This projections are used as input for the computerized tomographic
reconstruction, �rst presented by Hounds�eld [3].
Computer X-ray Tomography (CT) is widely used in the medical �eld with spatial res-
olution around 200 �m. Best diagnostic information about the functionality of organs
and tissues can be obtained from tracer emission tomographies like single photon emission
computer tomography (SPECT) or positron emission tomography (PET). Due to the de-
velopment of high intensity synchrotron radiation facilities the spatial resolution of X-ray
computer tomography has been extended down to the order of 1 �m or below [4, 5, 6].
In addition, the coherent nature of synchrotron radiation extends the classical absorption-
based tomography to edge-enhanced and phase-contrast imaging [7, 8]. As a consequence,
new scienti�c problems can be tackled with the help of synchrotron-based computer to-
mography (SR�CT).

1.1 Towards submicrometer tomography

Third-generation synchrotron facilities o�er ideal conditions for high-resolution imaging
due to the high brilliance and coherence of their sources. Imaging techniques like microto-
mography, phase-contrast imaging, holography and holotomography demand X-rays detec-
tors with a high resolution, preferably in the micrometer or submicrometer range [9, 10, 11].
Furthermore, the need to take several hundred images for a single tomogram calls for ef-
�cient on-line working detectors. Usually, X-rays of 5-20 keV for absorption radiography
and up to 60 keV for phase-contrast imaging are used.
Spatial resolution of 1 �m was so far achieved almost exclusively with X-ray �lms with
the disadvantage to o�er a slow, o�-line detector with a poor dynamic range. Resolu-
tion down to 40 nm has been achieved with photoresist for soft X-rays but still requiring
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an o�-line system [12]. Electronic detectors, however, allow fast on-line image acquisition.
Charge-coupled devices (CCD) used in direct X-ray detection are limited to about 6 �m by
their pixelsize. Detectors based on photoconductors and electron-beam readout are poten-
tially very promising because strong absorbing materials (e.g. PbO, CdTe) are available.
The thickness of their detection layers can be high, while the high resolution is preserved
since the signal charge is locally con�ned by the applied electric �eld. Resolution of up
to 500 linepairs per mm (lp/mm) have been reported but this is not a readily available
technology [13].
Luminescent screens in conjunction with CCD o�er on-line operation and a resolution
principally limited by di�raction of (visible) light to about 0.3 �m [14]. In terms of res-
olution, the crucial element is the luminescent screen, see Chapter 4. The feasibility of
optically transparent, i.e. nonscattering, luminescent screens (scintillators) and their su-
periority with respect to spatial resolution and detection e�ciency, compared in particular
with powder phosphors screens, has been demonstrated [14]. Although tremendous e�ort
has been made to optimize this detection technique, the goal of high spatial resolution has
been reached to the detriment of e�ciency. In fact, state-of-the art detectors have only
reached an e�ciency of 0.5% at 30 keV [15].
Therefore, one of the main topics of this Ph. D. was the development of a novel detec-
tor capable to reach submicrometer spatial resolution in a more e�cient way. The new
instrument, called Bragg Magni�er, is based on the well-known principle of asymmetrical
Bragg di�raction, see Chapter 5, but, as a new feature, it has been designed to work at
high energies (>20 keV) and to be easily integrated in the microtomography device de-
scribed in Chapter 4. Bragg di�raction from a 
at crystal, whose lattice planes subtend an
asymmetry angle � with respect to the surface, produces one-dimensional magni�cation.
A second di�raction from another crystal with the same magni�cation factor but perpen-
dicular di�raction plane produces uniform two-dimensional magni�cation. The resulting
magni�ed X-ray image can be converted to visible light and conveyed to the CCD in a
much more e�cient way (a quantum e�ciency of more than 90% can be achieved) by the
use of a very thick scintillator and a suitable optics without deterring the �nal spatial
resolution. It has been shown, see Ref. [16] as well as Chapter 6, that the Bragg Magni�er
generously trespass the micrometer barrier and, with the possibility to achieve theoretical
pixel sizes down to 140 nanometers and exposure time around one second, it opens the
doors to submicrometer microtomography.
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1.2 Outline of the thesis

As pointed out in the previous section, the main goal of the Ph. D., was the development of
a novel high-e�cient detector for synchrotron-based microtomography with submicrometer
spatial resolution. Parallel to this task, also a so-called standard detector has been built,
in order to provide a state-of-the-art device for the routine operation. The main aims of
the thesis can therefore be de�ned as follows:

1. Development of the standard detector
Goal: high spatial resolution (� 1�m), with fast-low-noise read-out. Absorption,
edge-enhanced and phase-contrast imaging.

2. Development of the novel detector
Goal: ultra-high spatial resolution (< 1�m), high e�ciency at high energies and fast
low-noise read-out.

This thesis supplies the introduction to the background on synchrotron radiation, computer
tomography and X-ray di�raction theory which is necessary to understand the physical
properties and techniques as basis of the standard and the novel detector.

In Chapter 2 the physics of synchrotron radiation is reviewed and the most important
formulae are presented. The Materials Science Beamline of the Swiss Light Source is dis-
cussed in more details, since this is the beamline at which the experiments described in
this work have been carried out.

Chapter 3 gives a general review of the basic principles of traditional absorption-based
computer tomography. In addition, it gives an introduction to edge-enhanced and phase-
contrast imaging, showing the very promising potentials of this technique.

Chapter 4 describes the �rst topic mentioned above. It presents the microtomography
device installed at the Materials Science beamline and describes the standard detector,
showing its performances as well as its limitations.

Chapter 5 introduces the X-ray dynamical di�raction theory of perfect crystals. The the-
ory is presented following Laue’s formalism, starting from the Maxwell’s equations for a
wave�eld in a periodic crystal. The two-wave problem is discussed and the most used
linear approximation of the dispersion relation is presented. The theoretical background
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for the di�raction from a thick crystal in re
ection (Bragg) geometry is provided. Further,
the basic properties of asymmetrically cut crystals are illustrated theoretically and exper-
imentally since they constitute the functional element of the novel detector.

Chapter 6 describes the second topic. It presents the Bragg Magni�er, its basic principle,
the practical realization as well as the �rst results.

Chapter 7 collects a part of the results obtained with both the standard and the novel
detector.

A �nal discussion and an outlook are presented in Chapter 8.
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Chapter 2

Synchrotron Radiation Physics

An accelerated particle such as one travelling on a curved trajectory emits radiation. When
moving at relativistic speeds, this radiation is emitted as a narrow cone tangent to the path
of the particle [1]. Synchrotron radiation is generated when relativistic charged particles
are accelerated (i.e. undergo a change of direction) in a magnetic �eld. Historically,
synchrotron radiation was �rst observed as energy loss in electron storage rings and the
�rst synchrotron radiation sources for general scienti�c use were parasitic beam ports
utilizing otherwise lost radiation at existing storage rings. Over the years, sources have been
constructed for dedicated use as X-ray radiation facilities (second generation). The newest
synchrotron radiation facilities (third generation) are composed of many straight sections
specially optimized to accommodate di�erent types of magnetic structures. There are
three types of magnetic structures used to generate X-ray synchrotron radiation: bending
magnets, undulators and wigglers. Bending magnets cause a single curved trajectory as
shown in Figure 2.1. The result is a fan of radiation around the bend.

Figure 2.1: Bending magnet radiation of wavelength � produced by a relativistic electron
travelling in a uniform magnetic �eld, executing a circular motion with centripetal acceler-
ation. The emission angle is typically 1=
 where 
 is the Lorentz contraction factor. This
results in a broad radiation spectrum F . The radiation is linearly polarized in the plane of
the orbit. From Ref. [2], with permission of the author.

13
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Undulators are periodic structures with relatively weak �elds. The periodicity causes
the electrons to oscillate harmonically as they move in the axial direction, resulting in a
motion characterized by small angular excursions [3]. The weak magnetic �elds cause the
amplitude of this undulation to be small so that the resulting radiation cone is narrow.
Combined with a tightly con�ned electron beam, this leads to radiation with small angular
divergence and relatively narrow spectral width as illustrated in Figure 2.2.

Figure 2.2: For a relativistic electron travelling through a N-periodic magnetic structure
of weak intensity (undulator), the angular excursions are smaller than the natural radiation
cone 1=
 (see next section, Eq. 2.2) and the emitted radiation adds up coherently. From
Ref. [2].

Wigglers are the strong magnetic �eld version of undulators. Due to stronger �elds, the
oscillation amplitude and the concomitant radiated power are larger. The radiation cone is
broader both in space and angle. The radiation spectrum is similar to that of the bending
magnets, but characterized by a much larger photon 
ux and a shift to harder X-rays as
depicted in Figure 2.3.

Figure 2.3: For a relativistic electron travelling through a periodic magnetic structure of
strong intensity (wiggler), the angular excursions are signi�cantly greater than the natural
radiation cone 1=
. Since accelerations are stronger, the generated radiation peaks at higher
energies and is more intense. From Ref. [2].

Relativistic electrons are usually extracted from a hot �lament, pre-accelerated by a linear
accelerator, further accelerated in a booster-ring and �nally injected into a storage ring.
Various magnetic lenses keep the electrons travelling along the desired trajectory. Electron
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beam energy loss due to synchrotron radiation is replenished with a radiofrequency (RF)
accelerator which is a RF cavity with an axial electric �eld oscillating at the frequency of
arrival of sequential electron bunches. Depending on the operation mode (single bunch,
multi bunches), the beam lifetime is dominated either by elastic scattering on residual gas
nuclei or by Touschek e�ect, i.e. scattering of electrons within the bunch. Typical param-
eters characterizing synchrotron radiation from modern storage rings, either optimized for
soft X-rays generation (SLS, ALS) or for the generation of hard X-rays (APS, ESRF), are
given in Table 2.1. Synchrotron radiation extracted from the insertion devices is lead to
the beamlines through di�erent kinds of X-ray optics, depending on the purposes of the
experiment. In this work, see section 2.2, the Materials Science Beamline 4S of the Swiss
Light Source (SLS) will be described in detail.
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Facility SLS ALS APS ESRF
Electron energy (GeV) 2.40 1.90 7.00 6.04

 4696 3720 13700 11800
Current (mA) 400 400 100 200
Circumference (m) 288 197 1100 884
RF Frequency (MHz) 500 500 352 352
Number of straight sections 12 12 40 32

Bending Magnet Radiation
Bending Magnet Field (T) 1.397 1.27 0.599 0.806
Critical Photon Energy (keV) 5.35 3.05 19.5 19.6
Bending Magnet Sources 36 24 35 32

Undulator Radiation
Undulator period (cm) 2.4 5.00 3.3 4.2
Number of periods 62 89 72 38
Photon Energy (K = 1, n = 1) (keV) 12.4 0.457 9.4 5.5
�x,�y (�m) 202,18 260,16 320,50 395,9.9
�x0 ,�y0 (�rad) 135,25 23,9 23,7 11,3.9

Wiggler Radiation
Wiggler period (cm) 61.0 16.0 8.5 8.0
Number of periods 65 19 28 20
Magnetic �eld (T) 1.97 2.1 1.0 0.81
K (maximum) 9.2 32 7.9 6.0
Critical Photon Energy (keV) 7.5 5.1 33 20
Total irradiated power (kW) 8.8 13 7.4 4.8

Table 2.1: Typical parameters for synchrotron radiation at four storage ring facilities.
The Swiss Light Source (SLS) operated by the Paul Scherrer Institute in Villigen (Switzer-
land), the Advanced Light Source (ALS) operated by Lawrence Berkeley National Laborato-
ries (California, USA), the Advanced Photon Source (APS) operated by Argonne National
Laboratory (Illinois,USA) and the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. SLS and ALS have been optimized for soft X-rays while APS and ESRF
have been designed for hard X-rays.
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2.1 Radiation characteristics

Radiation from an electron moving along a circular trajectory is sometimes described as a
sweeping "searchlight", analogous to the headlight of a toy train on a circular track. This
searchlight e�ect is a general manifestation associated with the radiation from relativistic
particles undergoing acceleration. Seen in its frame of reference, the radiation emitted by
an electron experiencing radial acceleration �lls a broad angular range. However, such
angular patterns are very much compressed upon Lorentz transformation from the moving
reference system of the electron to the laboratory system of the observer if the motion is
highly relativistic. It has been shown [2] that angles measured from the direction of the
motion are related by

tan � =
sin �0


 (� + cos �0)
(2.1)

where �0 and � are observed in the electron reference frame and in the laboratory frame
respectively, � � v=c and 
 � 1=(1 � v2=c2)1=2. For highly relativistic electrons � ! 1 and

 � 1. Therefore, for arbitrary �0 it holds

� ’
1

2

(2.2)

leading to the "searchlight beam" concept described above. It is possible to estimate the
photon energies radiated from electrons circulating in a ring using simple arguments based
on Heisenberg’s uncertainty principle, �E � �� � ~=2, where �� is the time duration of
the event (radiation detection) and �E is the uncertainty in the observed energy.
Assume a short bunch of electrons following a circular trajectory of radius R. It can be
shown [2] that the duration of the observed radiation pulse is determined by the transit
time di�erence between radiation and electrons between point A and B, see Figure 2.4,
and can be approximated by

2�� ’
R

2c
3 (2.3)

According to the uncertainty principle, an energy is expected in the order of

�E �
2~c
3

R
(2.4)
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Figure 2.4: Left: Charting of bending magnet radiation. The cone half angle � sets the
limit of arc-length from which radiation can be observed. Right: The time duration of the
observed radiation is given by the transit time di�erence between radiation and electrons
between A and B. Adapted from Ref. [2].

The electron radius of curvature R can be replaced by an expression involving 
 and the
magnetic �eld B. In fact, for an electron crossing a perpendicular magnetic �eld the rela-
tivistically invariant form for the equation of motion can be written as

F =
dp
dt

= �ev � B (2.5)

with p = 
mv being the momentum, m the electron rest mass, 
 the Lorentz factor, v
the velocity and B the magnetic �eld. For a motion in a uniform magnetic �eld only the
direction of v changes but not the electron energy Ee as shown with

dEe
dt

= v � F = �ev � (v � B)| {z }
�0

(2.6)

Being 
mc2 the (constant) electron velocity the equation of motion can be rewritten as


m
dv
dt

= �ev � B (2.7)

Since the magnitude of v is constant, the magnitude of the acceleration, given by evB=
m,
is also constant and corresponds to a centripetal acceleration v2=R. Solving the scalar equa-
tion of motion for the radius of curvature in the highly relativistic case we obtain
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R ’

mc
eB

(2.8)

Therefore, inserting Eq. 2.8 in Eq. (2.4) the energy spread reads:

�E �
2e~B
2

m
(2.9)

Substituting typical values for 
 (several thousands) and B (of 1 T or more) as found in
modern storage rings, Eq. (2.9) suggests X-ray radiation in the keV range.

2.1.1 Bending magnet radiation

A more precise description of the photon energy distribution can be obtained by a rigorous
solution of Maxwell’s equations for a relativistic electron in a uniform magnetic �eld [1].
The results are somewhat complex, involving modi�ed Bessel functions of the second kind.
De�ning � as the in-plane observation angle for radiation from relativistic electrons trav-
elling in a circular path, and  as the out-of-plane (vertical) angle, it can be shown [1, 3]
that the spectral photon 
ux FB for a bending magnet is given on axis by

d3FB
d�d d!=!

����
 =0

= 1:33 � 1013E2
e (GeV) I(A)H2(E=Ec)

photons/s
mrad2 � (0:1% BW)

(2.10)

where the electron energy Ee is expressed in GeV, the average ring current I is in amp�eres,
the relative spectral bandwidth is d!=! and the function

H2(y) = y2K2
2=3(y=2) (2.11)

is the modi�ed Bessel function. The ratio E=Ec is the photon energy normalized with
respect to the critical photon energy

Ec = ~!c =
3e~B
2

2m
(2.12)

which is the energy for which half of the radiated power is due to higher energy photons
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and half is produced by lower energy photons. In practical units, Eq. (2.12) can be written
as

Ec(keV) = 0:665E2
e (GeV)B(T) (2.13)

Note that the critical photon energy given in Eq. (2.13) is well within the range of photon
energies estimated by Eq. (2.9) on the basis of relativistic angular transformations and
Heisenberg uncertainty arguments. Integrating over the vertical  dependence, one obtains
the bending magnet photon 
ux per unit horizontal angle �, given by

d2FB
d�d!=!

= 2:46 � 1013Ee(GeV) I(A)G1(E=Ec)
photons/s

mrad � (0:1% BW) (2.14)

with

G1(y) = y
Z 1

y
K5=3(y0) dy0 (2.15)

Note that according to the de�nition of Ec the integrals
R 1

0 and
R1

1 in G1(y) are equal.
The bending magnet radiation is linearly polarized when viewed in the horizontal plane
of acceleration and is elliptically polarized when viewed outside this plane. A measure
for the angular divergence in the vertical plane, �0

 , is introduced in [3] and varies with
the normalized energy E=Ec. For a Gaussian angular distribution approximation the full
width at half maximum (FWHM) is 1:504=
 for E=Ec = 1.

2.1.2 Periodic magnetic structures

An electron travelling through a periodic magnet structure of moderate �eld, see Figure 2.5,
will undergo small amplitude oscillations and therefore radiate.
Consider the case where the magnetic �eld B varies sinusoidally along the vertical direction

B(z) = B0 cos(2�z=�u) (2.16)

where z is the distance along the axis of the periodic structure, B0 the peak magnetic
�eld, and �u the magnetic period. The electron motion is also sinusoidal and lies in the
horizontal plane, and the key parameter describing its motion is the de
ection parameter
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Figure 2.5: Schematic representation of a periodic magnetic structure, a so called "inser-
tion device". The angular spread of radiation is given in the vertical and horizontal plane
by  and � respectively. Adapted from Ref. [5].

K given by

K =
eB0�u
2�mc

= 0:934�u(cm)B0(T) (2.17)

In terms of K, the maximum angular de
ection of the orbit is [4]:

� =
K



(2.18)

If the electron’s angular deviation is small compared to the natural radiation width given by
Eq. (2.2), i.e. K � 1, the radiation from the various periods can exhibit strong interference
phenomena, and the device is referred to as an undulator . If K � 1, interference e�ects
are less important and the device is referred to as a wiggler .

Wiggler radiation

In a wiggler, K is large (typically � 7) and the emitted radiation adds up incoherently,
see Figure 2.6. Therefore, the 
ux distribution is given by Eq. (2.14) times 2N (where N
is the number of magnet periods):
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Figure 2.6: Schematic diagram of a wiggler: electrons are forced to oscillate by a strong
magnetic �eld, inducing a broad angle of emission. Adapted from Ref. [5].

d2FB
d�d!=!

= 4:92 � 1013 N Ee(GeV) I(A)G1(E=Ec)
photons/s

mrad � (0:1% BW)
(2.19)

However, the magnetic �eld B must be taken at the point of the electron’s tangent to
the direction of observation and therefore Eq. (2.12) should be rewritten for an horizontal
angle �:

Ec(�) = Ecmax
p

1 � (�=�)2 (2.20)

where

Ecmax = 0:665E2
e (GeV)B0(T)

Considering this �-dependence and integrating Eq. (2.19) one obtains the wiggler radiated
photon 
ux per unit relative spectral bandwidth in terms of the magnetic 
ux density B0

and the wiggler length L = N�u, see Ref [4]:

F = 3:68 � 1015 L(m)B0(T) I(A)G1(E=Ec)
photons/s

(0:1% BW) (2.21)

where E = ~! is the photon energy.
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Undulator radiation

In an undulator, K is moderate (� 1) and the radiation emerging from di�erent periods
adds up coherently, producing therefore sharp peaks at harmonics of the fundamental,
see Figure 2.7.

Figure 2.7: Schematic diagram of an undulator: the moderate magnetic �eld wiggles the
electrons within a small angular range causing the emitted radiation to add up coherently.
Adapted from Ref. [5].

The wavelength of the fundamental on axis (� =  = 0) is given by [4]:

�1 =
1 + K2

2

2
2 �u (2.22)

In practical units it holds:

�1[�A] =
13:056�u(cm)
E2
e (GeV)

(1 +K2=2) (2.23)

E1(keV) = 0:950
E2
e (GeV)

(1 +K2=2)�u(cm)
(2.24)

The on-axis peak intensity of the nth harmonics is given by:

d3FB
d�d d!=!

����
 =0

= 1:744 � 1014 N2 E2
e (GeV) I(A)Fn(K)

photons/s
mrad2 � (0:1% BW)

(2.25)
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where

Fn(K) =
K2n2

(1 +K2=2)2

"

Jn�1
2

"
nK2

4(1 +K2=2)

#

� Jn+1
2

"
nK2

4(1 +K2=2)

##

(2.26)

and J ’s are Bessel functions. It can be shown [2, 3] that the angular distribution of the
nth harmonic is concentrated in a narrow cone whose half-width is � �=

q
�n
L . The photon


ux integrated over this central cone is [4]:

F = 1:431 � 1014 N I(A)(1 +K2=2)
Fn
n

photons/s
(0:1% BW) (2.27)

Radiated power

In practical units, the radiated power of a wiggler or undulator is given by:

PID(kW) = 0:633E2
e (GeV) I(A)L(m)B2

0(T) (2.28)

2.1.3 Brilliance

The beam quality of an X-ray source is determined by several properties like source size,
divergence, monochromaticity and 
ux. The brilliance � expresses all these in a single
quality, i.e:

�(x; y; �;  ; !; t) expressed in
photons/s

mrad2 � mm2 � (0:1% BW)

The brilliance of a third generation undulator is about 1020 photons/s/mrad2/mm2/0.1% BW,
some 10 orders of magnitude higher than that of a rotating anode Cu K� line. This is
the main reason why synchrotrons have become such important research tools. Integrating
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over the source size we obtain an expression for the intensity :

N(�;  ; !; t) =
Z

source
�(x; z; �;  ; !; t) dx dy expressed in

photons/s
mrad2 � (0:1% BW)

(2.29)

Integration over the solid angle yields the spectral 
ux :

�s(!; t) =
Z



N(�;  ; !; t) d� d expressed in

photons/s
(0:1% BW)

(2.30)

And, �nally, integration over the whole spectrum yields the total 
ux :

�T (t) =
Z 1

0

1
�
�s(!; t) d! expressed in photons/s (2.31)

2.1.4 Emittance

Electrons in storage rings are distributed in a �nite area of transverse phase space
(position � angle). It might be expected that the brilliance of a beam can be increased
arbitrarily by sharply focusing it to a small area but this is not true. Liouville’s theorem,
in fact, couples the position of the electron relative to the ideal orbital path to its angular
divergence. In a given direction within the plane perpendicular to the electron motion
(z-direction), the product of the beam width and its angular divergence is a constant, i.e.

�x��x = �x (2.32)

�y��y = �y (2.33)

where �x and �y are the beam dimension in the x- and y-direction, ��x and ��y are
the angular divergences in the (x; y) and (y; z) planes and �x and �y are the corresponding
emittances. The more parallel a beam is, the larger is its cross section, while tightly focused
beams are more divergent. The practical limit to the emittance of a third generation
synchrotron source is given by Coulomb repulsion between electrons in a bunch and lies in
the range of 0:1 � 1 nm � rad.
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2.1.5 Coherence

Coherence in our daily lives refers to a systematic connection of logical relationship be-
tween events, actions or policies. In physics the word implies similar relationships among
the complex �eld amplitudes used to describe electromagnetic radiation. Mathematically,
this is represented with a mutual coherence function, � as a measure of the degree to which
the electric �eld at one point in space can be predicted, if known at some other point, as
a function of their separation in space and time [12]:

�12(�) � hE1(t+ �)E�
2(t)i (2.34)

where in this scalar form E1 and E2 are the electric �elds at point 1 and 2, and � is an
arbitrary time delay. Angular brackets denote an expectation value, or a time average
of the indicated product. Following [12] it is often convenient to introduce a normalized
complex degree of coherence, 
12, again in scalar form, as:


12(�) =
�12(�)

q
hjE1j2i

q
hjE2j2i

(2.35)

where the normalizing factors in the denominator are clearly related to the local intensities
at the respective points. A uniform plane wave of very well-de�ned frequency, for which
the electric �eld is known at any given space-time point and therefore can be predicted
everywhere else, can be considered as coherent radiation and j
j = 1. For a large number
of atoms moving randomly and radiating independently at various frequencies no relation-
ship between �elds at two separated points can be assumed and this case is referred to as
incoherent radiation and j
j = 0.
Real sources are neither fully coherent nor fully incoherent, but rather are partially coher-
ent. This fact introduces the notions of "regions of coherence" and "coherence time", i.e.
spatial and temporal measures over which the �elds are well correlated. For a well-de�ned
direction of propagation, it is convenient to decompose the region of coherence into orthog-
onal components, see Figure 2.8.
Along the direction of propagation a longitudinal or temporal coherence length lcol over
which phase relationships are maintained can be de�ned. For a source of bandwidth ��
one can de�ne:

lcol =
�2

2��
(2.36)
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Figure 2.8: Tranverse and longitudinal coherence: perpendicular and parallel components
to the propagation direction. From Ref. [2].

where �� is the spectral width. The relationship between longitudinal and spectral band-
width is illustrated in Figure 2.9.

(a) (b)

Figure 2.9: (a) Spectral bandwidth and (b) coherence length. From Ref. [2].

Here the coherence length is taken as the distance that results in two waves, of wavelength
di�erence just equal to the bandwidth ��, becoming 180� out of phase. In the experimen-
tal formation of interference patterns (fringes) it is essential that di�erences in propagation
length are less than the coherence length, otherwise high contrast interference patterns will
not be obtained [12] [13].
Transverse, or spatial, coherence is related to the �nite source size and to the characteristic
emission angle of the radiation. In this case one is interested in phase correlation in planes
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orthogonal to the direction of propagation. Full spatial coherence can be achieved with a
spherical wavefront associated with a point source.
The question is how small the source is or, more accurately, how small the source must be
to generate wavefronts suitable to our purpose. A simple estimate can be obtained again
from Heisenberg’s uncertainty principle :

�x � �p �
~
2

(2.37)

Using Eq. 2.37 we can determine the smallest source size d resolvable with �nite wavelength
� and observation half angle �. Being ~k the photon’s momentum where jkj = 2�=� and
considering a small relative spectral bandwidth ��=� = �k=k, then the uncertainty in
momentum, �p = ~�k, is largely due to the uncertainty in the angle �, so that for small
angles we have j�pj = ~k��. Substitution into Eq. 2.37 and following [2] we get:

d � � = �=2� (2.38)

where d = 2�x and the divergence half angle � has been identi�ed with the uncertainty
��, see Figure 2.10, which determines the smallest source size we can discern.

Figure 2.10: Spherical wavefronts and spatial coherent radiation are approached when the
source size and the far-�eld divergence angle are related to wavelength as given in Eq. 2.38.
From Ref. [2].

Radiation satisfying the equality 2.38 is said to be di�raction limited that is, limited by
the �nite wavelength and observation angle. For practical reasons it is useful to introduce
a "spatial coherence length", rather that �. This would clearly depend on distance z from
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the source, e.g. for ltransverse � z� one has:

ltransverse =
z�
2�d

(2.39)

2.2 The SLS Materials Science (MS) Beamline

The MS beamline produces a high 
ux of hard X-rays and sequentially serves three ex-
perimental stations: X-Ray Microtomography , Powder Di�raction and In-Situ Surface
Di�raction. Synchrotron radiation is extracted from the straight section 4S of the SLS
storage ring.

2.2.1 Source and Front End

Synchrotron light at the Materials Science Beamline is produced by a so-called hybrid
minigap wiggler which combines NdFeB permanent magnet blocks with Permendur pole
pieces. These materials and the small magnetic gap of 7.5 mm, produce a maximum �eld
of 1.97 T for a 61 mm period. The wiggler is 2 m long, has 65 poles and shows a periodicity
of �w = 61:53 mm [6]. From Eq. 2.17 we can calculate K to be 11.32. This is a rather
small K-value for a wiggler because of the small periodicity and the insertion device is also
dubbed "wundulator" [5]. With Eq. 2.2 and Eq. 2.18 the maximal angular spread can be
worked out to be � = 0:213 mrad and  = 2:13 mrad. The critical energy of the wiggler
radiation can be obtained with Eq. 2.13 and amounts to 7.55 keV. The radiated power,
given by Eq. 2.28, is PID = 11:32 kW. Since the magnetic �eld distribution is not perfectly
sinusoidal and because of some stray �elds at the ends of the wiggler [7], the real values
for K, Ec, and PID are 9.2, 7.9 keV and 8.4 kW respectively.
At 10 keV, the wiggler emits approximately 2 � 1015 photons/s/0.1% BW into an approx-
imately Gaussian pro�le, with horizontal and vertical FWHM of 2.7 and 0.25 mrad. A
special vacuum chamber, with a vertical vacuum gap of 5.5 mm, guides the electron beam
through the wiggler. The use of Be windows to separate the machine from beamline vacua
and the high-energy intensity drop-o� determine the low (5 keV) and high (40 keV) photon
energy limits. The angular acceptance of the beamline is 0.23 mrad vertical by 2.5 mrad
horizontal. The front end safety system, see Figure 2.11, consists of the �rst beam position
monitor (BPM), followed by a beam-de�ning aperture (2:5 � 0:23 mrad2), a synchrotron
radiation shutter, a fast valve, a Bremsstrahlung stopper, a second BPM, a rotating carbon
�lter (2 mm glassy carbon), horizontal and vertical primary slits and, on the experimental
side of the shielding wall, a double beryllium window. The radiation power leaving the
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front end is 2.1 kW, the spectrum being cut o� below 5 keV by beryllium and carbon
absorption [8].

Figure 2.11: Front-end safety system components of the Materials Science Beamline:
synchrotron radiation from the wiggler enters from the left.

2.2.2 Optics

The beamline optical components are shown in Figure 2.12. The �rst mirror (MIRROR1)
provides vertical collimation and removes short wavelength higher order harmonics. The
mirror consists of a 1 m long Si blank, Rh-coated (K-edge: 23 keV), which can be tilted
up to 5 mrad and bent(5 < R < 30 km) as required for the desired photon energy. The
surface of the mirror is polished to a rms roughness less than 0.5 nm and to a rms residual
slope error less than 2.5 mrad [9]. The mirror is cooled (max. absorbed heat load � 1 kW)
by water-cooled blades immersed in Ga-In eutectic in grooves in the mirror surface. The
double crystal monochromator (DCM) consists of two Si(111) crystals which are precisely
positioned and oriented in the X-ray beam. Two successive Bragg re
ections, with an
inherent energy resolution of 0.014%, direct photons of the desired energy parallel to the
incoming beam direction, but o�set downward (out of the direct Bremsstrahlung beam)
by 15 mm. Changes in photon energy require changes in the mirror angle and hence in the
height of the DCM. The large heat load absorbed by the �rst DCM crystal (up to 1 kW)
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(a)

(b)

Figure 2.12: (a) Optical components in the shielded hutch at the Materials Science Beam-
line (b) Schematic representation of the X-ray optical system: vertical collimating mirror
(MIRROR 1), �rst monochromator 
at crystal (CRYSTAL 1), second monochromator
crystal for horizontal focusing (CRYSTAL 2) and vertical focusing mirror (MIRROR 2).
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causes it to deform, and a mechanical bending apparatus, developed at Hasylab, dynami-
cally corrects this curvature. The second crystal provides sagittal focusing: it is a ribbed
crystal, cylindrically bent to a variable curvature radius (Rmin = 1 m) in a 
exure-hinge
�xture developed at the ESRF. The second mirror (MIRROR2) is similar to MIRROR1.
A variable curvature permits vertical focusing at the experimental station in use. Since
this focusing introduces a vertical divergence, which is undesirable, for example, in high-
resolution powder di�raction, the user may choose to either set the radius of curvature to
in�nity or altogether to remove MIRROR2 from the beam , the latter option causing an
inclined beam.
The X-ray optics of the beamline have been designed to deliver a focused beam at the
powder di�raction and at the in-situ surface di�raction experiment which are located ap-
proximately 4 m dowstream from the microtomography station. This implies that at the
beam can be tailored to a very parallel and, according Liouville, broad beam. The paral-
lelity is a prerequisite for tomography in general and is extremely important for the new
detector presented in this work, see Chapter 6. In fact, the silicon crystals used in this
novel device only accept a very small angular divergence which has to be guaranteed to
successfully operate the magni�ers. In order to study the optimal parameterizations of
the optics, extensive simulations with the ray tracing program SHADOW [10] have been
performed and published [11]. Figure 2.13 for instance, shows that the angular divergence
of the X-ray beam at 21.5 keV is smaller that 20 �rad and this value copes very well with
the acceptance of the crystals mentioned above, see also Chapter 5 and Figure 5.6.



2.2. The SLS Materials Science (MS) Beamline 33

F
ig

ur
e

2.
13

:
SH

A
D

O
W

si
m

ul
at

io
n

sh
ow

in
g

th
e

di
ve

rg
en

ce
of

th
e

4S
-b

ea
m

lin
e.

In
te

ns
ity

is
gi

ve
n

in
ar

bi
tr

ar
y

un
its

,
di

ve
rg

en
ce

s
(x

0
an

d
z0

)
in

ra
di

an
s.

Fr
om

R
ef

.
[1

1]
.



34 Chapter 2. Synchrotron Radiation Physics

2.2.3 Experimental coherence detection

Using Eq. 2.39 it is possible to estimate the transverse coherence length expected at the
Materials Science Beamline of the Swiss Light Source. For a source-to-sample distance
of approximately 35 m and an electron source size of 75.9 �m x 11.2 �m (HxV) follows
a coherence length of 7.32 �m x 49.65 �m (HxV) which is comparable with other syn-
chrotron radiation facilities [14]. Figure 2.14 shows the experimental detection of coher-
ence performed at the SLS with the detector described in Chapter 4. It appears clear that
coherence along the vertical direction is more pronounced (interference fringes) than along
the horizontal direction (no fringes are detectable).

Figure 2.14: Experimental coherence detection with two crossed B-�bers: 100 �m outer
diameter and 15 �m tungsten core. X-ray energy was 12 keV and sample-to-detector dis-
tance was 600 mm.
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Chapter 3

Computer tomography

Computer tomography refers to the cross-sectional imaging of an object from transmission
data collected by illuminating the object from many di�erent directions. The underlying
mathematical problem of how to reconstruct a function from its projections was already
solved in the 1920’s [1], but it was only 30 years ago that, with the invention of the X-ray
tomographic scanner [2], computer tomography became an important tool in medical and
industrial applications.
Medical computer tomography (CT) su�ers from rather low spatial resolution, because of
dose limitations to the tissues being scanned. For inanimate, dried or frozen samples these
limitations do not apply and microtomography (�CT) became feasible with the prospect
of intense and strongly collimated X-ray sources. Elliott and Dover [3] performed one of
the �rst experiment in �CT with 8 keV Cu K� radiation from a microfocus tube in a
single beam translate-rotate system (�rst generation scanner). The spatial resolution was
limited by the size of the pinhole used to collimate the beam (pencil beam) and by the
mechanics of the scanner system. Although �rst generation scanners are very ine�cient
in terms of recording time, they are mainly used for energy sensitive measurements, e.g.,

uorescence tomography or to overcome the spatial resolution limit of area detectors by
collimation or focussing of the X-ray beam. McNulty et al.reported submicron resolution
in reconstruction of a simple gold pattern by recording nine projections in a range of 110�

and combining CT with a soft X-ray scanning microscope [4]. Third generation scanners,
consisting in an area detector and a rotation stage, record all information for one projection
in a single 
ush and were �rst introduced to �CT by Burstein [5]. The use of synchrotron
radiation as X-ray sources to produce highly intense X-rays beam for microtomography was
�rst proposed by Grodzins in early 80’s [6, 7]. Because of low divergence of the synchrotron
beam, the requirements on detector resolution are very strong, see Chapters 4 and 6. A

37



38 Chapter 3. Computer tomography

coincise history of microtomography can be found in [8]. Section 3.1 summarizes the
physics underlying the interaction of X-rays with matter. This is essential to understand
the principles of computer tomography, described in section 3.2.

3.1 X-rays interaction with matter

X-rays interact with matter by several processes: photoelectrical absorption, elastic
(Rayleigh) and inelastic (Compton) scattering and electron-positron pair production. In
this work we focus on X-rays in the energy range 5-50 keV, so we can ignore pair pro-
duction, which occurs only for X-ray energies above 1 MeV. We are mainly interested in
absorption and coherent scattering processes and we will regard inelastic processes only as
a contribution to the attenuation of the direct beam and as an undesired noise signal in
all other directions.

3.1.1 Absorption

In the photoelectric e�ect, the incoming X-ray photon with energy Ex interacts with a
bound atomic electron and is completely absorbed. The exited atom emits a photoelectron
with energy E = Ex�Eshell, where Eshell is the binding energy of the electron. The hole in
the atomic shell is immediately �lled by less bound electrons from outer shells, resulting in
a cascade process involving the emission of 
uorescence X-rays characteristic of the absorb-
ing atom. A fraction of the absorbed energy is emitted by ejection of Auger electrons. The
photoelectric cross section � is a function of the atomic number Z and the X-ray energy ~!:

�
�

�
�
Z
~!

�3

(3.1)

3.1.2 Scattering

Rayleigh scattering

Scattering from atoms involves the collective e�ect of all electrons in the atom. The super-
position of all electron contributions is coherent, but not in phase, because not all electrons
are located at the same point in the atom. The in
uence of the spatial distribution of the
electrons in the atom is given by the atomic scattering factor f0(�) which is the Fourier
transform of the electron density �(r) of the atom
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f0(�) =
Z
�(r)eiK�rd3r (3.2)

The cross-section for elastic scattering at an atom (Rayleigh scattering) is then given by

�R = �T � f 2
0 (�) (3.3)

where �T = 6:6 � 10�25 cm2 is the Thomson scattering cross-section [9].

Compton scattering

If the incoming photon scatters inelastically at a bound electron, it transfers energy and
momentum to the electron, which will be ejected from the atom. To preserve energy and
momentum, the electron recoils at an angle � and the photon is scattered at an angle �
with a lower energy h� 0. This scattered photon may then cause a di�erent e�ect such as
photoelectric e�ect. The energy of the recoiled electron is T = h� � h� 0 where h� 0 is given
by the following scattering equation:

h� 0 =
h�

1 + h�
mec2 (1 � cos �)

(3.4)

Eq. (3.4) implies a wavelength shift �0 � � = (h=mc)(1 � cos �) and therefore Compton
scattered photons will give raise only to an incoherent background signal. It is possible to
estimate the ratio of this incoherent background signal to the signal we are interested in
(the elastic scattering) by showing that the total (elastic and inelastic) scattering cross-
section from an atom with Z electrons is approximately given by the Thompson cross
section for Z electrons. From Eq. (3.3) and following [10] for the Compton cross-section
yields:

d�C
d


=
�
Z � f 2

0 (�)
�
�T (3.5)

For small di�raction angles �, the Compton wavelength shift is small and the Compton
scattering is therefore not distinguishable from the elastic scattering contribution. Hence
Compton scattering is negligible as a source of background noise in imaging applications,
even for higher X-ray energies (> 30 keV), where the integrated Compton cross-section is
larger than the Rayleigh cross-section.
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Total attenuation coe�cient

Adding up all the processes contributing to the attenuation of an X-ray beam propagat-
ing through matter, i.e, the atomic photoelectric cross-section � , the coherent (Rayleigh)
scattering cross-section �coh and the incoherent (Compton) scattering cross-section �incoh
one obtains the total linear attenuation coe�cient :

� =
NA

A
�m(� + �coh + �incoh) (3.6)

Figure 3.1 shows the total attenuation coe�cient of Ce-doped Y3Al5O12 (YAG), the lumi-
nescent screen used for the detector described in Chapter 4.

Figure 3.1: Total attenuation coe�cient of Y3Al5O12. From Ref. [13].
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Beer-Lambert law

Let us consider a beam of �xed energy passing through an homogeneous medium. Let
N(x) being the number of photons of a given energy E. The number of photons which
interact on a distance dx is proportional to the number of incident photons as described
by the so-called Beer-Lambert law:

dN = ��(x;E)N(x;E)dx ) N(x;E) = N0e��(x;E)x (3.7)

where � has been de�ned in Eq. (3.6).

3.1.3 Refractive index

In the classical oscillator model , the atom is represented by electric dipole oscillators with
certain natural frequency !0, describing the absorption frequencies of the atom, and damp-
ing constants � = �!=!0, which are related to the natural width �! of the X-ray emission
lines [11].
Let consider an incident electric �eld written as

Ei = E0 exp[i(!t� k � r)] (3.8)

with wave vector jkj = 2�
� and amplitude E0. An oscillating electron of mass m and electric

charge e will induce an electric dipole moment [12]:

D(t) =
e2

m
1

!2
0 � ! � i�!

Ei(t) (3.9)

This oscillating dipole moment will emit radiation of the same frequency as it oscillates.
Since it represents the displacement of the electron charge under the action of the external
�eld, it is connected to the polarization of the medium. If na is the number of atoms a
with atomic weight A and density � in a unit volume

na =
NA

A
� (3.10)

then the dielectric permeability of a medium � is given by [9]:
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� = 1 �
4�
E

X

a

naDa (3.11)

Using Eq. (3.9) and separating the real and imaginary parts we obtain:

� = 1 � 2� � i2� (3.12)

where

� =
�2e2

2�mc2

X

a

na(f1)a (3.13)

� =
�2e2

2�mc2

X

a

na(f2)a (3.14)

with f1 and f2 being the real and imaginary part of the complex atomic scattering factor
respectively. The refractive index n is de�ned as:

n = 1 � � � i� (3.15)

where � is the increment of the index of refraction and is related to the phase velocity in
a medium and � is the absorption coe�cient in the material. The relation between the
absorption coe�cient � and the linear attenuation coe�cient �, see Eq. (3.6), is given by:

� =
4�
�
� (3.16)

For hard X-rays, the absorption coe�cient falls o� very steeply and � is more than three
orders of magnitude larger than � for energies above 10 keV. This large di�erence between
� and � is the basic reason for the advantage of phase-contrast imaging, see section 3.3.
The energy dependence of the refractive index { for energies far from the absorption edge {
is given approximately by:

� �
1
E2 (3.17)

� �
1
E4 (3.18)
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For energies far enough from the absorption edge, � is greater than 0 and therefore n is less
than unity. This implies that for X-rays matter is optically less dense than air or vacuum
which leads to total re
ection and negative lenses.

3.2 Principle of tomography

As discussed in section 3.1, an X-ray beam passing through a medium is attenuated expo-
nentially. The one-dimensional Eq. (3.7) can be used to solve the 2D or 3D problem. For
this purpose, let introduce two coordinate systems as depicted in Figure 3.2. The (x; y)
coordinates are �xed in space while (t; s) moves with the sample when it is rotated.

Figure 3.2: Coordinate system used for the calculations in this section.

The number of photons passing through the medium at a given angle � and at a �xed
position t is:

N�(t) = N0 exp

"

�
Z

L�;t

�(x; y) ds

#

(3.19)

where L�;t denotes the straight line for a �xed angle � and a �xed position t, and �(x; y)
denotes the attenuation coe�cient distribution. One can then de�ne the line integral or
projection P�(t) as:
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P�(t) := ln
�
N0

N(t)

�
=
Z

L�;t

�(x; y) ds (3.20)

The idea of computer tomography is to invert Eq. (3.20) to obtain a two-dimensional dis-
tribution of the attenuation coe�cient from parallel projection taken over a certain range
of projection angles, see Figure 3.3(a).
The number of angles which have to be scanned is de�ned by the sampling theorem which
requires that the minimal number of sampled angles must be at least equal to twice the
highest frequency used to scan the sample. According to Figure 3.3(b) let assume it exists
a maximal frequency j!j. Let N be the number of sampling points and M the number
of acquired projections. The distance A between two points in radial direction in the fre-
quency domain equals:

A =
2j!j
N

(3.21)

If one requires that the distance B between two points in tangential direction should be
approximately equal to A, then one gets the numbers of angle M that have to be scanned:

B = j!j�� = �j!j
M

) M = �
2N

B != A = 2j!j
N

(3.22)

The number M of required angular projections is therefore about the same as the number
of points N which sample one single projection.
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(a)

(b)

Figure 3.3: (a) Parallel projections acquired for a set of di�erent angles. (b) Sampling
theorem. Adapted from Ref. [14].
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3.2.1 Fourier reconstruction and Fourier slice theorem

Let consider the coordinate system depicted in Figure 3.2. One can switch from one refer-
ence system to the other by a simple rotation described by:

 
t
s

!

=

 
cos � sin �

� sin � cos �

! 
x
y

!

(3.23)

In the (t; s)-coordinate system, the projection P�(t) of an arbitrary object function f(x; y)
along lines of constant t is given by:

P�(t) =
Z 1

�1
f(t; s) ds (3.24)

Its Fourier transform can be de�ned by:

S�(!) =
Z 1

�1
P�(t)e�2�i!tdt (3.25)

Substitution of Eq. (3.24) into Eq. (3.25) leads to:

S�(!) =
Z 1

�1

Z 1

�1
f(t; s) e�2�i!t ds dt (3.26)

This result can be transformed into the (x; y) coordinate system by using the coordinate
transformation 3.23, the result being:

S�(!) =
Z 1

�1

Z 1

�1
f(x; y) e�2�i!(x cos �+y sin �) dx dy (3.27)

The right-hand side of this equation can be interpreted as the two-dimensional Fourier
transform at a spatial frequency of (u = ! cos �; v = ! sin �) or

S�(!) = F (!; �) = F (! cos �; ! sin �) (3.28)

The late equation is the essence of straight ray tomography and proves the Fourier Slice
Theorem which states [14]:
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"The Fourier Transform of a parallel projection of an image f(x; y) taken at an angle �
gives a slice of the two-dimensional transform F (u; v) subtending an angle � with the u-
axis. In other words, the Fourier transform of P�(t) gives the values of F (u; v) along the
line BB in Figure 3.4."

Figure 3.4: The Fourier Slice Theorem relates the Fourier transforms of a projection to
the Fourier transform of the object along a radial line. From Ref. [14].

Eq. (3.28) indicates that by taking projections of an object function f(x; y) at angles
�1; �2; : : : ; �k and Fourier transforming each of this, we can determine the values of F (u; v)
on radial lines as shown in Figure 3.4. If an in�nite number of projections are taken,
then F (u; v) would be known at all point in the (u; v)-plane. Knowing F (u; v), the object
function �(x; y) can be recovered by using inverse Fourier transform:

f(x; y) =
Z 1

�1

Z 1

�1
F (u; v) e2�i(ux+vy) du dv (3.29)

It has however to be noted that the data obtained in the frequency domain lie on a polar
grid and one has to perform advanced interpolation to obtain the points on a Euclidean
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grid. The computational e�ort of the Fourier reconstruction algorithm is dominated by the
two required 2D-Fourier transforms. If the number of projections M and the number of
rays per projection N are given by 2m and 2n respectively, where m and n are integers and
the computation of the bilinear interpolation is neglected, the algorithm has to perform
2[M log2(M) +N log2(N)] operations, since the 2D-Fourier transform can be separated in
two 1D-Fourier transforms. An alternative to this method is represented by the so-called
�ltered back-projection.

3.2.2 Filtered back-projection

Let consider Eq. (3.29) and perform a change to polar coordinates, substituting u = ! cos �
and v = ! sin �. We obtain:

f(x; y) =
Z 2�

0

Z 1

0
F (!; �) e2�i!(x cos �+y sin �)! d! d� (3.30)

Since F (!; � + �) = F (�!; �), Eq. (3.30) can be rewritten, see Appendix A, as:

f(x; y) =
Z �

0

Z 1

�1
F (!; �) e2�i!(x cos �+y sin �)j!j d! d� (3.31)

Using the Fourier slice theorem, i.e. substituting F (!; �) with S�(!), we get:

f(x; y) =
Z �

0

Z 1

�1
S�(!) e2�i!(x cos �+y sin �)j!j d! d�

=
Z �

0

Z 1

�1
P�(t)h(x cos � + y sin � � t) dt d� (3.32)

where the reconstruction �lter h(t) has been de�ned by [14]:

h(t) �
Z !max

�!max

j!je�2�i!td!

=
1
�
!2
max

sin t!max
t!max

�
1

2�
!2
max

�
sin t!max
t!max

�2

(3.33)

with 2!max being the bandwidth of the image. A �nal manipulation of Eq. (3.32) yields:
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f(x; y) =
Z �

0
Q�(t)d�

Q�(t) =
Z 1

�1
P�(t0)h(t� t0) dt0 (3.34)

Q�(t) is the convolution of P�(t) with h(t), being therefore a �ltered version of P�(t), and
is called �ltered projection. f(x; y) is the sum over all projected Q�(t), as depicted in Fig-
ure 3.5.

Figure 3.5: Filtered Back projection. From Ref. [14].

Note that for each image point (x; y), the X-ray intersects the projection axis at
t = x cos �i + y sin �i and the �ltered projection Q�i(t) gives its contribution to the re-
construction of the image function f(x; y). Each point on the line LM is given the same
value Q�i(t). Therefore the �ltered projection is additively smeared back, or back-projected
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over the image plane. The computational e�ort is approximately given by the FFT for
each of the M projections, i.e. 2MN log2(N).

3.3 Phase contrast imaging

In the case of classical (absorption) computer tomography, the object function f(x; y) of
relation (3.34) has to be substituted with the attenuation factor �(x; y) de�ned in Eq. (3.6).
The reconstructed function constitutes therefore a 2D map of the electron density of the
investigated object.
An X-ray beam however, is not only absorbed when travelling through an object but also
its phase is in
uenced. The phase variations of the transmitted X-ray beam also carry
valuable information which is complementary to the classical absorption contrast. For
example, they can be mapped using an x-ray interferometer, like that proposed by Bonse
and Hart [15]: this technique has been developed into phase mapping tomography [16] and
the basic property of synchrotron radiation that is used is its very high intensity.
Due to the high quality of the beam produced by third generation synchrotron sources such
SLS or ESRF, hard x-ray phase imaging can also be performed through an instrumentally
much simpler method that merely involves propagation. The main physical aspects of this
phenomenon are described below.

3.3.1 Theory

Let z be the beam direction, x and y coordinates on a plane perpendicular to the beam.
When illuminated along the z direction, an object can be characterized by its complex
function F (x; y) such that:

u(x; y) = F (x; y) � u0(x; y) (3.35)

where u(x; y) and u0(x; y) denote the monochromatic �eld, just downstream and upstream
of the object respectively [17]. Considering only the case of a plane monochromatic wave
impinging on the sample with intensity i0 = ju0(x; y)j2, the transmission function can be
expressed as

F (x; y) = M(x; y) � exp
�
i’(x; y)

�
(3.36)
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with M(x; y) and ’(x; y) being the attenuation term and the optical phase of the beam
respectively, described by

M(x; y) = exp
�
�

1
2

Z
�(x; y; z)dz

�
(3.37)

’(x; y) =
2�
�

Z

path
n(x; y; z)dz (3.38)

where �(x; y; z) is the linear attenuation coe�cient (see Eq. (3.6)) at point (x; y; z) and
n(x; y; z) is the real part of the refractive index at the same point. The �eld at a �nite
distance D with respect to the sample, is given by the convolution of the �eld u(x; y) with
a kernel describing the propagation in the free space. In the case of Fresnel di�raction this
kernel is given by the expression [17]:

kD(x; y) = �
i
�D

exp
�
i�
x2 + y2

�D

�
(3.39)

The intensity recorded by the detector is given accordingly by

ID(x; y) =
����u(x; y) � kD(x; y)

����
2

(3.40)

Expression 3.40 gives a complicated, non linear relationship between the recorded intensity
and the unknown transmission function of the object. The complete determination of the
object involves a reconstruction procedure in two steps. First, for a given orientation of the
object, M(x; y) and ’(x; y) should be determined from in-line holograms. This requires
the use of a high-resolution camera (with typical resolutions around 1 �m, see Chapter 4),
experimental images recorded at di�erent distances D and an adapted algorithm [18]. In a
second step, the distributions of �(x; y; z) and n(x; y; z) are determined through inversion
of Eq. (3.37) and Eq. (3.38) with tomographic reconstruction.
To avoid this delicate procedure, it can be shown that useful results can be obtained even
when the �rst step of the complete procedure is neglected. According to Ref. [12], under
weak defocusing conditions (i.e. �D(u2 + v2) << 1) expression (3.40) can be replaced by:
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ID(x; y) = i0 �M2
�
1 �

�D
2�

r2
T (’)

�
� 2i0

�D
2�

M
�
rT (M) � rT (’)

�
(3.41)

where rT stands for the gradient operator in the plane transversal to the propagation
direction. As the attenuation term generally varies slowly compared to the phase modula-
tion, the last term in expression 3.41 can be neglected, giving

ID(x; y) = i0 �M2
�
1 �

�D
2�

r2
T (’)

�
(3.42)

As the last term in the bracket is generally much less than 1, it is convenient to write

ID(x; y) = i0 �M2 exp
�
�D
2�

r2
T (’)

�
(3.43)

3.3.2 Phase contrast tomography

In analogy with Eq. (3.20) we de�ne a projection just by taking the normalized logarithm
of Eq. (3.43), as for attenuation tomography, and using expressions 3.37 and 3.38 and we
obtain

ln
�

i0
ID(x; y)

�
=
Z
�(x; y; z)dz +D

�
@2

@x2 +
@2

@y2

�
�
Z
n(x; y; z)dz (3.44)

Tomographic reconstruction of the �rst term provides �(x; y; z), corresponding to the stan-
dard attenuation technique, see Eq. (3.20) and (3.33). The second term corresponds to the
Laplacian of the projection of n along the propagation direction z. In 2D, it is known that
second derivatives of the 1D projections allow to recover 2D Laplacian of the unknown
distribution. This property may be extended to 3D, thus the reconstruction of the sec-
ond term provides the 3D Laplacian of the real part of the refractive index distribution
n(x; y; z). A 3D reconstructed distribution f(x; y; z) may be approximated by:

f(x; y; z) = �(x; y; z) +D
�
@2

@x2 +
@2

@y2 +
@2

@z2

�
n(x; y; z) (3.45)

The reconstructed image can be considered as the sum of the attenuation contribution and



3.3. Phase contrast imaging 53

phase contribution which involves the Laplacian of the real part of the refractive index. The
latter contribution is important in regions of the objects with sudden variation in refractive
index, such as boundaries between di�erent phases. In most cases, interpretation of the
reconstructed object function f(x; y) will be easier if the main contribution is given by one
of the two terms only, i.e., pure absorption contrast by reducing D or pure phase-contrast
by optimizing D and increasing the X-ray energy to reduce the absorption in the sample. If
both terms contribute equally, superposition of the linear terms in � and the contribution
proportional to �n will make it rather more di�cult to identify properties of interest.
Figure 3.6 illustrates two X-ray projections of styrofoam acquired at 15 keV at the Materials
Science Beamline of the SLS with the detector described in Chapter 4. According to
Eq. (3.45), edge-enhancement can be obtained by increasing the distance between sample
and detector. In this manner structures otherwise not visible in pure absorption (see
Figure 3.6(a)) can be easily highlighted. For practical reasons the sample-to-detector-
distance (SDD) cannot be set exactly to 0 and this fact explains why some details are
anyway visible in Figure 3.6(b). Another example of edge-enhancement can be observed in
Figure 3.7 which depicts the radiographic projection of a mouse femur metaphysis imaged
at 15 keV. The edge-enhanced projection in Figure 3.7(b) can be interpreted as the spatial
derivative of Figure 3.7(a).
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(a) SDD= 0 mm. (b) Details of (a).

(c) SDD= 50 mm. (d) Details of (c).

Figure 3.6: Styrofoam imaged at 15 keV. If the sample-to-detector distance (SDD) is
increased, edge-enhancement appears.
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ABSTRACT

Synchrotron-based microtomographic devices are powerful, non-destructive, high resolu-
tion research tools. Highly brilliant and coherent X-rays extend the traditional absorp-
tion imaging techniques and enable edge-enhanced and phase-sensitive measurements. At
the Materials Science Beamline MS of the Swiss Light Source (SLS), the X-ray microto-
mographic device is now operative. A high performance detector based on a scintillating
screen optically coupled to a CCD camera has been developed and tested. Di�erent con�g-
urations are available, covering a �eld of view ranging from 715x715 �m2 to 7.15x7.15 mm2

with magni�cations from 4x to 40x. With the highest magni�cation 480 lp/mm had been
achieved at 10% MTF which corresponds to a spatial resolution of 1.04 �m. A low-noise
fast-readout CCD camera transfers 2048x2048 pixels within 100-250 ms at a dynamic range
of 12-14 bit to the �le server. A user-friendly graphical interface gives access to the main
parameters needed for running a complete tomographic scan. This novel device will be
used to study the physical structure and chemical composition of biological and technical
materials, e.g. enabling pseudo-dynamic testing of bone samples to establish structure-
function relationships in simulated osteoporosis or enabling non-destructive testing during
the development of modern composite materials.

Key words: x-ray microtomography, synchrotron-CT
PACS: 07.85.Q, 87.59.F
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4.1 Introduction

X-ray computer microtomography is a well-known technique, which provides volumetric
data of samples in a non-destructive way. Its application ranges from medicine to ma-
terial sciences [1, 2, 3]. Synchrotron radiation, as a highly brilliant X-ray source, pushes
high-resolution examinations to the micrometer range. In addition, it extends the classical
absorption tomography concepts towards edge-enhanced and phase-sensitive investigations.
For these reasons, tremendous e�orts are made all over the world to develop synchrotron-
based microtomography devices (SR�CT) [4, 5, 6, 7]. The most established detection
method in SR�CT consists of converting X-rays into visible light with a scintillator and
projecting them onto a CCD with the help of suitable microscopic optics. Di�erent so-
lutions have been proposed, and it has been shown that this type of detector reaches its
limits when spatial resolution of one micrometer is approached [8]. In this paper the mi-
crotomographic device of the Swiss Light Source (SLS) is presented and its performance
evaluated, with particular emphasis on the detector. In a �rst step, an instrument based
on the standard detector method for the investigation of a wide spectrum of samples has
been installed at the Materials Science Beamline MS of the SLS. This instrument mea-
sures objects at resolutions of the order of 1-5 �m. In a second step, a fully novel detector
system, which will provide spatial resolution in the submicron range, will be incorporated.
The design goals of the SLS-instrument are fourfold: high spatial resolution, high e�cient
photon detection, fast-low-noise readout and high precision sample handling. This shall
enable to combine dynamic mechanical tests with 3D-imaging in the micrometer range.

4.2 Materials and Methods

4.2.1 Beamline Layout

The Materials Science Beamline MS of the SLS is a multipurpose facility where X-ray
Microtomography, Powder Di�raction and In-Situ Surface Di�raction experiments will be
carried out. The electron source size is 76 �m horizontally and 8 �m vertically (FWHM)
and the beam divergence is 63.2 x 3.0 �rad2. Synchrotron radiation is extracted at the
straight section 4S of the SLS with a minigap hybrid wiggler with a period length of 61
mm. The angular acceptance in monochromatic mode (5-40 keV), determined by a �xed
collimator in the front-end, is 0.23 mrad vertical by 2.5 mrad horizontal. A polychromatic
"pink beam" mode, up to 32 keV, will also be available. Figure 4.1(a) gives a schematic
representation of the beam optics . Vertical collimation and focusing is provided by vari-
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able angle, variable curvature Rh-coated Si mirrors , which also serve to eliminate higher
order harmonics. Monochromatization is performed by a �xed-exit double crystal Si (111)
monochromator situated between the two mirrors delivering an inherent energy resolution
of 0.014%. The second monochromator crystal can be bent to provide horizontal focusing.
The optics produce a monochromatic 
ux density at 10 keV of approximately 1014 pho-
tons/s which can be focused into a spot at the experimental stations of minimum size of
1 mm2, see Figure 4.1(b). Thanks to the top-up injection mode, the intensity will be
kept constant to a level of 10�3 to 10�4 [9]. For the microtomography station, the source-
to-sample distance is 35 meters, resulting in a degree of coherence comparable with other
synchrotron radiation sources [7].

4.2.2 Microtomography device

The instrumentation is mounted on a Newport breadboard with enhanced vibration damp-
ing and steel honeycomb structure, see Figure 4.2(a). Synchrotron radiation can be tailored
according to user requirements by four independent tungsten slits. In addition, a X-ray
shutter can be used in order to reduce radiation damage on particular sensitive samples.
The sample holder , manufactured by Kammrath&Weiss in Dortmund, allows the position-
ing of the specimen within a precision of 0.1 �m as well as the correction of pitch, roll and
yaw errors. Horizontal and vertical rotation axis will be available. The detector combines
a transparent luminescent screen with a di�raction-limited microscope optics , which mag-
ni�es the sample projections onto a high-performance CCD camera. Di�erent Ce-doped
Y3Al5O12 (YAG) single crystal scintillator screens with thicknesses between 1.8 and 50 �m,
deposited on a 190 �m inactive YAG substrate are available for various e�ciency needs and
spatial resolution requirements. The YAG:Ce crystals have been manufactured by Cris-
matec Saint-Gobain, Nemours, France and their main physical and scintillation properties
are summarized in Table 4.1.
The microscope, manufactured by Optique Peter in Lyon, is equipped with a revolver ,
which can accommodate three di�erent high-quality, di�raction-limited and aberration-
corrected objectives allowing a quick change between di�erent �eld of views and values of
spatial resolution. The remote-controlled focusing mechanism matches the depths of focus
of a broad variety of objectives. The focussing is done semi-automatically by maximization
of the standard deviation of the mean pixel value of a portion of the image. The CCD
camera , manufactured by Pixel Vision of Oregon, Inc., is equipped with a Thomson
Th7899M full frame chip with 2048x2048 pixels of 14 �m pitch. A full-frame can be read-
out in 100-250 ms through four independent outputs at 12-14 bit dynamical range and data
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(a)

(b)

Figure 4.1: (a) The optical system of the Materials Science Beamline MS: vertical col-
limating mirror (MIRROR 1), �rst monochromator 
at crystal (CRYSTAL 1), second
monochromator crystal for horizontal focusing (CRYSTAL 2) and vertical focusing mirror
(MIRROR 2). (b) Expected monochromatic 
ux at the microtomography device for 400 mA
ring current and wiggler gap of 7.5 mm.
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(a)

(b)

Figure 4.2: (a) Microtomography device at the beamline MS of the SLS. The synchrotron
beam comes from the right: clearly visible are the shutter/slits assembly, the sample holder
and the detector unit. The components are mounted on a Newport breadboard that can be
precisely adjusted in the vertical direction. (b) Schematic diagram of the detector system
showing the geometry of irradiation.
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Physical Properties
Chemical Formula Y3Al5O12

Crystal Structure cubic
Density 4.55 g/cm3

Hygroscopic No
Refractive index 1.95

Scintillation Properties
Integrated light output 40% NaI:Tl
Wavelength of max emission 550 nm
Conversion e�ciency �x=v 4%
Afteglow after 6ms (50 ms) < 1%(0:1%)

Table 4.1: Main physical and scintillation properties of YAG:Ce.

are stored directly to the SLS �le server via a �ber optic link. The camera has an optical
shutter (open-close cycle of 30-40 ms) to reduce the afterglow e�ect of the scintillator and
to allow a completely dark read-out. The entire detection system has a theoretical pixel
size (pixel pitch divided by total magni�cation) of 0.35 �m (when the 20x objective, with
numerical aperture NA = 0.7 combined with the 2x relay lens is used) with a �eld of view
of 715x715 �m2. If the 2x (NA = 0.08) objective is used, a �eld of view of 7.15 x 7.15 mm2

with theoretical pixel size of 3.5 �m is guaranteed. The detector unit is mounted on a
3-axis system from Schneeberger with a stroke along the beam direction of 1124 mm: this
enables to increase the sample-detector distance to 1 m, making edge-enhanced imaging
and holotomography possible.

4.2.3 Spatial resolution

Scintillating screens optically coupled to CCDs can be modeled as defocused systems as
depicted in Figure 4.3. X-rays create identical visible-light images in di�erent planes of
the scintillator and the �nal image is found by superimposing the intensity distributions
originated in di�erent objects planes. Image spatial resolution is determined by the amount
of defect of focus of the image distributions before and behind the focal plane and, further,
by di�raction and spherical aberration arising from the thickness of the scintillator and
the substrate [8].
Hopkins [10] investigated the physical properties of this system and we will apply his for-
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Figure 4.3: The X-ray beam creates identical visible-light images in di�erent planes of
the scintillator. An image in plane z0 is focused onto the CCD. An image in plane z0 + �z
is out of focus at the CCD, adapted from [8].

mulae to estimate the resolution of our detector. Considering a circular aperture, and
neglecting any scattering e�ect inside the scintillator, the frequency response of the system
can be described with :
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where s is the frequency variable and a = 4�
� !20 jsj with � being the wavelength of the

light impinging on the system (for YAG:Ce, � = 550 nm). The coe�cient !20 = 1
2
NA2

n �z
measures the focal shift , i.e. the optical path length between the reference sphere and the
emergent wave front and n, NA and �z are the index of refraction, the numerical aperture
and the amount of defect of focus respectively. The geometrical signi�cance of the limit
� = cos�1

�1
2 jsj

�
is described in [10]. The integrals in Eq. (4.1) can be evaluated using the
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expansion of the trigonometric contributions in terms of Bessel functions. The result is a
combination of convergent series that are well suited for numerical simulation:
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The Optical Transfer Function (OTF) of the system is the sum of the individual fre-
quency responses D(s) and since the numerical aperture as well as the defect of focus can
be considered as variables in Eq. (4.2) we can write:

D(s) = D(f; �z;NA) (4.3)

where f = NA
� � s describes the frequency response of the system in the object plane. For

z being the thickness of the scintillator, the OTF of the whole system can be expressed with:

OTF (f; z;NA) =
Z z=2

�z=2
D(f; �z;NA) � d�z (4.4)

Since the pupil function of the lens is symmetrical, the OTF is equal to the Modulation
Transfer Function (MTF) and we can �nally write:

MTF (f) =
����OTF (f; z;NA)

����=

�����

Z z=2

�z=2
D(f; �z;NA) � d�z

�����
(4.5)

The MTF can be obtained experimentally from the Fourier transform of the measured
Line Spread Function (LSF) of the system. We recorded the LSF response of the detector
by investigating its Edge Spread Function (ESF) . We used a 100 �m thick tantalum
edge that was slightly rotated with respect to the CCD pixel columns for oversampling
purposes. The quality of the sampled ESF has been improved by �tting the rebinned data
to a linear superposition of three Fermi functions [11]. The non-linear regression has been
performed with the Levenberg Marquardt’s method provided by Mathematica [12]. The
LSF has been obtained by analytical, noise-free derivation of the �tted ESF.
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4.2.4 Quantum e�ciency and noise

The Detective Quantum E�ciency (DQE) is de�ned as the square Signal-to-Noise Ratio
(SNR) at the output relative to the SNR at the input of the detector. The noise of the
input signal is given by SNRin = pn
, according to Poisson statistics, where n
 is the
number of incident photons. The luminescent screen, lens-coupled to a CCD camera is a
cascaded detector system and its DQE is given by the sum of the variances of each single
process [13]. Each process has a gain �i which is the ratio of outgoing quanta to incoming
quanta. If �i � 1, then the statistic of the process is given by the Poisson distribution
, i.e. its variance is �i = 1=�i. If �i < 1, then the process has a binomial statistics and
�i = (1 � �i) =�i. The whole detection process can be modeled with four di�erent steps:
x-ray absorption in the scintillator �abs, energy-dependent 
uorescence �flu = �x=� � Ex

E�
,

collection e�ciency of the lens �col �
�NA

2n

�2 and quantum e�ciency of the CCD ��=e.
Considering the detector response only at low spatial frequencies and in shot noise limited
operation, the total DQE of the system can be written as:

DQE =
�

1 +
1 � �abs
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+
1
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�
1
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+
1

�abs�flu
�

1 � �col
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+
1
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1 � �v=e
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(4.6)

The performance of the CCD in terms of noise and dynamic range has been investigated
with the acquisition of Photon Transfer Curves (PTC) . The photon transfer technique has
proven to be one of the most valuable CCD transfer curves for calibrating, characterizing
and optimizing performance [14]. The PTC is the response of the CCD that is uniformly
illuminated at di�erent levels of light. Three distinct noise regimes can be identi�ed in the
curves: the read noise 
oor (random noise under totally dark conditions and ultimately
limited by on-chip ampli�ers and dark current), the shot noise (middle region of the curves)
and the �xed-pattern noise associated with pixel non-uniformity noise. The system gain
expressed in electrons per analog-digital numbers e-/DN as well as the dynamical range
can be obtained from these curves. The wavelength for the CCD illumination was 550 nm,
the emission wavelength of YAG:Ce.
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4.3 Results

4.3.1 Spatial resolution

We calculated the spatial resolution R of the detector by numerical simulation of Eq.
(4.5) for di�erent scintillator thicknesses and objectives (NA) . The results, expressed in
�m at 10%MTF are illustrated in Figure 4.4. For low NA the optical system is limited
by di�raction and the defect of focus (i.e. the scintillator thickness) does not a�ect the
performance of the system. For high NA the curves split up depending on the amount of
defect of focus. The data have been �tted with the function:

R =
r� p

NA

�2
+ (qzNA)2 with

8
<

:
p = 0:34 �m

q = 0:036
(4.7)

where the �rst term is due to di�raction and the second term to defect of focus.

Figure 4.4: Calculated spatial resolution R (expressed in �m at 10% MTF) vs. numer-
ical aperture NA for an optical system with di�erent scintillator thicknesses. According
to Eq. (4.7) there is a pair (z;NA) for which the function R has a minimum. For example,
for z = 20 �m the minimum lies at NA = 0:4.
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Our �tting parameters slightly deviate from other published values [8] because we choose
the "10% MTF contrast" as �gure of merit for the spatial resolution. Nevertheless, for a
given resolution R, there is still a speci�c pair of parameters , corresponding to a speci�c
screen thickness and objective type, which minimizes R and therefore characterizes the
best optical design. According to these theoretical results, we investigated three YAG:Ce
scintillators with an active screen of 1.8 �m, 20 �m and 51 �m thickness and inactive
substrate of 190 �m.
Figure 4.5 compares the measured MTF responses of the detector for the three di�erent
screens when the 20x objective was used. The theoretical pixel size was 0.35 �m and
the �eld of view 715 x 715 mm2. For the 1.8 �m thick screen frequency responses up to
480 lp/mm at 10%MTF were detected, which correspond to a spatial resolution of 1.04
�m. For the 20 �m and 51 �m scintillator we recorded 350 lp/mm and 210 lp/mm at
10% MTF respectively. Optimal with regard to contrast and resolution was the 20 �m
thick scintillator below 150 lp/mm. The 51 �m thick scintillator has the highest e�ciency
of all the tested screens and will be our �rst choice for rapid measurements. Its maximal
resolution (280 lp/mm, i.e. 1.8 �m) is reached when the 10x objective is used, according
to the theory.
Figure 4.6 represents the measured frequency response of the detector for di�erent objec-
tives when the 1.8 �m thick scintillator was used. The 20x (NA = 0.7) objective showed
the best contrast response. Objectives with smaller numerical aperture (NA = 0.46 for the
10x, NA = 0.16 for the 4x and NA=0.08 for the 2x) showed reduced frequency responses
accordingly. At 10% MTF the resolution varies from 96 lp/mm (for the 2x) up to 480
lp/mm (for the 20x), which correspond to spatial resolutions between 5.2 �m and 1.04 �m.
On the other hand, the 2x objective provides a �eld of view 10 times larger than the 20x,
which allows to investigate samples of about 7 mm diameter.

4.3.2 Quantum e�ciency and noise

Table 4.2 summarizes the estimated DQE values at 10, 20 and 30 keV for a cascade system
consisting of a 5 �m YAG:Ce screen with a 20x objective (NA = 0.7) and a CCD quantum
e�ciency of 22%. The detector response is considered only at low spatial frequencies
(because low MTF can also lower the DQE) and in shot noise limited operation. For
energies ranging from 10 to 30 keV the DQE lies between 2 and 5% approximately. Note
that YAG has its K-edge at 17.4 keV and that even if the absorption e�ciency at 10 keV is
higher than at 20 keV the DQE is smaller because the 
uorescence process is more intense
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Figure 4.5: Measured MTF response of the detector for 1.8, 20 and 51 �m thick YAG:Ce
with the 20x objective. Frequencies up to 480 lp/mm, corresponding to a spatial resolution
of 1.04 �m at 10% MTF, have been recorded.
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Figure 4.6: Measured MTF response of the detector for di�erent objectives with the 1.8 �m
thick YAG:Ce. Frequency responses from 96 lp/mm (5.2 �m) up to 480 lp/mm (1.04 �m)
have been recorded. According to the theoretical predictions, the spatial resolution degrades
when low-NA objectives are used.
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at 20 keV than at 10 keV.

Process �i �i DQE [%]
Energy [keV] 10 20 30 10 20 30 10 20 30
Scint. abs. �abs 0.08 0.07 0.02 11 13 40 8.44 7.00 2.45
Fluor. e�. �flu 177 354 532 6x10�3 3x10�3 2x10�3 8.40 6.98 2.44
Light coll. �col 0.032 30.00 7.19 6.43 2.31
CCD QE ��=e 0.22 3.54 4.71 5.01 1.94

Table 4.2: Estimated DQE of a cascade system at 10, 20 and 30 keV for 5 �m YAG:Ce,
NA = 0.7 and CCD quantum e�ciency 22%.

We acquired Photons Transfer Curves for two typical factory-con�gurations of the CCD:
HGHB (High-Gain-High-Bandwidth) and LGLB (Low-Gain-Low-Bandwidth), see Fig-
ure 4.7. Following [15], the system gain (e�/DN), the noise 
oor (e�) as well as the
dynamic range (bits) of the CCD have been calculated. For the fast (full-frame read-out
100 ms) HGHB library we measured a system gain of 0.71 e�/DN and a full-well of 42 ke�.
This corresponds to and a noise 
oor of 8 e� and a dynamic range of 12.28 bits. For the
slow (full-frame read-out 250 ms) LGLB library we measured a gain of 2.86 e�/DN and a
full well of 174 ke�, which means a noise 
oor of 10 e� and a dynamic range of 14.06 bits.
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Figure 4.7: Photon Transfer Curve for two di�erent CCD con�gurations. The sys-
tems gain can be calculated from the slope of the curves in their linear range. The fast
HGHB library showed a systems gain of 0.71 e�/DN and the slow LGLB library a gain
of 2.86 e�/DN. The readout noise was 8 e� and 10 e� respectively.
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4.4 Discussion and outlook

In this work the detector performance of the microtomography device at the SLS is de-
scribed. Spatial resolutions ranging from 5 �m to 1 �m have been recorded for a �eld of
view varying from 7x7 mm2 to 0.7x0.7 mm2. Experimental results are in good agreement
with theoretical predictions. One certain discrepancy between theory and experiment can
be attributed to the contribution of the substrate, which was not included in the the-
ory. This contribution can be relatively important especially for thin-doped layers and
high X-ray energies (>25 keV). The image quality is reduced since the depth of focus of
the optics is too small to assure that the signal from the substrate is in focus [16]. For
these reasons, the resolution measurements have been performed at 12 keV. The low noise
CCD camera acquires frames of 2048x2048 pixels within 100-250 ms at dynamic ranges
between 12-14 bits allowing time-resolved experiment with subsecond temporal resolution.
The technical characteristics of our detector (chip-size, number of pixel, readout-speed and
dynamic range) are the results of a series of compromises, which took into account the com-
mercial availability of the CCD and cost. The detector, however, can easily be equipped
with a larger CCD. Presently, objects up to 7 mm in diameter can be investigated with
spatial resolution around 5 �m. Larger objects can be measured if local tomography is
applied. Albeit it would be nice to measure large objects at ultrahigh resolutions, it should
be kept in mind, that a 1 cm3 object measured at 1 �m resolution leads to a data set of
1012 voxels, still not very handy for routine work. At lower resolutions, such as 10 �m,
table-top micro-CT devices are available [17] and SR�CT is not so badly needed as in the
one micrometer range. An additional aim of our SR�CT device is to exploit the usefulness
of the coherent nature of the synchrotron. For a source size of 63.2 (H) x 8 (V) �m2 and a
source-to-sample distance of 35 m the transversal coherence length is between 100 �m and
1 �m for energies between 5 and 40 keV. This property extends the classical absorption
technique to edge-enhanced and phase-contrast imaging. Two examples are given in Fig-
ure 4.8 and Figure 4.9 which show edge-enhanced radiographic projections of a house
y’s
head and a mosquito’s knee acquired at 9 keV with our detector. The SR�CT data are
stored directly on the SLS �le server and are immediately available for post-processing.
Sinograms and several slices are reconstructed "on-line" for quality control purposes. The
full 3D reconstruction is performed o�ine. A Java Graphical User Interface (GUI) run-
ning on a standard Linux PC controls the microtomography device in a user-friendly way.
The GUI panels easily access all the major features of the instrument: the user is able
to choose energy, exposure time and acquisition mode with just a mouse-click. An expert
mode allows the SLS crew to have full access to the instrument parameters for calibration
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and commissioning purposes. The communication with the CCD camera (which is con-
trolled by a NT-based PC) is obtained with a CORBA (Common Object Request Broker
Architecture) application based on the Mico 2.5 ORB [18] with IDL to C++ mapping
and Java ORB 2.0 with IDL to Java mapping. CORBA allows complete transparent dis-
tributed computing reducing a complex CCD operation like read-out and direct in-memory
addressing to a simple method’s call. In this work it has been shown that the actual detec-
tor has almost reached its theoretical limits. This means that resolutions below 1 �m are
hardly obtainable. From Figure 4.4 it seems that just reducing the scintillator thickness
and increasing the numerical aperture of the objectives could lead to submicron resolution.
This is theoretically correct but practically hard to realize: �rst, it is di�cult to work
with wide-open objectives (NA>1) since the �eld of view becomes very small and, second,
reducing the thickness of the scintillator will lead to a very low e�ciency. For these rea-
sons, a second detector will be incorporated in the SR�CT device. The design goals of the
new instrumentation are to e�ciently trespass the micrometer barrier in terms of spatial
resolution for hard X-ray (energies above 20 keV). The approach to achieve submicrometer
resolution is to magnify the image with an X-ray optics and to detect it in low resolution,
high e�ciency mode, thus improving both resolution and e�ciency. The novel detector
has been extensively simulated and is expected to increase the e�ciency of the standard
detector by one order of magnitude without deterioring the spatial resolution [19].
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Figure 4.8: Edge-enhanced radiographic projection of a house
y’s head acquired at 9 keV.
Sample-detector distance was 100 mm. Magni�cation was 8x, theoretical pixel size 1.75 �m.
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Figure 4.9: Edge enhanced radiographic projection of a mosquito’s knee, acquired at
9 keV. Sample-detector distance was 100 mm. Magni�cation was 20x, theoretical pixel size
0.7 �m.
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Chapter 5

X-ray di�raction in ideal crystals

X-ray di�raction theory constitutes the fundamentals of the functional principle of the
novel detector presented in this work, see Chapter 6. The most important aspects of
the dynamical X-ray di�raction theory are presented following essentially the work of
Authier [1], Caciu�o [2] and Zachariasen [3]. Particular emphasis is given to the Bragg
case and its application to asymmetrically cut crystals.

5.1 Geometrical and kinematical theory

Since 1896, when R�ontgen discovered X-rays, great e�orts were made to determine the
nature of this radiation. In 1912 the advocates of the wave nature could claim consider-
able experimental evidence in support of their viewpoint: the polarization of X-rays was
demonstrated and it was observed that an X-ray beam passing through a narrow slit suf-
fered a small broadening leading to a wavelength of 10�10 m. M. von Laue was able to
show that the observed e�ects could be interpreted as due to di�raction of electromagnetic
waves in three-dimensional gratings [4, 5], therefore giving convincing proof of both the
wave nature of X-rays and the periodic structure of crystals, see Appendix B. The im-
proved experimental techniques due to W. H. and W. L. Bragg contributed greatly to the
development of the study of X-rays and the study of crystal structure [6, 7].
The geometrical theory is the �rst approach to X-ray di�raction. Its arguments allow to
understand the reasons for the particular orientation of the intensity maxima and minima.
It is possible to determine the exact direction of propagation of a very intense di�racted
wave if the incident wave is oriented in such a way that the Bragg condition is satis�ed,
i.e. when the angle of incidence with respect to the di�raction planes is given by:

� = 2dsin�B (5.1)
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where d is the distance between the crystal planes involved, see Appendix B. This theory
is essentially based on the assumption that the crystal can be considered as a three dimen-
sional periodic system. Its visualization can be well drawn in the Fourier space, where the
periodic distribution of the charge density corresponds to a distribution of discrete lattice
point. This space has been called reciprocal space.
A �rst evolution is represented by the kinematical theory, which takes into account the joint
e�ect of the scattering in directions di�erent from the Bragg direction, see Appendix C.
De facto, the �nite size of the crystal implies that the in�nite periodic distribution is
multiplied by a (usually) rectangular "shape function", which is zero outside the crystal.
In the reciprocal space, this means a convolution of the periodic points with the Fourier
transform of the shape function ( a sinc function if the crystal is a rectangle). The points
in the reciprocal space are no more Dirac’s functions: this leads to a "relaxation" of the
Bragg condition expressed in Eq. (5.1). The convolution with the Fourier transform of
the shape function allows to describe the behavior of the di�racted intensity around the
directions where this intensity is maximal. However, the kinematical theory is based on
several approximations. The relative phase of the waves propagating into the crystal which
give raise to the intensity maxima is well calculated, but this is not the case for the in-
tensity. The essential approximation of the kinematical theory considers that the incident
wave is constant within the whole crystal, that every photon is propagated only one time
and that the interaction between the atom and the wave generated by the other atoms is
negligible. This approximation is admissible only for su�ciently thin crystals. Its principal
hypothesis is to assume that the amplitude of the di�racted wave can be neglected but this
implies the violation of the energy conservation law. In fact, the total di�racted wave is
obtained as result of the addition of single waves di�used by the electrons situated at the
nodes of the crystal lattice and therefore the intensity diverges if the crystal has in�nite
dimensions. This absurd conclusion has been confuted by the dynamical theory. Never-
theless, the kinematical approximation is interesting because of its simplicity. It is largely
su�cient not only if the crystal is thin, but also if the crystal is of bad quality. In this
second case, every "perfect piece" of the so-called "mosaic crystal" di�racts independently
from the others. If the "perfect pieces" are very small, they di�ract kinematically and
a mosaic crystal is therefore ideally imperfect. The kinematical theory is therefore well
suited for the description of this phenomenon. It is important to note that the dynamical
theory has, as a limit case, the kinematical approximation.
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5.2 Dynamical theory

The kinematical description of X-ray scattering is based on the assumption that the inci-
dent wave anyway in the crystal is not a�ected by the presence of the medium. This is of
course not the case in reality: an X-ray beam traversing matter, in fact, su�ers absorp-
tion, i.e. true absorption through photoelectric e�ect or energy transfers due to scattering
processes like coherent scattering or Compton scattering. The additional absorption which
arises when the Laue equations (B.2) are exactly or nearly satis�ed and strong di�racted
waves are produced is called extinction. Normal absorption, described with the linear
attenuation coe�cient �, becomes negligible for su�ciently small crystals, namely, when
�D � 1, where D is the average linear dimension of the crystal. Therefore there is the
need of a theory which takes into account both absorption and extinction as well as the
contribution of the di�racted waves to the electric �eld inside the crystal medium. The
di�racted waves depend upon the internal incident wave which in turn depends upon the
di�racted waves. Hence the incident and the di�racted waves form a coupled system. The
general theory of X-ray di�raction in crystals accordingly becomes a problem in dispersion
theory and is referred to as dynamical theory of di�raction. In order to experimentally
detect this "complication" with respect to the kinematical approach, there is the need of a
highly perfect crystal structure. Such a perfect region has to be so extended that multiple
propagation can occur. Its typical extension is given by the Pendell�osung distance, see
Eq. (5.22). This explains why the dynamical theory has been essentially academical for a
long period after its formulation given by Ewald in 1913 [8] and by Darwin in 1914 [9]. Typ-
ical "dynamical" e�ects, not explicable with the kinematical theory, could only be observed
when the semiconductor industry made highly perfect crystals commercially available, i.e
after 1950. Nevertheless, Borrmann observed the �rst dynamical phenomenon in 1941 [10].
There are di�erent formulations of the dynamical theory: the �rst, given by Darwin [9], is
based on the recursive resolution of the interaction of the direct wave with the transmitted
one in a unit cell. The obtained intensity expression is correct and has been generalized
for absorption by Prins in 1930 [11]. Another formulation, given by Ewald [8, 12, 13, 14],
is based on modelling a crystal as a periodic lattice of electric dipoles. It gives a more
"physical" vision than the previous one and introduces the fundamental concept of wave-
�eld. Finally Laue in 1931 [15] modi�ed this theory by introducing a formalism similar to
continuous mechanics, in particular after the quantum-mechanical revolution for which a
vision of the matter as composed by point resonators was no more acceptable. This is the
most used formulation. Critical revisions can be found in [1, 16, 17].
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5.3 Laue’s dynamical theory for an in�nite crystal

Laue’s basic assumption is to consider that the electric negative and positive charges are
distributed in a continuous way throughout the volume of the crystal. Since the crystal
must be neutral, they cancel out and the local electric charge and density of current are
equal to zero. Maxwell’s equations become:

r � H =
@D
@t

(5.2)

r � E = �
@B
@t

(5.3)

r � D = 0 (5.4)

r � B = 0 (5.5)

The coherent part { the di�racted wavelength remains unchanged { of the electrical inter-
action of the incident �eld with the electrons contained in the volume �(r) can be described
with the electric susceptibility given by:

�(r) =
�R�2�(r)

�
(5.6)

with R = 2:81794092 � 10�15 m being the classical electron radius. Equation (5.6) suggests
that the susceptibility is a very small quantity and therefore it holds:

E =
D

�0(1 + �)
’ D �0 (1 � �) (5.7)

The periodicity of the crystal lattice implies that the susceptibility has the same periodic-
ity. A Fourier expansion of � gives:

�(r) =
X

h

�h exp(2�ih � r) (5.8)

where h is a vector of the reciprocal space. L2 functions can be always represented with
their Fourier terms. This yields a temporal dependence given by e�i!t and therefore a
transformation of Maxwell’s equation implies a simple substitution d=dt $ �i!. In the
reciprocal space, the wave propagation in terms of the electric displacement D can be
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written as:

�D(r) + r � r �
�
�(r)D(r)

�
+ 4�2k2D(r) = 0 (5.9)

where k = !=c. A simple plane wave cannot be the solution of Eq. (5.9) because, if the
solution has terms like exp(�2�iK0 � r), the representation given in Eq. (5.8) implies the
presence of terms in exp

�
� 2�i (K0 + h) � r

�
. Therefore, the solutions D(r) of Eq. (5.9)

must have the same periodicity as �. In analogy with Eq. (5.8), the solution of Eq. (5.9)
can be expressed in terms of a Fourier expansion:

D(r) = exp(�2�iK0 � r)
X

h

Dh exp(�2�ih � r) (5.10)

=
X

h

Dh exp(�2�iKh � r)

where

Kh = K0 + h (5.11)

In the �rst expression of (5.10), D(r) has the form of a plane wave with an amplitude
modulated by the periodicity of the crystal lattice. This kind of wave �nds its analogous
in solid state physics with the concept of the Bloch wave. The second expression shows
that a solution for the propagation in a crystal medium can be expressed as a in�nite
sum of plane waves with amplitude Dh and wavevector Kh. This sum is called wave�eld
and represents a fundamental idea of the dynamical theory. It was �rst introduced by

Ewald and it is sometimes called Ewald’s wave. Mathematically, the choice of the origin
in the reciprocal space is completely arbitrary. Physically, it is �xed when the boundary
conditions are de�ned. Substituting Eq. (5.10) in Eq. (5.9) gives an expression with an
in�nite number of terms. In order to satisfy the equation, every term has to be equal zero.
The resulting linear system contains an in�nite number of equations where each of them
couples the amplitude of a wave Dh, constituting the wave�eld of Eq. (5.10), with all other
waves D0

h:

�
k2 �

��Kh
��2
�

Dh �
X

h0

�h�h0

�
Kh �

�
Kh � Dh0

��
= 0 8h (5.12)
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Expression (5.12) can be rewritten including in the �rst term the term in �0 produced by
the sum. With

K2 = k2 (1 + �0) (5.13)

expression (5.12) becomes:

Dh =
��Kh

��2

K2 �
��Kh

��2
X

h0 6=h

�h�h0

�
uh �

�
uh � Dh0

��
(5.14)

where uh is a unit vector in the direction of Kh. The factor which precedes the sum in
Eq. (5.14) is called resonance factor. E�ectively, when K2 approaches jKh

��2, Dh must
be dominant in order to satisfy Eq. (5.14). This corresponds to the basic idea of Ewald,
where the crystal was considered as a resonator system. Di�raction occurs when there is
a resonance between the spatial frequency K of the incident wave and the characteristic
frequency jKh

�� coupled to the crystal periodicity (5.11).

5.4 Two waves case

The most simple case is when only one resonance term is very large. The non trivial solu-
tion corresponds to the Snell-Huyghens law, see Ref. [1].
The case where two resonance factors, called 0 and h have an important value is more
interesting. This corresponds to the case where only one beam at a time is di�racted.
Eq. (5.14) becomes:

�
K2 �

��K0
��2
�

D0 � ��h

�
K0 �

�
K0 � Dh

�
�
��K0

��2Dh

�
= 0

(5.15)�
K2 �

��Kh
��2
�

Dh � �h
�
Kh �

�
Kh � D0

�
�
��Kh

��2D0

�
= 0

This is a vector relation. The waves constituting the wave�eld (5.10) are always (not only



5.4. Two waves case 87

in the two-waves case) transverse since it holds:

r � D = 0 ) Kh � Dh = 0 8h (5.16)

Exploiting this property and multiplying Eq. (5.15) with D0 and Dh respectively, it is
possible to reduce Eq. (5.15) to a scalar form:

�
K2 �

��K0
��2
�
D0 + C ��h

��K0
��2Dh = 0

(5.17)�
K2 �

��Kh
��2
�
Dh + C �h

��Kh
��2D0 = 0

where C = Dh�D0
DhD0

is the polarization factor. According to Ref. [1], C = 1 for �-polarization,
i.e D0 and Dh are normal to the scattering plane, and C = cos 2�B for �-polarization, where
D0 and Dh lie in the scattering plane. The system (5.17) has a non trivial solution if the
sacular determinant is zero:

�������

K2 �
��K0

��2 C��h
��K0

��2

C�h
��Kh

��2 K2 �
��Kh

��2

�������
= 0 (5.18)

Expression (5.18) is called dispersion relation and couples K, and therefore !, to the
wavevectors K0 and Kh in the crystal. Approximating the quantities

��K0
��2 � K2

0 and��Kh
��2 � K2

h with k2, the sacular determinant can be rewritten as, see Appendix D:

X0Xh =
k2

4
C2�h��h (5.19)

where X0 and Xh can be written as:

X0 =
K2

0 �K2

2k
(5.20)

Xh =
K2
h �K2

2k
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5.4.1 The dispersion surface and its physical interpretation

In order to graphically represent Eq. (5.19), it is necessary to place the vectors k0 and kh
in such a manner that they exactly satisfy the Bragg relation (D.1) and that they have the
same length k of the wave vector in air. The three vectors k0, kh and h form a isosceles
triangle as well as the vectors K0, Kh and h. The path between both triangle tips is
given by the vector �k, see Eq. (D.2). Considering the fact that �0 is negative for X-rays,
the length K = k

p
1 + �0 of the edges of the second triangle is shorter than that of the

�rst one: this is the e�ect of refraction. The vector �K, see Eq. (D.5), is de�ned as the
di�erence between the wavevector K0 (or Kh) in the crystal and the mean vector K0 (or
Kh). The quantities X0 and Xh represent the projections of �K on this mean vectors, see
Eq. (D.9). Eq. (5.19) describes an hyperbola whose distance from the asymptotes is given
by X0 and Xh. Figure 5.1 illustrates this construction.

Figure 5.1: Intersection of the dispersion surface with the di�raction plane. From
Ref. [18].

The point P on the dispersion surface is called tiepoint and the wavevectors OP and HP
represent the two plane waves which constitute the wave�eld. This wave�eld is one of the



5.4. Two waves case 89

possible solution for the propagation in the crystal. The wavevectors in air are traced from
O and H on the circles of radius k or, more precisely, at the intersection of the sphere
of radius k with the plane containing k0, kh and h. Since k is very large, these circles
can be identi�ed with their tangents (T 0

0 and T 0
h) at the intersection point with k0 and kh,

marked with La (Laue point). The hyperboles in Figure 5.1 de�ne the location of the points
representing the possible solutions for the wavevectors in the crystal. Expression (5.19) is
a compatibility relation for the waves propagating inside the crystal.

5.4.2 Important parameters

The solutions of the dynamical theory are best described by introducing a reduced param-
eter called the deviation parameter :

� =
�� � ��os

�os
(5.21)

where

��os = �
�0(1 � 
)
2 sin 2�B

�os =
C
p

j
j�h��h

sin 2�B
=

�
�0

j
hj
sin 2�B

(5.22)

�0 =
�
p

0j
hj

Cp�h��h
=

�V
p

0j
hj

R�C
p
FhF�h


 =

h

0

=
cos h
cos 0

The asymmetry ratio 
 describes the relation between the cosines of the angles subtended
by the normal to the crystal surface and the incident, 
0, and re
ected, 
h, direction. It
has to be noted that 
0, 
h and 
 are all positive in the Laue (transmission) geometry and
that 
h and 
 are negative in the Bragg (re
ection) geometry. �0 is called Pendell�osung
distance in the transmission geometry and extinction distance in the re
ection geometry.
In an absorbing crystal, �, ��os, �os and �0 are complex, see section 5.6.

1. Darwin width: The real part of 2�os,2�or, is the full width at half-maximum (FWHM)
of the rocking curve in the transmission geometry and the width of the total re
ection
domain in the re
ection geometry.
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2. Deviation from Bragg’s incidence of the middle of the re
ection domain: The real
part of ��os is the angle between the wavevector exactly satisfying Bragg’s law and
the wavevector corresponding to the middle of the re
ection domain in dynamical
theory, see Ref. [1]. In the Bragg case, the asymmetry ratio 
 is negative and ��os is
never equal to zero. This deviation is due to the refraction e�ect which is neglected
in the geometrical theory.

5.5 Zero Absorption Solution

Let us consider an in�nite plane wave incident on a crystal surface of in�nite lateral exten-
sion and focus on the analysis on the re
ection (Bragg) geometry, since this is the basic
functional principle of the novel detector presented in Chapter 6. In a very thick crystal,
the wave�elds propagating towards the inside of it are absorbed before they reach the exit
surface because there is always a small amount of absorption. Therefore, in the thick crys-
tal case and in Bragg geometry, only one wave�eld is excited inside the crystal1. According
to Ref. [1], the amplitude 	(a)

h of the wave re
ected at the crystal surface is obtained by
applying the boundary conditions which are particulary simple in this case:

	0 = 	(a)
0 	(a)

h = 	h

where 	(a)
0 is the amplitude of the incident wave. Following Ref. [1] the re
ectivity is given

by:

I(a)
h = 


��	(a)
h

��2
��	(a)

0

��2
=
����� � sign(�)

p
�2 � 1

����
2

(5.23)

1. Top-hat curve: The dispersion surface and � are real. When the normal to the
entrance surface does not intersect any of the branches of the dispersion surface, that
is when �1 < � < +1, then Ih = 1 and there is total re
ection. The rocking curve
has the well-known top-hat shape, see Fig. 5.2. Far from the total re
ection domain,
the curve can be approximated by the function Ih(approx) = 1=(4�2). The width of
the total re
ection domain is �� = 2 and its angular width is therefore equal to 2�os.
The in
uence of asymmetry will be discussed in section 5.7.

1In transmission (Laue) geometry, two wave�elds are excited because the normal to the crystal surface
intersects both branches of the dispersion surface, see Ref. [1].
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2. Integrated re
ectivity : It is proportional to the width of the total re
ection domain
and therefore also to the structure factor. It holds

I(a)
hi =

8�os
3

=
8R�2jCj

p
j
j

�V sin 2�B

p
FhF�h (5.24)

3. Penetration depth: Within the total re
ection domain, there are two wave�elds prop-
agating inside the crystal with imaginary wavevectors, one towards the inside of the
crystal and the other in the opposite direction, so that they cancel out and, globally,
no energy penetrates into the crystal. The penetration depth ze, de�ned as the dis-
tance from the crystal surface for which the attenuation factor is equal to 1=e, can
be expressed as [1]:

ze =
�B

2�
p

1 � �2
(5.25)

where �B = �
p

0j
hj=

p�h��h. This attenuation e�ect is called extinction and �B is
called the extinction distance. Its minimum is at the middle of the re
ection domain
and is �B=2�.

Figure 5.2: Theoretical rocking curve in the Bragg geometry for a thick, non-absorbing
crystal.
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5.6 Absorbing crystals

When the crystal is absorbing, the polarizability has a real and an imaginary part and
�0 and �h are complex. The quantities �os, ��os, �B and �L are also complex. So is the
deviation parameter, �, which can be written as [1]:

� =
�� sin 2�B + �0(1 � 
)=2

p
j
jjCjp�h��h

= �r + i�i (5.26)

where

�r =
�� � (��os)r

�sr

=
�� sin 2�B cos � + (1 � 
)(�ro cos � + �io sin �)=2

p
j
jjCjp�h��h

(5.27)

�i = A�r +B

with

A = � tan �

(5.28)

B =
(1 � 
)�io

2 cos �
p

j
jjCjp�h��h

�sr and (��os)r are the real part of �os and ��os, respectively, � is the phase angle of
p�h��h de�ned as p�h��h :=

p
j�h��hj exp(i�).

Amplitude ratio of the refracted and re
ected waves

Following Ref. [1], the amplitude ratio of the re
ected and refracted waves can be expressed
as:

�j =
Dhj

D0j
=

2X0j

kC��h
=

sign(C)sign(
h)p
j
j

p�h��h

��h

�
� �

p
�2 + sign(
h)

�
(5.29)

Considering again the re
ection (Bragg) geometry, and noting that the asymmetry ratio 

is negative, we obtain:
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�j = �
sign(C)
p

j
j

p�h��h

��h

�
� �

p
�2 � 1

�
(5.30)

Re
ectivity

In analogy with Eq. (5.23) the re
ectivity can be expressed as:

I(a)
h = 


��D(a)
h

��2
��D(a)

0

��2
=
����
�h
��h

����

����� � sign(�r)
p
�2 � 1

����
2

(5.31)

It is possible to calculate Ih analytically introducing a parameter Z such that I(a)
h = j�h

��h
jZ2.

The mathematical implications of this parameter are fully described in Ref. [1]. As a result,
it can be shown that Z can be expressed as:

Z =
q
L�

p
L2 � 1 (5.32)

where L = j�j2 + �2 and �2 exp(2i!) = �2 � 1.

Shape of the rocking curve

There is no longer a total re
ection domain and energy penetrates inside the crystal at
all incidence angles although with a very high absorption coe�cient within the domain
j�rj � 1.

1. Shape: The shape of the curve is asymmetric. The amount of asymmetry depends on
the asymmetry ratio 
 and on the values of the Fourier coe�cients of the imaginary
part of the polarizability, �io and �ih, through the coe�cients A and B de�ned in
Eq. (5.28). According to Friedel’s rule [19] , i.e. in the case of a centrosymmetric
crystal2 and of a symmetric re
ection, they can be approximated by:

A = �
�ih
�rh

B = �
�io
�rh

In this case, the ratio A=B equals the ratio �ih=�io of the h and 0 components of the
Fourier coe�cient of the imaginary part of the polarizability. The variation of the
shape of the rocking curve with the values of B and A=B is illustrated qualitatively
in Figure 5.3.

2This is true for Si and Ge crystal, not for quartz.
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Figure 5.3: Variation of the shape of the rocking curve as a function of � in the Bragg
geometry for thick crystals with A and B de�ned in Eq. (5.28).

2. Width: The width 2�os is given by:

2�os =
2R�2

�V sin 2�B

p
j
jjCj

p
FhF�h (5.33)

(a) It increases with increasing wavelength, as shown by the red-dotted lines in
Figures 5.5 and 5.6.

(b) It is larger, the stronger the re
ection is, i.e. a weaker re
ection will be absorbed
more heavily than a strong re
ection. The relative enhancement of strong re
ec-
tions can be explained with extinction arguments. Since extinction is smaller for
a weak re
ection, the mean depth of penetration will be considerably greater
than for strong re
ections. Hence the relative intensity decrease due to true
absorbtion will be greatest. For a given re
ection, the absorption is minimized
when 
 = �1 (symmetric Bragg case), i.e when the re
ecting lattice plane is



5.7. Asymmetrically cut crystals 95

parallel to the boundary of the crystal plate.

(c) It is larger for �-polarization than for �-polarization.

(d) It varies dramatically with the asymmetry of the re
ection, as discussed in the
next section and well shown in Figures 5.5 and 5.6.

3. Height of the maximum: It can be shown that the maximum of the re
ectivity occurs
for

�r = �
A
B

(1 +B2)
(1 + A2)

(5.34)

and is

I(a)
h =

(
p

1 +B2 �
p
B2 � A2)2

1 + A2 (5.35)

The intensity maximum is usually shifted from the center of the di�raction pattern.

5.7 Asymmetrically cut crystals

The widths of the rocking curves and the angular distribution of the re
ected beam are
di�erent when the re
ection is asymmetric. Replacing �h by its value �h = �R�2Fh

�V in
Eq. (5.22), we obtain:

��os = �
R�2F0

2�V sin 2�B
(1 � 
)

(5.36)

2�os =
2R�2

�V sin 2�B

p
j
jjCj

p
FhF�h

The width of the re
ection domain can be easily visualized in reciprocal space, see Fig-
ure 5.4. There is total re
ection when the normal to the crystal surface n, drawn from
the extremity M of the incident wavevector, intersects the dispersion surface at imaginary
points. The corresponding points lie on the segment I01I02 along the tangent T 0

0 to the
sphere of center O and radius k where I01 and I02 are the intersections of T 0

0 with the
tangents to the two branches of the dispersion surface which are parallel to n. The angular
distribution of the re
ected beam can be represented in a similar way. The extremities of
the wavevectors of the re
ected beam lie at the intersection of the normal n to the crystal
surface drawn from the tiepoint with the tangent T 0

h to the sphere of centre H and radius
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k. The angular width of the re
ected beam corresponding to total re
ection is represented
by the segment Ih1Ih2 on T 0

h. It can be seen in Figure 5.4 that it is narrow when the width
of the rocking curve is wide and vice versa.

Figure 5.4: Re
ection geometry: variation of the width, I01I02, of the total re
ection
domain and the width, Ih1Ih2, of the angular distribution of the re
ected beam with the
asymmetry. n: normal to the crystal surface, s: unit vector parallel to the re
ecting
planes, and s0: unit vector in the incident re
ection. Insets: direct space. (a) Glancing
incidence (the Bragg Magni�er case), (b) symmetric re
ection and (c) glancing emergence.
From Ref. [1].
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It’s easy to show that the angular width 2�hs of the re
ected beam and the deviation ��hs
of its centre from Bragg’s angle are deduced from the corresponding expressions (5.36) for
the incident beam by replacing

p
j
j by 1=

p
j
j:

��hs = �
R�2F0

2�V sin 2�B

�
1 �

1


�

(5.37)

2�hs =
2R�2

�V sin 2�B
1

p
j
j

jCj
p
FhF�h

Let now So and Sh represent the cross section of the incident and di�racted beam. Ac-
cording to Liouville’s theorem, which requires that So � 2�os = SH � 2�hs, we can write:

SH =
So
j
j

(5.38)

Eq. (5.38) describes the so-called "Fankuchen" e�ect, i.e. if j
j < 1 the range of total
re
ection for the emergent beam is j
j times smaller than that of the incident beam, while
its spatial cross-section is 1=j
j times greater. For practical purposes, see Chapter 6, the
magni�cation factor M can be introduced:

M =
1

j
j
=

sin(�B + �)
sin(�B � �)

(5.39)

where � is the angle between the crystal surface and the lattice planes and is called asymme-
try angle. The in
uence of asymmetry on the theoretical rocking curve in Bragg re
ection
is shown in Figure 5.5 and Figure 5.6. A perfect Si(220) crystal with an asymmetry an-
gle of � = 8� has been considered for di�raction with the Cu K� radiation (8 keV) and a
monochromatic X-ray beam of 22.1 keV respectively. The curves have been calculated with
the in-house developed software XDF [20], taking X-ray dynamical di�raction, absorption
and extinction processes into account. Comparison between Figure 5.2 and Figure 5.5
shows the transition from a zero-absorption case to a real situation. The shape of the
di�raction patters looses its top-hat form and becomes smoother. The magni�cation is
M = 1:9 which makes the curves for the symmetric as well as the asymmetric (incident
and re
ected) con�guration look quite similar, with their FWHM values being almost the
same. The signi�cance of Eq. (5.36) and (5.37) can be well observed in Figure 5.6. The
magni�cation factor is M = 40:4, corresponding to a value of 
 = �0:0249, which causes
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the FWHM of the di�raction patterns to be very di�erent. For this case the FWHM of
the impinging beam is 11:5200 compared with 0:2900 of the re
ected and with 1:8200 of the
symmetric (j
j = M = 1) beam. At the same time, the cross-section of the re
ected beam
is enlarged by a factor M = 40:4 leading the basic principle of the novel detector presented
in Chapter 6.
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5.8 Characterization of asymmetric Si(220) crystals

The X-ray optics of the novel detector consist of two asymmetrically cut Si(220) crystals
which magnify the X-ray beam along two perpendicular direction, see Chapter 6. In a �rst
step, the crystals to be used as magni�ers have been investigated in order to determine
their di�raction properties. For this purpose, the Seifert XRD3003HR di�ractometer of the
PSI has been used. The Cu X-ray tube of the device has been run at 40 keV and 40 mA,
with a Ni �lter for removing bremsstrahlung contamination. The measurements have been
done in the "high resolution" con�guration which implies the use of a multilayer mirror
for collimation as well as a MRBC-4 Ge(440) monochromator consisting of two Ge channel
cuts. The outcoming beam divergence was approximately 5:0400. The experimental setup
is depicted in Figure 5.7.

Figure 5.7: Setup for the crystal characterization at the Seifert di�ractometer of the PSI.
(1) X-ray tube, (2) Multilayer, (3) Monochromator, (4) Crystal and (5) Detector.

Several �� 2� scans were performed for the (220)- and (440)-re
ex in the (�B ��) con�gu-
ration. Then, according to Friedel’s rule, the crystal has been rotated by 180�, i.e. (�B+�)
con�guration, and again the (220)- and (440)-re
ex have been measured. In this manner
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the experimental o�set could be eliminated and the angle � measured exactly. The results
of the scans are summarized in Table 5.1.

Crystal 1 Crystal 2
Re
ex Peak �B � � �B + � �B � � �B + �

(220) � 15.672� 31.670� 15.668� 31.677�

2� 47.651� 47.462� 47.358� 47.382�

(440) � 45.412� 61.409� 45.405� 61.416�

2� 106.708� 106.894� 106.848� 106.907�

Table 5.1: Angular position of the intensity maximum expressed in terms of crystal rota-
tion (�) and detector rotation (2�).

The asymmetry angle � can be obtained as follows. Let �220 = �B � � + � and
��220 = �B+�+� be the angular position of the peak for the (220) re
ex in the (�B��) and
(�B + �) con�guration respectively. De�ning �440 and ��440 accordingly, one obtains:

� =
��220 � �220

2
=

8
<

:
7:9990� for Crystal 1

8:0045� for Crystal 2
(5.40)

� =
��440 � �440

2
=

8
<

:
7:9985� for Crystal 1

8:0055� for Crystal 2
(5.41)

From Eq. (5.40) and Eq. (5.41) it can be concluded that the asymmetry angle of both
crystals is 8:0� � 0:005�. Finally, the rocking curves of both crystals have been measured
and are shown in Figure 5.8. An estimation of the theoretical FWHM can be obtained as
follows. The Seifert devices works with a monochromator in the (+;�) con�guration. The
(440) re
ex of Ge has a rocking curve width of 5:000 at the Cu-K� line [20]. If we suppose a
roughly gaussian form of the curve, a width of �mono =

p
2��single = 7:1300 can be expected.

Assuming an asymmetry angle of 8:0� the theoretical rocking curve width is obtained with:

�theory =
q

(�mono)2 + (�reflex)2 (5.42)

where �reflex is obtained again with XDF. The measured rocking curve widths (FWHM)
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show good agreement with the theoretical values calculated.

Re
ex FWHM Crystal 1 Crystal 2

(220) �theory 7.97 00 7.97 00

�exp 8.28 00 8.39 00

(440) �theory 7.43 00 7.43 00

�exp 7.53 00 6.0 00

Table 5.2: Theoretical and experimental full width half maxima (FWHM) of the rocking
curves for Crystal 1 and Crystal 2 in the (�B � �)-con�guration.

As the rocking curves of the two crystals are very similar in width and position, see Fig-
ure 5.8, a symmetrical magni�cation in both dimensions can be expected. This constitutes
the basis for the development of the novel detector, see Chapter 6.
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Diffraction Pattern of Si(220), E = 8047.8 eV
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Figure 5.8: Rocking curves of Si(220) for Cu K� for the (�B � �)-con�guration. FWHM
values are around 800 for both crystals and agree fairly well with the theoretical expectations.
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ABSTRACT

X-ray computer microtomography is a powerful tool for non-destructive examinations in
medicine, biology, and material sciences. The resolution of the presently used detector
systems is restricted by scintillator properties, optical light transfer, and charge-coupled-
device (CCD) granularity, which impose a practical limit of about one micrometer spatial
resolution at detector e�ciencies of a few percent. A recently developed detector, called
Bragg Magni�er, achieves a breakthrough in this respect, satisfying the research require-
ments which ask for an e�cient advance towards the submicron range. The Bragg Magni-
�er uses the properties of asymmetric Bragg re
ections to increase the cross section of the
di�racted X-ray beam. Magni�cations of up to 100x100 can be achieved even at hard X-
rays energies (>20 keV). In this way the in
uence of the detector resolution can be scaled
down accordingly and the e�ciency increased. Such a device has been developed and suc-
cessfully integrated into the Microtomography Station of the Materials Science Beamline
of the Swiss Light Source (SLS). The device is operated at energies ranging from 21.1 keV
to 22.75 keV, reaching spatial resolutions of 140 nm, and is ready for submicrometer mi-
crotomography.

Key words: x-rays optics, x-ray microtomography, synchrotron-CT
PACS: 07.85.Jy, 07.85.Qe, 07.85.Tt, 68.37.Yz, 87.59.Fm
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6.1 Introduction

The necessity to achieve the micrometer or even submicrometer spatial resolution in hard
X-rays (> 20 keV) synchrotron-based computed tomography (SR�CT) has spurred the
development of detectors optimized for spatial resolutions. The most established detection
method in SR�CT consists of converting X-rays into visible light with a scintillator and
projecting them onto a charge-coupled-device (CCD) with the help of suitable microscopic
optics [1, 2, 3, 4]. State-of-the-art detectors o�er 0.8 �m resolution. E�ciency, however,
with 0.5% at 30 keV, is very low [5]. Alternative approaches have been suggested to trespass
this threshold: Fresnel zone plates [6] and parabolic compound refractive lenses [5] have
demonstrated to reach submicrometer resolution (0.3 �m) but they can be e�ciently used
only at energies well below 20 keV.
In this work a di�erent approach is presented to e�ciently achieve the submicrometer
range for hard X-rays. The instrument, called Bragg Magni�er, is based on the well-known
principle of asymmetrical Bragg di�raction but, as a new feature, it has been designed
to work at high energies (>20 keV) and to be easily integrated in a microtomography
device. Bragg di�raction from an asymmetrically cut crystal produces one-dimensional
magni�cation. A second di�raction from another crystal with the same magni�cation
factor but perpendicular di�raction plane produces uniform two-dimensional magni�cation
(see Figure 6.1 and Figure 6.2). Kuriyama et al. [8] operated such a setup at 12.3 keV and
resolved approximately 420 lp/mm. Our instrument is designed to reach 2500 lp/mm at
22.75 keV. It has been shown [9] that this kind of X-ray optics can produce absorption,
edge-enhanced or phase-contrast images.

6.2 Theory and Simulation

The X-ray optics of the Bragg Magni�er consists of two asymmetrically cut silicon crys-
tals in Kirkpatrik-Baez geometry, see Figure 6.1. Performances and constrains of the
Bragg Magni�er have been estimated with the help of dynamical X-ray di�raction the-
ory [10, 11, 12] and ray-tracing simulations [13]. One of the most important parameters
to be determined is the width of the Darwin curve for asymmetric di�raction (incident
and re
ected) since the precision of the mechanics that manipulates the crystals has to
be designed accordingly. In addition, the angle of incidence and the angle of re
ection
as well as the magni�cation factor have to be known. In the following we only consider
��polarized X-rays as emerging from a synchrotron wiggler. The width of the di�raction
pattern for a non-absorbing perfect crystal is given by [14]:
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Figure 6.1: X-Ray optics of the Bragg Magni�er showing the main crystals and the
object and image (detector) planes. "O" describes the incident beam coordinates, "H" the
di�racted one. Adapted from [9].

!s =
2

sin (2�B)
r0�2

�V
jFhj e�DW (6.1)

where r0 = 2:818 � 10�15 m is the classical electron radius, � is the wavelength of the inci-
dent radiation, V is the volume of the unit cell, �B is the Bragg angle , Fh is the crystal
structure factor and e�DW is the Debye-Waller factor. For real crystals, whose di�raction
planes are cut at an asymmetry angle � with respect to the surface, absorption and asym-
metry factor cannot be neglected. Absorption is described by the imaginary part of the
complex susceptibility � and the asymmetry factor is related to the magni�cation factor
m by:

m =
sin (�B + �)
sin (�B � �)

(6.2)

Following [15] the Darwin curve is given by

RH(y) = L�
p
L2 � 1 (6.3)

where
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Figure 6.2: Coplanar asymmetric one-dimensional Bragg di�raction. The magni�cation
direction lies in the plane of di�raction de�ned by the incident wave vector and the Bragg
vector. m is the magni�cation factor. Adapted from [9].

L =
�2
Hr

�2
Hr + �2

Hi

2

4y2 + g2 +

s�
y2 � g2 � 1 +

�2
Hi

�2
Hr

�2

+ 4
�
gy �

�Hi
�Hr

�2
3

5 (6.4)

with

y =
(m� 1)

p
jmj

2Cm
�0r

j�Hrj
+
p

jmj (�0 � �B) sin (2�B)
mC j�Hrj

g =
(m� 1)

p
jmj

2Cm
�0i

j�Hrj

(6.5)

From Eq. (6.5) the angle �0 between the incidence direction and the di�raction planes can
be obtained directly and the angle �H can be obtained just by replacing m by 1

m :

�0 = �B + (1 +m)
j�0rj

2 sin (2�B)
+
p

jmj
j�Hrj

sin (2�B)
y

�H = �B +
�

1 +
1
m

�
j�0rj

2 sin (2�B)
+

1
p

jmj
j�Hrj

sin (2�B)
y

(6.6)

In the asymmetric case (jmj 6= 1) the intensity distributionRH(�0) is di�erent fromRH(�H).
The di�racted intensity has an appreciable value only in the range �1 � y � 1, which
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corresponds to an angular acceptance of

!0 =
p

jmj � !s (6.7)

and to an angular range of emergence of

!H =
1

p
jmj

� !s (6.8)

In addition, the center of the di�raction curve is shifted from the Bragg angle by

��0 =
1
2

(1 +m) � ��s

��H =
1
2

�
1 +

1
m

�
� ��s

(6.9)

where ��s is the deviation from the Bragg law in the symmetric case given by

��s =
�0r

sin (2�B)
=

1
sin (2�B)

r0�2

�V
F0r : (6.10)

Both angular divergences of the incident and re
ected beam as well as their cross section
are related to each other by the magni�cation m. In fact it holds:

!H =
1

jmj
� !0 (6.11)

and for S0 and SH being the spatial cross-sections of the incident and di�racted beam,
Liouville’s theorem requires that S0 � !0 = SH � !H and hence

SH = jmj � S0 (6.12)

As a consequence, the "Fankuchen" e�ect can be observed, i.e. if jmj > 1 the range of total
re
ection for the emergent beam is 1=jmj times smaller than that of the incident beam,
while its spatial cross section is jmj times greater. According to these theoretical consider-
ations, several combinations of asymmetry angles and lattice planes have been investigated
in order to match the requirements of the experiment. Si(220) with an asymmetry angle of
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Figure 6.3: Di�raction properties of Si(220) for an X-Ray energy of 21.75 keV (Bragg
angle �B = 8:536�) and an asymmetry angle of 8:0�. Rocking curves for symmetric as
well as for the asymmetric case are plotted. Their FWHM are 1:8400, 10:1500 and 0:3400

respectively.

� = 8:0� resulted to be the best candidate for the magnifying optics. Figure 6.3 represents
the Darwin curves of Si(220) for an energy of 21.75 keV and � = 8:0�. The magni�cation
factor is m = 30:4 and the full-width at half-maximum (FWHM) of the rocking curve are
!0 = 10:1500 and !H = 0:3400 for the incident and re
ected beam respectively. Table 6.1
summarizes these parameters for di�erent energies. The main optical components of
the Materials Sciences Beamline 4S (see Figure 6.4 and Ref. [16]) have been extensively
simulated with the ray-tracing program SHADOW [13] in order to �nd out the optimal
beamline settings for tailoring a x-ray beam suited for the Bragg Magni�er. In a previous
work [17], it has been shown that the beamline optics can deliver a beam with 21-23 keV
with less than 20 �rad of divergence. The corresponding beamline settings are further on
called "collimated beam delivery modus". A comparison with the relevant rocking curve
implies that the �rst Si(220) Bragg crystal will accept 95% of the incoming intensity. The
results of those simulations suggested that with such a setup a linear ampli�cation of a
factor of at least 30x in both dimensions is feasible. The resulting X-ray magni�ed image
can be converted to visible light and conveyed to the CCD in a much more e�cient way
(by the use of a very thick scintillator and a suitable optics) without deterring the �nal
spatial resolution.
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Energy [keV] Bragg Angle [�] m !s[00] !0[00] !H [00]
21.10 8.801 20.67 1.901 8.63 0.419
21.50 8.636 25.78 1.866 9.46 0.368
21.75 8.536 30.40 1.844 10.15 0.335
21.95 8.458 35.44 1.827 10.86 0.308
22.10 8.400 40.42 1.815 11.52 0.286
22.22 8.354 45.51 1.805 12.16 0.268
22.35 8.306 52.64 1.795 13.00 0.248
22.39 8.291 55.30 1.792 13.30 0.241
22.46 8.265 60.64 1.786 13.89 0.230
22.60 8.213 75.08 1.775 15.36 0.205
22.75 8.159 100.57 1.763 17.66 0.176

Table 6.1: Main parameters for Si(220) at di�erent energies. !s, !0, !H are the FWHM
of the rocking curves for the symmetric case, and for the impinging and re
ected beam of
the asymmetrical case respectively, see Eq. (6.7) and (6.8).

6.3 Realization

The silicon crystals have been cut and pre-aligned with an asymmetry angle of 8.0� with
respect to the (220) planes (Holm, Thann-Germany). At the Institut f�ur Kristallz�uchtung
in Berlin, the pre-orientation has been checked by means of a Laue diagram, using as a
reference the 551 re
ex. In fact, alignment with respect to the (220) re
ex is di�cult
because of the large asymmetry angle. Therefore, the crystal was oriented with respect
to the (551) re
ex, which shows an o�set of 0.5� with respect to the (220) re
ex, and the

Figure 6.4: Optics of the Materials Science Beamline MS: vertical collimating mirror
(MIRROR 1), �rst monochromator 
at crystal (CRYSTAL 1), second monochromator
crystal for horizontal focusing (CRYSTAL 2) and vertical focusing mirror (MIRROR 2).
For collimated beam delivery CRYSTAL2 and MIRROR2 are not bent.
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investigating x-ray beam was oriented along the (110) direction. The crystals were �ne-
cut with a SiC saw, with an angular accuracy of one arcminute and a surface roughness of
better than 1 �m. The asymmetry angle and the parallelism of the projection of the lattice
normal with respect to the crystal surface could be obtained both with this accuracy. The
backside of the crystals has been polished with a chemical-mechanical procedure (Cyton-
Method) which eliminates all the residual saw dust. The crystals have been �xed by optical
contacting on a glass support (Carl Zeiss, Germany). The glass support acts as mechanical
interface between the silicon crystal and the steel support (see below). In this way no
mechanical stress is applied to the crystal when it is �xed on the goniometers, reducing
dramatically any surface warping or distortions. The crystal-glass unit is mounted on a
steel 
ange that is �xed on a double swivel. This system allows the crystal to be pitched
and rolled with an angular reproducibility of 200. The crossed-swivels are mounted on
a high-resolution goniometer (Kohzu Precision Co. Ltd., Japan), which rocks the crystal
with an angular resolution of 0.05" in order to cope with the very narrow rocking curve (see
Figure 6.3). The second crystal is mounted in the same manner but rotated by 90� with
respect to the �rst one, and, in addition, it can be translated along the Y and Z direction.
All the mechanical interfaces as well as swivels and goniometers have been manufactured
in stainless steel, which guarantees high stability. Figure 6.5 depicts the Bragg Magni�er
installed at the Materials Science Beamline of the SLS. Arrows show the two crystals as
well as the direction of the impinging beam.
The magni�ed X-ray image is converted to visible light by a 35x35 mm2 CsI(Tl) scintillator
of 300 micron thickness. The generated light is collected by a high-e�ciency 1:1 tandem
optic (f = 150 mm, aperture 1=25) and projected onto the CCD. This optical system
(Optique Peter, Lyon) can be translated along the X and Y direction and the scintillator
support can accommodate scintillators of di�erent size and thickness. The CCD camera
(Pixel Vision of Oregon, Inc.), is equipped with a Thomson Th7899M full frame chip with
2048x2048 pixels of 14 �m pitch. A full-frame can be read-out in 100-250 ms through four
independent outputs at 12-14 bit dynamical range and data are stored directly to the SLS
�le server via a �ber optic link. The camera has an optical shutter (open-close cycle of
30-40 ms) to reduce the afterglow e�ect of the scintillator and to allow a completely dark
read-out.
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Figure 6.5: Bragg Magni�er setup at the Materials Science Beamline 4S. Visible are both
crystals mounted on their swivels �xed to the high-resolution goniometers. The beam comes
from the right. On the left side, the entrance of the 1:1 optic is also visible.

6.4 Results

The optics of the beamline 4S were operated in the collimated beam delivery modus.
This means that the second monochromator crystal as well as the second mirror are not
bent, in order to deliver a low divergence beam (< 20 �rad). The energy was tuned from
21.1 keV up to 22.75 keV, and the two crystals of the Bragg Magni�er have been rocked
accordingly. This produced magni�cation factors ranging from 20x to 100x. Figure 6.6
shows the rocked angular position of the two crystals (’1 for the �rst one, �2 for the
second) as a function of the energy. The 0�{ direction (left axis on Figure 6.6) corresponds
to the pre-rocking position, i.e. when the surface of the �rst crystal is parallel to the
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Figure 6.6: The solid line shows the magni�cation factor as a function of the photon
energy while the single markers give the positions of the Bragg peak ’1 and �2. The zero
value on the left axis corresponds to the pre-rocking position, i.e. surface of the crystal and
impinging beam are parallel. Error bars are smaller than the markers.

impinging x-ray beam. The reproducibility of this energy scan was excellent: in fact, the
error bars for the angular position are much smaller than the markers on the plot. These
values, given in arcseconds, correspond to the angle � of the incident beam with respect
to the crystal surface de�ned by: � = �B � �, where � is the asymmetry angle. On
the same plot (right axis) the theoretical magni�cation factor as a function of the energy
is depicted. Figure 6.7 shows the excellent agreement between expected magni�cation,
predicted by dynamical di�raction theory, and measured magni�cation, obtained with the
help of a boron �ber (see Figure 6.8) of known dimension (100 �m outer diameter and
15 �m tungsten core). An image of the calibration �ber has been acquired at the same
experimental conditions (x-ray energy of 22.1 keV, sample-to-scintillator distance (SSD)
of 350 mm, magni�cation 40x40) with the standard detector installed at the Materials
Science Beamline, which has a spatial resolution of 250 lp/mm at 10% MTF [18]. The
direct comparison depicted in Figure 6.8 shows the evident enhancement in term of spatial
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Figure 6.7: Expected magni�cation, calculated with dynamical di�raction theory, vs. mea-
sured magni�cation, extracted with the help of the calibration �ber depicted in Figure 6.9.
The straight line with slope 1 indicates excellent agreement between theory and measure-
ment.

resolution provided by the Bragg Magni�er. By reducing the SSD to a few mm, the X-ray
optical resolution gain from Figure 6.8(b) to Figure 6.8(a) would look less splendid but,
on the other hand, the Bragg Magni�er allows much higher magni�cation factors as well
as higher e�ciency than the standard detector. An illustration of the imaging qualities of
the Bragg Magni�er is given in Figure 6.9 which shows a human bone trabecula together
with the boron �ber with magni�cation factors of 20x20, 30x30, 40x40, 60x60, 75x75 and
100x100: the corresponding �eld of view ranges from 1.44 x 1.44 mm2 to 0.28 x 0.28 mm2

and the theoretical pixel size from 0.7 x 0.7 �m2 to 0.14 x 0.14 �m2.
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(a)

(a)

(b)

(b)

Figure 6.8: Calibration �ber (100 �m boron outer diameter, 15 �m tungsten core) acquired
with the Bragg Magni�er (a) and the standard detector (b) at the same x-ray energy of
22.10 keV. The x-ray propagation path sample-scintillator was 350 mm in both cases. A
resolution enhancement in (a) is clearly visible.

6.5 Discussion and Outlook

In this work the performance of an X-ray microscope based on double asymmetric Bragg
di�raction is described. The microscope works with hard X-rays, which is actually a world
premi�ere to our knowledge. If the normal to the di�raction plane n is correctly aligned
with respect to the impinging wave vector k, i.e. if the incoming beam "sees" the correct
asymmetry angle and not only its projection, the resulting image �delity (see Figure 6.9)
is very good, and no distortions or optical aberrations could be detected. The Bragg Mag-
ni�er has been operated with magni�cation factors ranging from 20x20 to 100x100 which
corresponds to theoretical pixel sizes varying from 700x700 nm2 to 140x140 nm2. With the
300 �m thick unstructured CsI(Tl) scintillator used so far, structures of less than 1 �m
can easily be detected. In future, the unstructured CsI(Tl) scintillator shall be replaced
by a structured one [19] to provide an even higher spatial resolution at X-ray detection
e�ciency higher than 90%. The crystals have considerable dimensions (150 x 50 mm2)
because the microscope can accommodate �elds of view (FOV) ranging from 1.44 x 1.44
mm2 to 0.28 x 0.28 mm2 and because the Bragg angle di�ers from the asymmetry angle
only by a small amount. This means that the distance between the sample and the scin-
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(a)

(a) Magni�cation: 20x20
Field of View : 1.44 x 1.44 mm2

Theoretical Pixel Size : 0.7 x 0.7 � m2

(b)

(b) Magni�cation: 30x30
Field of View : 0.95 x 0.95 mm2

Theoretical Pixel Size : 0.46 x 0.46 � m2

(c)

(c) Magni�cation: 40x40
Field of View : 0.72 x 0.72 mm2

Theoretical Pixel Size : 0.35 x 0.35 � m2

(d)

(d) Magni�cation: 60x60
Field of View : 0.48 x 0.48 mm2

Theoretical Pixel Size : 0.23 x 0.23 � m2
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(e)

(e) Magni�cation: 75x75
Field of View : 0.38 x 0.38 mm2

Theoretical Pixel Size : 0.18 x 0.18 � m2

(f )

(f) Magni�cation: 100x100
Field of View : 0.28 x 0.28 mm2

Theoretical Pixel Size : 0.14 x 0.14 � m2

Figure 6.9: Human bone trabecula together with a boron �ber of 100 �m diameter and
15 �m tungsten core imaged at di�erent magni�cations: (a) 20x20, (b) 30x30, (c) 40x40,
(d) 60x60. (e) 75x75 and (f) 100x100. On the right side of (a) the wax used for �xing the
trabecula is visible. In (d), on the upper part of the trabecula border a di�raction fringe
can be observed. An increased 
ux will allow a better alignment of the high-magni�cation
con�guration and (e) and (f) will appear complete and not cut on their left side.
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tillator has to be 300 mm at least, hence Fresnel di�raction is to be expected. Such a
phenomenon can be observed in Figure 6.9(d) at the upper part of the trabecula border,
where at least one interference fringe can be detected with bare eye. As described in [9],
the microscope produces in-line holographic images: edge-enhancing imaging is therefore
easily accessible and, if numerical phase retrieval is provided [20], quantitative holotomog-
raphy can also be performed. Exposure time for the images depicted in Figure 6.9 ranges
from 1 second for the 20x20 magni�cation to 30 seconds for the 100x100. It has however
to be mentioned that those measurements had been made with a preliminary setting of the
beamline. In the near future, the ring current will be doubled and the wiggler gap closed
to 7.5 mm, resulting in a �vefold reduction of the exposure times. It has been shown that
the Bragg Magni�er can produce hard X-rays 2D radiographic images with magni�cation
factors of 20x20 to 100x100 and exposure times of few seconds. Therefore, its integration
in synchrotron-based tomographic investigations represents the immediate development.
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Chapter 7

First results

During the commissioning phase of the microtomography device as well as the SLS ma-
chine, so-called pilot proposals were submitted in order to test the feasibility of a certain
experimental technique or to get additional information for the planning of a future study.
This chapter illustrates the �rst results of such experiments performed with the micro-
tomography device. It has however to be noted that the SLS (storage ring, wiggler and
beamline optics) never reached the speci�ed values during this commissionig phase, see
Table 7.1.

Device Speci�ed values Reached values
Storage ring current (mA) 400 150-200
Wiggler gap (mm) 7.5 12
Beamline optics Tori Monochromator Simple Flat Crystal
Beam pro�le Flat (� few percent) Intensity oscillation of � 40-60 %

Table 7.1: Reached values of the SLS-machine and beamline during the commissioning
phase.

The �rst section of this chapter, presents a couple of nostalgic pictures, documenting the
birth of the microtomography device of the SLS as well as the �rst absorption and edge-
enhanced tomogram.
Section 7.2 illustrates the results of the �rst three submitted pilot-proposals in the �elds of
osteoporosis [1], Alzheimer disease [2] and Ceramic research [3] and shows the capability
of the device to answers new questions from the medicine and the materials science.
Section 7.3 presents another nostalgic picture illustrating the �rst asymmetric double
di�raction obtained with the Bragg Magni�er. This was an important step, because it was
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the �rst experimental demonstration of the theoretical predictions described in Chapter 5.
Further the �rst tomographic reconstruction based on data acquired with the Bragg Mag-
ni�er is described.

7.1 Nostalgics

First light on detector

Figure 7.1 depicts the �rst synchrotron light recorded with the standard detector on
September 3rd 2001, just a short time after the �rst beam was extracted from the wig-
gler. The ring current was 25 mA, the wiggler gap 25 mm and the energy 12 keV. The
exposure time was 15 seconds with a 28 �m thick YAG:Ce scintillator. The four glowing
points at the edges are due to the on-chip ampli�ers. Since the light intensity was poor,
a cross has been marked on the scintillator in order to enhance the contrast. Clearly visi-
ble are horizontal features in the beam arising from the beamline mirrors, see Chapter 8.
Along the vertical direction on the left part of Figure 7.1, a Cu wire of a (now removed)
intensity monitor can bee seen.

Figure 7.1: First light on standard detector, September 3 rd 2001.
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First absorption-based reconstructed slice

In November 2001, a makeshift rotation table has been installed. It o�ered 500 angular
steps as well as translations perpendicular and parallel to the beam direction. A new
vacuum chamber allowed the wiggler gap to be closed to 18 mm. The ring current was
increased to 150 mA. Figure 7.2 shows the �rst tomographic scan acquired at the SLS, on
November 11th 2001. The sample was a human hip-bone biopsy of 6 mm diameter and the
energy was 13.5 keV.

First edge enhanced tomographic scan

As explained in Chapter 3.3, weak absorbing objects can be investigated in a so-called
edge-enhanced regime. If the distance D between sample and detector, see Equation 3.45,
is chosen correctly, then the contribution of the second derivative of the refractive index
is enhanced. This phenomenon highlights the boundaries of the object as well as all its
internal interfaces. Figure 7.3 shows an edge-enhanced radiographic projection and two
reconstructed slices of a lacewing (Planipennia). It has to be noted that the reconstruction
has been performed with the same algorithm (Shepp and Logan �ltered-backprojection, [4])
as for the standard absorption-based tomography. This algorithm of course doesn’t take
Fresnel di�raction e�ects (as can be observed in Figure 7.3(a)) into account and assumes
the edge-enhanced projection to be common absorption projections. Therefore, artifacts
in the reconstructed slices can be observed and the segmentation of relevant structures
becomes di�cult. Anisotropic di�usion algorithms [5] have been suggested as possible
tools to pre-process data in order to enhance the edge-detection. Other groups proposed
quantitative phase retrieval as an alternative [6].
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(a) Radiographic projection acquired at 13.5 keV.

(b) Sinogram, 2048 columns and 500 projections.

(c) Reconstructed slice, Shepp and Logan �ltered-backprojection.

Figure 7.2: First tomogram of the SLS, November 11th 2001.
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(a) Edge-enhanced radiographic projection: �eld of view is 1.4 mm, spatial resolution about 2 � m.

(b) Tomographic reconstruction of layer A. (c) Tomographic reconstruction of layer B.

Figure 7.3: First edge-enhanced tomographic reconstruction performed at the SLS, using
the standard detector. The sample is a lacewing (Planipennia) imaged at 12 keV. 500 pro-
jections have been acquired at a sample-detector distance of 100 mm.
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7.2 First research projects with the standard detector

7.2.1 Ostoporosis research: microcracks in trabecular bone

The formation of microcracks in trabecular bone and their role in bone fatigue is nowadays
still not completely understood. It seems that microcracks, experienced constantly due to
daily exercise, somehow trigger bone remodeling. However, the sequence of events following
the development of microcracks is not known. So far, investigations of these features
are based on histological sections where microcracks are stained en bloque using basic
fuchsin [7] or chelated 
uorescent contrast agents [8]. The use of di�erent 
uorescent agents
allows subsequent staining after mechanical loads applied on a specimen and thus imaging
of microcrack evolution over time and load. It is also possible to visualize microcracks using
heavy metal stains for scanning electron microscopy (SEM) investigations [9]. Here good
images can be obtained using the backscattered electron signal, which is element speci�c.
This is similar to the contrast formation in the case of X-rays microtomography. However,
in the case of X-rays the absorption depends on the atomic number to the power of three
whereas is SEM the backscatter coe�cient is related merely linear to the atomic number.
Staining techniques coupled to synchrotron-based computed tomography (SR�CT) has
been suggested as a new tool to investigate microcracks. In a pilot experiment, two samples
of bovine bone using the lead-uranyl staining technique have been prepared as follows.
Thick slabs of 1 cm diameter were cut from the humerus and, subsequently, cylindrical
cores with 3.75 mm diameter were extracted from the slabs and cut parallel to a length
of 4 mm using an annular saw. Prior to the staining the bone marrow was extracted in
an ultrasonic bath. The samples were then placed into a solution of lead-uranyl acetate
in 70 % acetone for 8 days at room temperature. The lead-uranyl acetate was produced
mixing equal amounts of 20 % lead acetate and 8 % uranyl acetate, both dissolved in
70 % acetone [10]. Subsequently the samples were rinsed in 70 % acetone and placed into
a solution of 1 % ammonium sul�de in acetone for 7 days at room temperature. In the
second bath, water insoluble lead and uranyl sul�de precipitates were produced. Finally
the samples were rinsed in deionized water. After staining, the samples were scanned with
SR�CT at a photon energy of 20 keV. The samples were held in a water-�lled PMMA
container. Figure 7.4 illustrates the results of this pilot experiment. The mineralized bone
and the stained areas could be easily segmented, see Figures 7.4(b) and 7.4(c), showing the
feasibility of the technique. In the future, with the development of an in-situ mechanical
loading and staining device, bone and biomaterial samples will be investigated also at
di�erent stages after loading in-vitro.
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(a) 3D Volume rendering bovine trabecular bone.

(b) Transparent bone with stained area. (c) Stained area extracted.

Figure 7.4: Bovine trabecular bone investigated at 20 keV. From Ref. [11].
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7.2.2 Alzheimer research: microvasculature of mouse brain

The typical clinical picture of Alzheimer’s disease (AD) includes a progressive decline of
memory function, often accompanied by other clinical signs such as agitation, aggression,
sleep disturbances, and social withdrawal. Nonetheless, brain autopsy is needed to pos-
itively con�rm the diagnosis. A high density of neuritic plaques, neuro�brillary tangles
and vascular amyloid are characteristic neuropathological markers of AD. Plaques and
tangles in the neuropil may a�ect neuronal function and also contribute to the neuronal
damage, however it is unclear whether their incidence correlates with the clinical signs and
symptoms of cognitive impairment characteristic of the disease [12, 13, 14]. To �nd early
disease markers is particularly important. This will help de�ne new therapeutic strategies
and enable initiation of treatment. Reduced blood 
ow has been reported as one of the
most consistent physiological de�cits in AD [15], however, it remains unclear whether the
reduced cerebral blood 
ow is a response to neuronal damage or a factor initiating the
characteristic neuropathology. The recent development of mouse models for AD allows the
comprehensive study of the temporal progression of the disease. To describe age-dependent
alterations in the cerebral vasculature potentially a�ecting the blood 
ow in AD, trans-
genic mice that overexpress a mutated form of the amyloid precursor protein (APP) and
display the pathological hallmarks of this disease can be used [16]. In a second step cor-
rosion casts from APP23 tg and littermate control mice of di�erent ages by intra-cardial
injection of a polymer can be produced. After dissolving away bones and the surrounding
tissue, the three-dimensional architecture of the cerebral vasculature including microves-
sels such as arterioles and capillaries becomes visible. This method is unique because
the three-dimensional organization is not retained by standard histological techniques. In
a preliminary experiment it was possible to show that the cast method combined with
synchrotron-based high-resolution microtomography produces very promising results, fur-
nishing important, novel information about the microvasculature structure. First results of
this experiment, performed at the SLS on October 2002, are illustrated in Figure 7.5. The
microtomography device was operated at 10 keV, using the 4x objective and a YAG:Ce
scintillator of 20 �m thickness. The �eld of view was 3.5 mm and the theoretical pixel
size 1.75x1.75 �m2 with a MTF response of 2.5 �m at 10%, see Chapter 4. The sample-
to-detector distance was 100 mm, in order to improve the detection of blood vessels. The
polyurethane cast has been immersed in a osmium, uran-acethyl and lead solution for en-
hancing the absorption contrast. Very impressive, three-dimensional information of the
brain vasculature has been obtained, see Figure 7.5(c), showing the feasibility of the study.
Additional e�ort, however, has to be invested in order to evince quantitative information.
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(a) Gold plated cast from a mouse brain. (b) Edge-enhanced radiographic projection
acquired at SLS with 10 keV X-rays.

(c) 3D rendering of raw data, about 600 slices, 2x binning.

Figure 7.5: Polyurethane brain cast after immersion in a (Os/UA/Pb)-solution. Sample-
to-detector distance was 100 mm, X-ray energy 10 keV.
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7.2.3 Ceramic research: wood-derived porous ceramics

The use of wood as the structure-giving material may be the key to produce temperature-
resistant ceramics featuring high and directed porosity combined with the necessary
strength [17]. Ceramization of wood is the conversion of the morphology of wood into
ceramic with the aim of combining the porous and mechanically optimized structure of
wood with the superior materials properties of a ceramic, like its thermal and chemical
resistance, into a new material with a unique spectrum of qualities. The aim of the project
was to develop a new process to convert wood into a highly porous ceramic on the base of
silicasol in�ltration. SR�CT has been used to visualize the internal distribution of SiO2.
For the purpose, a beam energy of 11 keV has been used. Figure 7.6 shows the results of
the tomographic scan.

Figure 7.6: Cylindrical sample (� 2 mm diameter) of pyrolyzed beech after in�ltration
with SiO2-Sol. Light-orange marked areas correspond to regions of SiO2.
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7.3 Bragg Magni�er

7.3.1 First light from Bragg Magni�er

At the beginning of April 2002 the Bragg Magni�er was �rst commissioned with syn-
chrotron radiation. The beamline optics have been operated in the "collimated beam
delivery" mode, i.e. the second monochromator crystal and the second mirror (see Fig-
ure 6.5) were 
at. This produced a beam divergence of less than 20 �rad which is fairly well
accepted by the two Si(220) crystals, see Chapter 6. Beam energy was set to 21.50 keV.
After a preliminary alignment of both crystals, the �rst asymmetrical double di�raction
could be recorded, see Figure 7.7.

Figure 7.7: First light emerging from the Bragg Magni�er, April 4th 2002.

An unstructured CsI:Tl scintillator of 300 �m thickness has been used to convert the X-
ray beam into visible light. An high e�ciency tandem optics, see Appendix E, collects the
light and leadsf it onto the CCD described in Chapter 4. The slanted re
ex depicted in
Figure 7.7 is due to the fact that the normals to the lattice planes n1 and n2 of the �rst
and second crystals respectively weren’t perpendicular to each other.
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7.3.2 Submicrometer tomography

Radiographic projections

In a �rst step, simple radiographic projections have been acquired, in order to evaluate
the performance of the Bragg Magni�er in terms of e�ciency and spatial resolution, see
Chapter 6. Figure 7.8 depicts a human trabecula of approximately 200 �m diameter.
Figure 7.8(a) and Figure 7.8(c) have been acquired with a magni�cation of 50x50 (energy
of 22.3 keV) corresponding to a theoretical pixel size of 0.28 x 0.28 �m2. The exposure time
was 5 seconds. These frames clearly show that the device produces high-quality images
with submicrometer spatial resolution within short exposure time (note that both storage
ring current and wiggler gap couldn’t be operated at their speci�ed values at the time
of this experiment). Figure 7.8(b) and Figure 7.8(d) shows some details of Figure 7.8(a)
and Figure 7.8(c) respectively. As described in Chapter 6, the X-ray propagation path
between sample and scintillator is 350 mm, therefore the Bragg Magni�er produces strong
edge-enhanced images. For the speci�c case of the trabecula however, this could be an
advantage because the presence of osteocytes can be easily detected.1

Tomographic scan

Since the alignment of the sample was quite delicate, the magni�cation factor has been
reduced to 40x40, by setting the energy to 22.1 keV and rocking both Si(220) crystals
accordingly, see Figure 6.6. A set of 1000 projections has been acquired with an exposure
time of 10 seconds per frame leading to a total scan time of 2.7 hours. Figure 7.9 depicts the
experimental setup as well as a sinogram and a reconstructed slice. The edge-enhancement
produced by the Bragg Magni�er is clearly visible in Figure 7.9(b). The enhancement pro-
cess seems more evident on the left side of the sample. This is however only a misalignment
e�ect since the whole double-crystal system was positioned slightly o�-axis from the beam
trajectory.2 As a consequence the wiggler length (about 2 meters!) is visible from the
sample position and this contributes to the image formation with a blurring e�ect, clearly
observed in the right part of Figure 7.9(c). Finally, Figure 7.10 shows the 3D rendering of
200 slices of the trabecula. Osteocytes location is well illustrated.

1Osteocytes and bone matter have di�erent densities and therefore, according to Eq. (3.44), boundaries
between bone and cell can be highlighted due to edge-enhancement.

2Note that the rotation axis is horizontal, therefore the right region of Figure 7.9(b) corresponds to the
upper region of the SR-beam.



7.3. Bragg Magni�er 137

(a) Human trabecula imaged at 50x50. (b) Detail showing Fresnel patterns.

(c) Same trabecula, rotated by 90� . (d) Detail showing osteocytes.

Figure 7.8: Radiographic projection of a human trabecula (� 200 �m diameter) acquired
at 22.1 keV. The theoretical pixel size is 0.28x0.28 �m2 and the �eld of view is 575x575 �m2.
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(a) Experimental setup for a tomographic scan with the Bragg Magni�er: beam direction and entrance
of the �rst Bragg crystal are showed.

(b) Sinogram of the trabecula scan, clearly showing
the edge enhancement.

(c) Reconstructed slice with 1000 projections.
Theoretical pixel size 0.35x0.35 � m2.

Figure 7.9: First tomographic scan with the Bragg Magni�er at the Materials Science
Beamline. The sample is a human bone trabecula with a diameter of approximately 200 �m.
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Figure 7.10: 3D rendering of the trabecula in edge-enhanced modus: 200 slices, magni�-
cation 40x40, theoretical voxel size 0.35x0.35x0.35 �m3. Single osteocytes are clearly and
easily detected.
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Chapter 8

Discussion and outlook

High brilliance and high coherent X-ray sources provided by third generation synchrotron
radiation facilities like the Swiss Light Source have brought into the X-ray �eld a revolu-
tion comparable to the advent of lasers in classical optics and the development of the �eld
emission gun in electron microscopy. A century after discovery of X-rays, established tech-
niques such as X-ray cristallography, spectrometry or radiography have greatly improved
their performances and it is now possible to image large biological structures with atomic
resolution, to map specimen composition with unprecedented precision or to obtain radio-
graphic projections of millimeter sized samples with spatial resolution in the micrometer or
even sub-micrometer range. As a consequence, synchrotron-based computed microtomog-
raphy nowadays assumes an important role in the non-destructive volumetric investigation
of a broad variety of samples and �nds many applications in medicine, biology, and ma-
terials science. Exploiting the high degree of coherence of the synchrotron beam, a trivial
form of phase radiography and tomography became feasible. Based on simple propaga-
tion, phase contrast imaging extends the classical absorption-based technique and makes
possible to visualize internal structures in optically non transparent materials with a much
higher sensitivity than conventional X-ray imaging.
The work presented here illustrates the development of two high-resolution X-ray detectors
for synchrotron-based computer microtomography which have been installed at the Mate-
rials Science Beamline of the Swiss Light Source. The �rst goal was to achieve high spatial
resolution (� 1�m) with fast-low-noise electronics in order to perform dynamical investi-
gations in the micrometer scale. In a second step, the challenge was to e�ciently reach the
sub-micrometer range at high energies (> 20 keV). The tasks of the Ph. D. included on
one hand the conceiving, designing and purchasing of components and, on the other, the
building and pre-testing of both devices in laboratory. Further, a lot of resources have been
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spent in the assembly of the whole instrumentation at the beamline. Finally, proposals
have been submitted and beamtime obtained in order to commission both detectors as well
as the sample holder developed by the Swiss Federal Laboratories for Materials Testing
and Research (EMPA) at the beamline.
Up to now, the SLS has been run in a con�guration which is unfortunately well below
the speci�cations, see Table 7.1, and the sub-optimal values of the ring current (less
than 200 mA) and of the wiggler gap (12 mm instead of 7.5 mm) cause a lack of 
ux
of approximately a factor 5 { 7. When the SLS will be operated at the speci�ed values, we
will be able to improve our already good results: the exposure time will be considerably
reduced allowing the acquisition of a single projection in the subsecond temporal range
and a full set of images, usually between 700 and 1000, will be recorded within 10 { 20
minutes, optimally exploiting the high brilliance of the source.
The performance of the standard, optically based detector has been described in Chap-
ter 4. An energy range between 5 and 40 keV is theoretically available, but up to now,
only the range 9-25 keV has been routinely exploited because of the mentioned sub-optimal
settings of electron current and wiggler gap. In spite of that, spatial resolution of 1 mi-
crometer has been measured. The microscope optics accommodate a �eld of view ranging
from 0.715 x 0.715 mm2 up to 7.15 x 7.15 mm2 allowing the investigation of a broad
spectrum of samples. YAG:Ce scintillating crystals with active screen of di�erent thick-
ness are available in order to match either spatial resolution or time requirements. The
performance of the standard detector is comparable with similar devices installed at other
synchrotron facilities like ESRF, NSLS or HASYLAB, but, as a new feature, the mechanics
of our device allows a rapid change between di�erent scintillator-objective con�gurations,
which is very much appreciated by the users. The control software for both motors and
CCD camera operations still needs some amelioration in order to match the requirements
of the users, who are usually more con�dent with graphical one-click widgets than with
complex terminal-based input commands. At present, they mainly exploit the device for
absorption-based investigations but, technically, the instrumentation makes the collection
of edge-enhanced as well as phase contrast projections already possible. Work should be
devoted for the development of software for phase-retrieval and holo-tomography.
The design and realization of the Bragg Magni�er, a fully novel detector, have been de-
scribed in Chapter 6. This new tool has several advantages: �rst of all the magni�cation of
the sample is performed in the X-ray regime without important 
ux loss, since the re
ec-
tivity of both Si(220) crystals is larger than 90% for energies around 20 keV. Secondly, the
magni�ed X-ray image can be converted to visible light in a very e�cient way thanks to
a thick scintillator (conversion e�ciency > 90%) without deterioration of the spatial res-
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olution. Thirdly, noise-scattering from the sample is automatically eliminated due to the
small angular acceptance of the crystals, resulting in an improved image quality. Finally,
magni�cation factors from 20x20 up to 100x100 can be achieved, for energies above 20 keV,
which is actually a world record. The Bragg Magni�er in its present state is a prototype
because, in a �rst step, we were mainly interested in the feasibility and practical realiza-
tion of two dimensional magni�cation based on asymmetrical di�raction and that forced
us to adopt some compromises. As a consequence a working energy around 21-23 keV was
chosen in advance and only samples of less than 1.5 mm in diameter can at the moment
be investigated when the magni�er works at its lower magni�cation. The mechanics was
designed according to the fact that dynamical di�raction theory predicts both incidence
and re
ected angle of the X-ray beam for a given energy and lattice plane. Considering
both engineering and economical aspects, we equipped the device with a very precise but
simple mechanics which guarantees the necessary values in terms of angular resolution but
forces us, on the other hand, into dealing with reduced 
exibility like a narrow energy
range or with an o�-line alignment procedure. Due to the �nite size of the crystals, the
images acquired with the Bragg Magni�er su�er from Fresnel di�raction contamination
which ultimately limits the spatial resolution of the instrument but, on the other hand, the
edge-enhancement produced by X-ray propagation can be used to highlight small changes
in refractive index inside a sample, as shown in Figure 7.8. With voxel sizes down to
100-150 nm3, three dimensional, non-invasive imaging at cellular level is now accessible,
see Figure 7.10.
First experiments carried out with both the standard detector and the Bragg Magni�er
are described in Chapter 7. The results are very promising and the users are in general
satis�ed by the performance of the devices even though the quality of the pro�le of the
beam emerging from the Materials Science beamline still has to be improved in order to
satisfy the requirements of high resolution tomography or simple radiography in general.
In fact, the beam pro�le shows strong intensity modulations along both the horizontal and
vertical directions, as well illustrated in Figure 8.1(a). The cause of these modulations lies
mainly in the X-ray optics of the beamline (see section 2.2.2 as well as Figure 2.12) which
has been designed to optimally focus the beam at the powder di�raction station and at the
surface di�ractometer which are located about 4 m and 8 m after the microtomography
device respectively. As a consequence, we found that for energies above 12 keV the beam
cannot be horizontally focused at the microtomography station, because the necessary cur-
vature of the second Si(111) crystal of the monochromator can structurally not be reached.
The impossibility to su�ciently bend the crystal produces bright intensity spots along the
horizontal direction which can clearly be observed in Figure 8.1(b). This situation causes
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some portions of the CCD to be almost saturated when others are still sensitive, result-
ing in an unacceptable illumination condition. Two solutions can be applied in order to
solve this problem: the beamline optics can completely be defocused, causing the peaks
to disappears but also the intensity to decrease, or the �eld of view of the detector can be
reduced, by choosing an high magni�cation objective. In this case the sample has to be
put in the middle of one peak, using only a reduced portion of the beam. Obviously, the
last alternative is only feasible if the sample is small enough to �t into a single spot.
Modulations along the vertical direction, see Figure 8.1(c), are essentially produced by the
surface roughness of the �rst and second mirror. For a given incidence angle, in fact, total
external re
ection occurs below a threshold energy and a mirror is therefore a low pass
�lter for the impinging energy spectrum. A height error �h of the mirror surface re
ecting
X-rays at a grazing incidence �inc (typically 3 mrad) generates a phase shift �’ equal to
�’ = 4�

� �h sin�inc. Consequently, an error �h of only 1 �A introduces a phase shift of
0.04 rad. This shift increases rapidly with the grazing angle of incidence. In order not to
a�ect the small angular source size, the slope errors of the mirror should be small compared
to half the angular source size (rms value slope error � �s=l). At the Materials Science
beamline, the angular source size is 0.08 �rad vertically and 0.76 �rad horizontally. State-
of-the-art surface manufacturing achieves presently at best 0.5 - 1 �rad slope errors and
height errors of a few �A. For this reason intensity modulations can be detected and these
are more pronounced along the vertical direction. The obvious solution to this problem
is to work without mirrors. This is technically feasible, but the �rst 
at monochromator
crystal would receive the total wiggler power and the huge thermal load would distort its
lattice structure reducing the integrated re
ecting power. The risk that white beam hits
some very sensitive component like encoders or cables mounted in the vacuum chamber
of the monochromator would besides increase. In addition, since the SLS is run in the
so-called "top-up" mode, which consists in a continuous re�lling of the storage ring with
a period of a couple of minutes, the modulation are temporally not constant. Even if the
machine group reported intensity changes of less than 0.1% and shifts in the electron orbit
of less than 1 �m, we detected larger (of the order of 5-15 �m) oscillations of the X-ray
beam pro�le. Trying to reduce the e�ect of these temporal modulations by acquiring a
large number of reference projections during a tomographic scan would mean a signi�cant
increase of the duration of a single experiment.
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(a) Beam cross-section emerging from the 4S beamline.

(b) Horizontal pro�le. (c) Vertical pro�le.

Figure 8.1: Snapshot of the 
at �eld emerging from the Materials Science beamline 4S at
15 keV. The optics were set to focus the beam along both vertical and horizontal direction.
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Outlook

The Swiss Light Source is a really young synchrotron radiation facility. Construction of
the main building, in fact, began in late 1998, approximately at the same time as the work
presented here. A tremendous synergetic e�ort of on-site scientists, technicians and exter-
nal suppliers made possible that, after about three and an half years, four beamlines have
been completed and user operation could be started on June 2002. As a consequence of
this fast proceeding, it happened quite often that beamline commissioning coincided with
instrumentation commissioning. This was of course very interesting from a pure scienti�c
point of view but, on the other hand, caused some additional di�culties in the �ne tuning
of the microtomography device, since the beam conditions changed from one beamtime
to the other. Therefore, further beamtime should be allocated to study the behaviour of
the di�erent beamline components once that both storage ring and wiggler will reach their
speci�ed values.

The standard detector has reached the speci�ed performance and is now used for rou-
tine measurements. With the fast, low-noise CCD camera dynamical investigations in the
micrometer range are now possible, o�ering a very powerful device to the user commu-
nity. The time required for a scan could be further reduced if the device could exploit
the 
ux produced by a superbend coupled to a multilayer monochromator. This con�g-
uration, compared to the existing wiggler-Si111 monochromator, would deliver one order
of magnitude more 
ux. In addition, the critical energy would be shifted towards higher
values, making the investigation of high-Z materials more comfortable. Furthermore, a
tomography dedicated beamline based on a superbend and with suited X-ray optics would
eliminate the horizontal intensity modulations that have been detected at the 4S beamline.

The feasibility of double asymmetrical Bragg di�raction with hard X-rays has been clearly
demonstrated and the Bragg Magni�er produces very good X-ray images.1 Its basic princi-
ple can be applied at lower energies, and this even with less di�culties since the acceptance
of the crystals is higher. The preparation of suited crystal pairs for lower energies would
therefore increase the 
exibility of the instrumentation broadening the spectrum of the
samples that could be optimally investigated. With this novel device and the concrete
perspective to reach voxel’s size around 100 nm3, completely unexplored dimensions will
be accessible to computer tomography.

1"The 20 keV X-ray images are the best I have ever seen", David Attwood, director of the Center for
X-Ray Optics in Berkeley, 23rd July 2002.
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Filtered back-projection

To show:
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Let consider the Fourier pair:
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Using the coordinate transformation u = ! cos �, v = ! sin � and with the help of the
Jacobi-determinant it is possible to rewrite dudv with:
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With x cos � + y sin � = t we obtain:
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If we separate the angular integral in two intervals [0; �] and [�; 2�], and consider that
t ! �t for � ! � + �, we obtain:
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Exploiting the symmetry properties F (!; � + �) = F (�!; �) we can write
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Doing the substitution ~! = �!, we can calculate that:
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Since �~! = j~!j for �~! < 0 , which is always the case, we obtain:
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Now, let apply the Fourier Slice Theorem, see section 3.2.1, i.e., let substitute F (!; �) with
S�(!). We �nally obtain:
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Laue and Bragg equations

A linear di�racting grating may be de�ned as a straight line along which the scattering
power is a periodic function of position, i.e.  (r) =  (r + L1a1), where L1 is any integer
and a1 is the vector separation of neighboring equivalent points. A monochromatic plane
wave incident upon the grating will be scattered in all directions. Because of the periodic
nature of the scattering power, di�raction maxima occur in the directions corresponding
to path di�erences equal to an integral number of the wavelength, leading to the familiar
grating equation:

a1 � (kH1 � k0) = H1 (B.1)

with k0 and kH1 being the wave vectors of the incident and di�racted X-ray beam respec-
tively. The generalization to a three-dimensional grating for which the scattering power is
a triply periodic function  (r) =  (r + L1a1 + L2a2 + L3a3) leads to the well known Laue
equations :

a1 � (kH1H2H3 � k0) = H1

a2 � (kH1H2H3 � k0) = H2 (B.2)

a3 � (kH1H2H3 � k0) = H3

Three integers H1; H2; H3 are associated with each di�raction maxima and with
kH � kH1H2H3 . Equations (B.2) can be rewritten in the reciprocal space as:

kH � k0 = BH (B.3)
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where BH � BH1H2H3 � H1b1 + H2b2 + H3b3, with b1;b2;b3 being the reciprocal vector
set of a1; a2; a3. According to Eq. (B.3) a vector BH of the reciprocal lattice is associated
with each di�raction maximum. The quantities H1; H2; H3, which in Eq. (B.2) have signif-
icance only as integers, have to be interpreted as Miller indices of a family of lattice planes.
The physical interpretation of Eq. (B.3) is illustrated in Figure B.1.

Figure B.1: Schematic representation of the Laue vector equation (B.3). The distance
between two consecutive lattice planes is dH .

Since jkH j = jk0j = 1=�, the Laue vector equation means that the vectors kH and k0 are the
edges of a rhomb of diagonal BH . The sequence of planes in the space lattice represented
by BH makes equal angles with the vectors kH and k0, i.e. the di�racted beam is produced
by a re
ection of the incident beam in the family of planes normal to BH . Of course it is
not a re
ection in the usual sense, since the re
ected beam is produced only for speci�c
values of the incident wave vector. These values can be found by equating the magnitudes
of both sides of Eq. (B.3). The magnitude of the left side is 2 sin �B=�, where 2�B is the
scattering angle and �B is thus complementary to the angle of incidence or re
ection and
is called Bragg angle. The magnitude of the right side of Eq. (B.3) is 1=dH1H2H3 = 1=dH
where dH is the distance between two consecutive lattice planes. Accordingly we obtain
the Bragg equation:

2 sin �B
�

=
1
dH

(B.4)

Bragg’s formulation of the di�raction phenomena as a re
ection of the incident beam in a
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lattice plane is convenient for many purposes but a simple construction in the reciprocal
lattice of the di�racted wave vectors associated with a given direction of incidence and a
given wavelength is more directly useful for the conception of methods for the production
of di�raction maxima. Let Figure B.2 represent a portion of the reciprocal space with
origin in O.

Figure B.2: Ewald’s construction of di�raction. The reciprocal lattice points are repre-
sented by dots.

The point P is chosen so that the line PO corresponds in direction and in magnitude
to the incident wave vector k0. Since jkH j = jk0j = 1=�, it is possible to represent the
di�racted vector kH as a radius vector in a sphere of radius 1=� constructed with the point
P as a center. A vector BH which satis�es the Laue vector equation B.3 must have his
terminus on the sphere of re
ection. It is clear that if the vector k0 is chosen entirely at
random, the sphere of re
ection in general will not pass through any reciprocal lattice
point. Therefore, in order to satisfy Eq. (B.3) and thus producing di�raction maxima, it
is necessary to adjust the wavelength or the direction of the incidence in such a way that
one or more of the reciprocal lattice points fall on the sphere of re
ection.





Appendix C

Kinematical theory of X-ray
scattering

Scattering from a single electron

Let us consider an electron of charge �e and mass m to be held at the origin with a small
restoring force. A plane wave of monochromatic X-rays

E0ei(!0t�2�k0�r) (C.1)

acts on the electron. Assuming that the natural frequency of the electron is small com-
pared with the X-ray frequency and solving the classical equation of motion for the electron
displacement we obtain the expression for the electric and magnetic �eld at large distances
from the generated dipole:

ei!tHe = u � pe
!2

0

c2R
ei(!0t�2�k�R) (C.2)

ei!tEe = (u � pe) � u
!2

0

c2R
ei(!0t�2�k�R) (C.3)

with pe = � e2

m!2
0
E0 being the dipole moment, R = Ru being the radius vector from the

dipole to the observation point and k = 1
�u. The intensity of the radiation scattered from

a single electron becomes:

Ie = I0

�
e2 sin’
mc2R

�2

with I0 =
c

8�
E2

0 (C.4)
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where ’ is the angle between E0 and u.

Scattering from a single atom

Consider an atom containing z electrons in the origin. In analogy to Eq. (C.2) we can write:

ei!tEat =
X

j

(uj � pj) � uj
!2

0

c2Rj
ei(!0t�2�kj �Rj) (C.5)

where Rj is the radius vector for the jth electron. Without appreciable errors, Eq. (C.5)
can be rewritten as

Eat = Ee

X

j

eis�rj (C.6)

where s denotes the vector 2�(k � k0) and rj is the position of the jth electron at a given
instant. The electrons in an atom are "changing" their position very rapidly so that one
should consider averages rather than instantaneous values for the amplitude and intensity
of the scattered radiation. Accordingly, it becomes important to distinguish between co-
herent and incoherent radiation, since we are interested in the part of the scattering which
give raise to interference radiation. For �j dV being the probability of �nding the jth
electron in the volume element dV , the expression for the mean amplitude is given by

Ee
X

j

’j with ’i �
Z
�j eis�rj dV (C.7)

while the intensity of the coherent scattering becomes

Icoh = Ie

�����
X

j

’j

�����

2

(C.8)

Further, one can de�ne the atomic scattering power f 0 as:

f 0 =
X

i

’i =
Z
� eis�rdV with � =

X

j

�j (C.9)

In case of anomalous dispersion, i.e. when the frequency of the X-ray beam approaches the
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characteristic frequencies of the electrons, the atomic scattering power should be rewritten
as

f =
X

j

’j
Z 1

!j

wjd!

1 �
�
!
!0

�2
� i �j

!0

= f 0 +
X

j

’j(�j + i�j) (C.10)

where wjd! is the number of virtual oscillators associated to the jth electron . The term
’j(�j + i�j) is called anomalous contribution to the atomic scattering power.

Scattering from a unit cell

Consider now the scattering from a single unit cell of a crystal lattice, i.e. more than
one atom contributes to the scattered radiation. In analogy to the previous section, the
amplitude of the scattering from a single unit cell can be written as F �Ee with F de�ned
as the structure factor with:

F =
X

k

fk eis�rk (C.11)

where rk denotes the nuclear position of the kth atoms inside the unit cell and fk is its
scattering power. When anomalous dispersion is neglected the symbol f 0

k is used instead
of fk.

Scattering from a small crystal

Assume that the dimensions of the crystal are small compared with the distance R from
the crystal to the point of observation. The location of the unit cells in the crystal is
described by means of a lattice vector AL = L1a1 + L2a2 + L3a3. It might be expected
that the resultant amplitude is the sum of the contributions from the various unit cells
with the phase di�erence s � AL taken into account. Accordingly, for the amplitude of the
scattered radiation, we have:

Ecrystal = Ee F
X

L

eis�AL (C.12)

where the summation runs over all the unit cells composing the crystal. With N1a1; N2a2

and N3a3 being the edges of the unit cell, the summation in Eq. (C.12) can be expanded
as a geometric serie as
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Ecrystal = Ee F
Y

i

eiNi s�ai � 1
eis�ai � 1

(C.13)

The intensity ratio is then obtained from the amplitude ratio by multiplication with the
complex conjugate:

Icrystal
Ie

= jF j2
Y

i

sin2 1
2 Ni s � ai

sin2 1
2 s � ai

(C.14)

It has to be remembered that the maximum values of the intensity ratios occurs for such
values sH of s that

sH � a1 = 2�H1

sH � a2 = 2�H2

sH � a3 = 2�H3

9
>=

>;
) sH = 2�BH = 2�(H1b1 +H2b2 +H3b3) (C.15)

Obviously, the left and right sides of Eq. (C.15) are identical with Laue equations (B.2)
and the Laue vector equation (B.3) respectively. If the Laue equations are satis�ed, the
scattering intensity becomes

IejFH j2N2 with FH =
X

k

fkei2�BH �rk (C.16)

where N is the number of unit cells and FH is the value of the structure factor for s = sH .



Appendix D

Linear approximation of the two
wave case

Eq. (5.18) represents the exact solution for the two wave case. For re
ection angles far from
0 and �=2 it is possible to reduce this equation to an expression of second order. Following
approximation dramatically simpli�es the expression without deterring the precision.
Let de�ne the vectors k0 and kh of length k (the amplitude of the wavevector in vacuum),
where k0 satis�es the Bragg condition in the kinematical sense, i.e:

kh = k0 + h (D.1)

Let further de�ne the vectors K0 and Kh, of length K as follows:

K0 = k0 + �k

Kh = kh + �k (D.2)

Using Eq. (5.13) it holds:

jK0j2 = K2 = k2 (1 + �0) = k2 + 2
�
k0 � �k

�
+ j�kj2

jKhj2 = K2 = k2 (1 + �0) = k2 + 2
�
kh � �k

�
+ j�kj2 (D.3)

The values of k for X-rays are very large and we can therefore assume j�kj � k. It yields:
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k0 � �k = kh � �k =
1
2
k�0 (D.4)

Finally the vectors K0 and Kh can be coupled to the vectors K0 and Kh by the relation:

K0 = K0 + �k

Kh = Kh + �k (D.5)

where the common shift �K guarantees the condition (5.11).
Analogously, it holds that j�Kj2 � jK0j2 as well as j�Kj2 � jKhj2 and therefore:

K2 � jK0j2 �= �2
�
K0 � �K

�

K2 � jKhj2 �= �2
�
Kh � �K

�
(D.6)

Substitution of Eq. (D.6) in Eq. (5.18) yields:

�������

�2
�
K0 � �K

�
C��h

��K0
��2

C�h
��Kh

��2 �2
�
Kh � �K

�

�������
= 0 (D.7)

Since j�Kj and j�kj are very small, jK0j ’ jK0j ’ jk0j = k and analogously jKhj ’
jKhj ’ jkhj = k. Finally, using Eq. (D.5) and Eq. (D.2) we obtain:

X0Xh =
k2

4
C2�h��h (D.8)

where

X0 = K0 � �K

Xh = Kh � �K (D.9)



Appendix E

Optical imaging with single and
tandem objectives

This appendix summarizes the concepts on which the visible-light tandem optics built for
the scintillator-CCD coupling of the Bragg-Magni�er are based. The optics have been
designed in order to optimize the e�ciency. In fact, see below, it can be shown that a
1:1 tandem optics can be approximately �ve times more e�cient than a single objective
system.

E.1 E�ciency of single objectives

Let us consider the illumination geometry illustrated in Figure E.1.

Figure E.1: Illumination geometry with a single objective.

An object of area A [m2] and emission M [W/m2] is projected on the image a [m2]. The
e�ciency � of this process can be de�ned as the ratio between the illumination intensity
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e [W/m2] at the image point and the original radiation A. If one assume that the emission
characteristic of the radiating surface is a Lambertian, one obtains an angular dependent
intensity pro�le given by:

I = I0 cos� (E.1)

The total emission power P [W] is obtained by integration over the solid angle:

P =
Z



d
 =

�
2Z

0

2�Z

0

I0 cos� sin� d’ d� = I0� (E.2)

The total emission power p [W] at the image point is a function of the opening angle �
since only a part of the emitted power is transmitted by the objective.

p =
�Z

0

2�Z

0

I0 cos� sin� d’ d� =
�
2
I0(1 � cos 2�) (E.3)

Using the trigonometrical relation 1 � cos 2� = 2 sin2 � and the de�nition for the numeri-
cal aperture NA = sin� one obtains the ratio between transmitted and originally emitted
power:

x �
p
P

= sin2 � = (NA)2 (E.4)

One can express the angle �, see Figure E.1, with:

tan� =
d
2g

(E.5)

or, by introducing the aperture number k � f=d and the scaling factor � � b=g as:

tan� =
�

2k(1 + �)
(E.6)

With the same arguments, and some trigonometrical manipulation, Eq. (E.4) can be rewrit-
ten as:
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x = sin2 � =
tan2 �

1 + tan�
(E.6)=

�2

4k2(1 + �)2 + �2 (E.7)

The relationship between the surfaces A and a is obviously given by:

a
A

=
b2

g2 = �2 (E.8)

According to the de�nition, the original object emission M and the illumination intensity
e at the image point can be de�ned as:

M �
P
A

and e �
p
a

(E.9)

The e�ciency of the single objective system is therefore given by:

� =
e
M

=
x
�2 =

1
4k2(1 + �)2 + �2 (E.10)

E.2 E�ciency of tandem optics

A tandem optics system consists in two lenses with di�erent (or identical) focal lengths and
if possible with the same lens diameter in order to avoid losses between both objectives.
The emitting object lies in the focal plane of the entrance objective while the image is
recorded on the focal plane of the exit objective. The scaling factor is therefore given by

the ratio of both focal lengths: � =
a
A

=
fB
fG

, see Figure E.2.

Assuming again a Lambertian emission characteristic, one obtains the same expression for
the ratio between transmitted and emitted radiation, see Eq. (E.4) but the angle � is now:

tan� =
d

2fG
(E.11)

where d represents the lens diameter which is assumed to be the same for both lenses.
Introducing again the aperture number kG � fG=dG one obtains an expression for tan�
which is independent from the scaling factor �:
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Figure E.2: Illumination geometry with tandem optics.

tan� =
1

2kG
(E.12)

In analogy with the single-lens case on can calculate that:

x =
1

4 k2
G + 1

(E.13)

and the e�ciency � can be �nally expressed as:

�G =
e
M

=
x
�2 =

1
4 k2

G �2 + �2 (E.14)

For di�erent entrance and exit objectives (for instance dB � dG) one obtains:

� = �G �
d2
B

d2
G

(E.15)

Introducing the aperture numbers kG � fG=dG and kB � fB=dB Eq. (E.15) can be rewrit-
ten as:

� =
1

4 k2
B +

 
kB
kG

!2 (E.16)

The objectives used for the tandem optics integrated in the Bragg Magni�er have a nominal
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focal length of 150 mm and an aperture of 1/2.5. Comparing the tandem system with a
typical macro objective with F2.8/55mm by evaluating Eq. (E.10) and Eq. (E.14) one
obtains that the tandem optics is almost 5 times more e�cient that the single-objective
technique. Figure E.3 shows the system installed on the Bragg Magni�er.
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absorbing crystal, 92
absorption, 38
absorption coe�cient, 42
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of incidence, 109
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asymmetrically cut crystals, 95
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beam intensity, 25
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bending magnet, 19
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Bragg equation, 154
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crystal
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edge
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