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Motivation

The production of dense plasmas with high-power, short-pulse lasers opened the way 
not only for the investigation of such plasmas in the laboratory, but also for a number of 
applications of these extreme states of matter. Two of the most prominent applications 
are the use of such plasmas as very small-scale particle accelerators and as a source of 
X-ray pulses with pulse durations of less than one ps (10_12s). X-ray optics plays an 
important role in the field of laser-plasma physics. First, since these plasmas are dense, 
and thus opaque for visible light, information about their properties is mostly gained 
by X-ray spectroscopy. Thus the self emission of ions and atoms can be detected or 
scattering and absorption of externally produced X-rays is measured. The second im
portant application of X-ray optics in this field is the spectral shaping and focusing of 
the X-ray pulses for applications. Beneath these applications are, for instance, X-ray 
diffraction experiments, which make it possible to measure the collective atomic motions 
after optical excitation, and to follow transient structural rearrangements during phase 
transitions on ultrashort time scales. In these experiments the sample is excited by a 
part of the laser pulse, while the structural response of the material to the excitation 
is determined via changes in X-ray diffraction patterns, taken at a variable delay after 
excitation. Thus the main part of the laser pulse is used to generate ultrashort X-ray 
pulses. These experiments are typically conducted with medium-size lasers, delivering 
few hundreds m j with 10 Hz repetition rate or with high-repetition rate lasers delivering 
few hundreds p.J to few m j at 1-10 kHz repetition rate. In almost all experiments an 
X-ray optic was used to monochromatize and refocus the spectrally broad and isotrop
ically emitted radiation from the plasma source. Two-dimensionally bent crystals are 
used to this end.

This thesis contributes to the field of bent crystal X-ray optics and their applications 
in different ways. On the one hand, a deeper understanding of the reflection properties of 
bent crystals is gained. On the other hand, the use of bent crystal optics is demonstrated 
by means of a number of bent crystal-based instruments that are used both in the field



Motivation

of the diagnosis of laser-produced plasmas as well as for application of the generated 
ultrashort X-ray pulses. Furthermore, one application of bent crystal-based X-ray spec
troscopy is presented, that allows for unique investigation of the strong electric fields 
within the laser-produced plasmas.

The thesis is organized as follows: the first chapter gives an introduction to X-ray 
optics with bent crystals, the production of dense plasmas with lasers as well as the 
processes within these plasmas that lead to particle acceleration and X-ray production.

The second chapter presents a detailed analysis of the reflection properties of two-di- 
mensionally bent crystals. These properties have to be known precisely when the crystals 
are used in high resolution spectroscopy or imaging. It will be shown experimentally 
that these reflection properties depend on the lateral position on the crystal, an effect 
never considered neither theoretically nor experimentally before.

In the third chapter, several X-ray optics are presented, which are used in the field of 
applications of ultrashort X-ray pulses. A spectrometer capable of monitoring the K a 
emission from a high repeating laser-plasma source online, is presented. Such an online 
signal is necessary to optimize the plasma in terms of maximal K a flux. Furthermore, 
toroidal crystal optics, used to spectrally shape and focus K a radiation, will be shown. 
Beneath this use for application of the ultrashort X-ray pulses from laser-plasma sources, 
these optics are used for a novel method in X-ray diffraction. This technique, that 
allows to map small crystal real structure variations with high spatial resolution, will be 
explained, and an example of such a spatially resolved structure analysis will be given.

The fourth chapter presents a spectroscopic investigation of laser-produced plasmas. 
X-ray emission spectra of ions in strong electric fields that accompany the interaction 
of the laser with solids are recorded. Therefore a spectrometer combining the high 
collection efficiency of bent crystals with a special detection scheme, allowing for the 
necessary background suppression is used. This allows for spectroscopy with a high 
dynamic range, making it possible to identify very low intensity spectral features. This 
serves as a unique technique to deduce the highly transient electric fields.
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1. Introduction

In this chapter, the basic concepts concerning this work are discussed. This includes 
first the use of bent crystals as X-ray optics, and second gives an introduction into the 
field of laser-produced dense plasmas with concentration on two main processes: first the 
generation of strong fields for particle generation and second, the generation of intense, 
ultrashort X-ray pulses.

1.1. X-ray optics with toroidally bent crystals

The use of crystal optics for X-rays is based on Bragg reflections. For a given wavelength 
A, a crystal reflects only in a very narrow angular interval around the angle 0  given by 
Bragg’s law:

A =  2dhkisin 0 , (1.1)

where dhki is the distance of the used lattice planes. On the other hand, if polychromatic 
radiation is divergently impinging on a flat crystal, it serves as a dispersive element 
and can be used in a spectrometer. As early as the 1930’s, the basic concepts for the 
use of bent crystals as X-ray optics to increase the luminosity were developed [1-5]. 
The field experienced great progress in the 1970’s and 80’s, where near-perfect crystals 
became available. These crystals together with precise forming techniques opened the 
way to accurate monochromatic imaging [6-10] and high resolution spectroscopy [11- 
13]. A perfect point-to-point focusing is achieved by a crystal with ellipsoidally bent 
lattice planes, and the source as well as the image located in the two foci. [14] To avoid 
polychromaticity, the surface of such an elliptically bent crystal has to be toroidally 
cut. [15] Since such a crystal can practically not be produced, a good approximation is a 
toroidally bent crystal. The principle of X-ray imaging and spectroscopy with toroidally 
bent crystals is shown in figure 1.1. A crystal with two different bending radii Rh in the 
horizontal (meridional) and Rv in the vertical (sagittal) direction has two related focal
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toroidally bent crystal toroidally bent crystal

Figure 1.1.: X-ray optics with toroidally bent crystals, a) Imaging with source and image 
on the Rowland circle (magnification k =  la/h =  1) or with source inside and image outside 
the Rowland circle (k>  1). b) Spectroscopy with one dimensional spatial resolution. The 
source lies inside and the spectrum on the Rowland circle.

distances fh and f v, according to

fh =  (RhsmOB)/2 and 2 s in 0 s ), (1.2)

where 0 B is the Bragg angle of the reflection under consideration. For a given wavelength 
and reflection, the bending radii can be chosen such that the focal distances are equal. 
Therefore

jr- =  sin2 0 B (1.3)

has to be fulfilled, leading to a point-to-point focusing. This imaging of the source can be 
done with or without magnification ( k — la/h — 1, Rowland circle geometry, or 1).

Otherwise, if fh 7̂  fv, the crystal can be used as a spectrometer with one dimensional 
imaging resolution. Then the distance la from the source to the crystal has to be chosen 
according to l/la +  1/7& =  1 / / „ ,  where lb is the distance between crystal and detector. 
This is given by lb =  Rh sin Oß.

Beneath imaging and spectroscopy of X-ray sources, these two dimensionally bent 
crystals also have a third important field of application in X-ray diffraction. By using 
an imaging crystal, which provides a monochromatic and convergent X-ray beam, it is 
possible to record crystal rocking curves, i.e. the dependency of the crystal’s reflectivity 
on the incident angle, without rocking the crystal. Therefore the sample crystal is placed 
in the focus of the bent imaging crystal and the diffracted radiation is collected with
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Figure 1.2: Scheme o f X-ray diffraction 
with toroidally bent crystals. By placing 
a sample crystal in the focus o f an imaging 
toroidal crystal, the rocking curve o f the 
sample can be recorded without rocking it.

a position sensitive detector as a CCD camera. This scheme is depicted in figure 1.2. 
By avoiding to rock the sample crystal, it is much easier to record the dependency of 
these rocking curves on other experimental parameters. This could be the time delay in 
pump-probe studies, where the sample crystal is excited by an optical or infrared pulse 
and the response of the lattice to this pulse is deduced from changes in the rocking curve. 
By using short pulses for both the optical pump pulse and the X-ray probe pulse, it is 
possible to measure these processes with femtosecond time resolution. [16,17] With this 
method it is possible to record very subtle changes of a single Bragg reflection [18] or even 
to simultaneously track the change of multiple reflections. [19] Another possible variable 
is the temperature, enabling to track lattice changes during phase transitions. [20] A 
third variable is the position on the sample. It is possible to map rocking curves with 
high spatial resolution in the order of 20 pm. This is explained in detail in section 3.3.2.

The reflection properties of such a crystal optic for a given wavelength are determined 
by two effects: first by the reflection curve of the crystal, i.e. the dependency of reflec
tivity of the crystal on the incoming angle; and secondly by the geometric change of the 
angle of incidence over the surface. In the case of imaging, these two effects determine 
the bandwidth in which the source is imaged and the aberrations of the image. In the 
case of spectroscopy, the reflection curve determines the spectral resolution while the 
geometry determines the collection efficiency and the dispersion. Both effects will be 
explained in more detail in the next sections.
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1. Introduction

Reflection curve

The reflection curve of a flat, perfect crystal can be calculated within the dynamical 
theory of X-ray diffraction (see e.g. [21]). The width of this curve is only a few seconds 
of arc. In the symmetric Bragg case, the reflection curve of a perfect, elastically bent 
crystal is modified in two ways with respect to a flat one. This is depicted in figure
1.3. The first is a geometric effect: the radiation diffracted in different depths in the 
crystal has a different angle with respect to the lattice planes. Secondly, the lattice 
plane distances are changed due to elastic effects. The one- or two dimensional bending 
of a perfect crystal introduces a uniform lattice plane gradient ez in the direction z 
perpendicular to the surface (z =  0 in the center of the crystal, with the z-axis pointing 
towards the crystal front surface), [22,23] according to

^ = z K ( - k + i )

Thus, the lattice constant is unchanged in the center of the crystal (’neutral plane’), 
increasing in the direction of the front surface and decreasing in the direction of the 
crystal rear face. But there are no gradients in the lateral directions. K  is given by 
elastic constants of the crystal. For a isotropic medium, it is given by the Poisson ratio 
v, K  — [23] For an anisotropic medium, it is a function of all elastic compliances
as well as the bending radii and the crystal orientation. [24,25]

Within the theoretical treatment, that leads to equation (1.4) and that does not show 
a lateral strain gradient, generally the assumption of small displacements of the atoms 
in the bent crystal is made. I.e. the atomic displacements u =  r — ro due to the bending

are treated as small against the thickness of the crystal. This assumption fails for 
strong bending of thin crystal plates, where u easily exceeds the crystal thickness. Since 
the assumption of the theory is not fullfilled, also the prediction of the laterally constant 
strain might not be true. The implications of lateral strain gradients will be treated in 
chapter 2.

The reflection curve of such a strained crystal can be derived numerically within the 
dynamical theory of X-ray diffraction by solving the Tagaki-Taupin equation [23,26]. 
Which of these two effects dominates, depends on the Bragg angle. For small Bragg 
angles, the geometric effect dominates, for large Bragg angles the shape of the reflection 
curve is governed by the variation of the lattice constants. There is even an angle where 
both effects compensate each other (see [23]). But in general the reflection curve is

1r and ro are the atom positions after and before bending, respectively

(1.4)

8
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0r AH Wm

(a )
®-®0 ["] ®-®o ["]
(b) (c)

Figure 1.3.: The reflection curve o f the bent crystal is changed with respect to a flat one. (a) 
depicts the two responsible effects: a strain gradient due to elastic effects and a geometric 
effect due to the bent surface, (b) and (c) shows an example (flat and spherically bent GaAs, 
R =200m m , (008) reflection © =  80°). In (b) at A =  0.139 nm, © =  80° the effect o f the strain 
gradient dominates, while in (c) at A =  0.048 nm,© =  20°, the geometric effect dominates.

broadened with respect to a flat crystal. The peak reflectivity is lowered while the 
integrated reflectivity is increased. An example of the change of the reflection curve due 
to bending is shown in figure 1.3(b) and 1.3(c), where the reflection curves of a flat and 
a spherically bent GaAs crystal with bending radius 200 mm at an Bragg angle of 80° 
(1.3(b)), and at an Bragg angle of 20° (1.3(c)), for the 008 reflection are shown. In the 
former case, the bent crystal’s reflection curve is dominated by the elastic effect, and in 
the latter by the geometric effect. These reflection curves, as well as as all others within 
this thesis, are calculated with a computer code DIXI, [27] developed in the X-Ray optics 
group. This code applies a constant strain gradient. The elastic properties of the crystal 
(i.e. the Poison ratio in the isotropic case and a more complicated function of all elastic 
constants in the anisotropic case [24]) are an input to the program.

Geometric Bragg angle deviation

Since the lattice planes have a circular bending in the horizontal direction, the angle 
between a point source and the crystal is changing across the surface. The deviation 
o  from the central Bragg angle 0 q for a toroidal crystal, symmetric reflection with

9
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=  sin2 0  is given by: [10,15]

a
k - 1 1———a  + ------

2k 2 tan 0 q

k — 1 
4 k

fc + 1 W
2k sin2 0 O / ’

(1.5)

where k — lf -is the magnification, a and $  are the horizontal and vertical divergence an
gles, with respect to the source position. It is thus smallest for Rowland circle geometry, 
i.e. k =  1. This is generalized for asymmetric reflections in [24].

Reflection efficiency

The reflection efficiency of a bent crystal, i.e. the fraction of reflected photons Nreß to 
the photons Nq emitted by the source, is determined by the integrated reflectivity of the 
crystal and the size of the reflecting area. The latter is given by the the size of the area 
on the crystal, where the Bragg angle deviation o  is smaller than the line width of the 
imaged X-ray line.

The integrated reflectivity of a bent crystal can be derived by numerically integrating 
the reflection curve (see above). It lies in general between the two extremal crystal 
reflectivities, which are on the one hand the reflectivity of a perfect crystal and on 
the other hand the reflectivity of an ideal mosaic crystal R^t- These reflectivities can be 
derived analytically within the dynamic and the kinematic theory of X-ray diffraction, 
respectively. They are determined by material properties and the geometry and are [21]

and

Tjdyn _
-r l int —

-nkin __
11int —

8A2re l +  |cos(20)| 
3irV sin(20) 2 I Ffhkl

A3r2 1 +  cos2(20) \FhM\

(1.6)

(1.7)
V 2 sin(20) 2 ’

respectively. Here re — 2.818 • 10-15 m is the classical electron radius, V  is the volume 
of the crystal’s unit cell and fi is the photoabsorption coefficient. Fhki is the structure 
factor of the reflection.

The reflection efficiency is calculated [10] by solving

Nrefl —= J  J  J^G(a,\)J(X)C(o(a,$) -̂ t a n 0 s )dAda;

where G(a, A) describes the angular distribution of the emission of the source, which 
can be set to 1 for isotropic emitters. J(A) is the energy distribution of the spectrum

10
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and C  is the reflection curve of the crystal, o  is the above discussed geometric Bragg 
angle deviation.

Typically, the width of the reflection curve of the crystal is smaller than the width 
A  A l of the spectral line under consideration. In this case, the wavelength dependency 
of the emission can be neglected, i.e. J is constant. Then the integrations are decoupled 
and can be evaluated for different geometries. For Rowland circle geometries Nreß  is 
given by:

. T . T A /I 11.«+
N r e f l  »  N 0 -2 -  — .A \L sin 0 O tan 0 O 

Here, A is the effectively reflecting area on the crystal, which is the geometric size of the 
region on the crystal where the Bragg angle deviation o  becomes large enough for the 
whole spectral line to be reflected.

Preparation of bent crystals

To obtain a crystal with a significantly small bending radius, it must be ensured that the 
maximal strains introduced by the bending does not exceed the limit of elasticity of the 
crystal. According to equation (1.4) this requires appropriately thin crystal plates. To 
reach bending radii in the range of a few hundred mm, the crystals have to be thinner 
than 100 pm. Different methods are known to prepare a crystal one or two dimensionally 
bent. It is considered whether the forces shaping the crystal act only on the edges, or on 
the large sides of the crystal. The first method is known a free bending or momentum 
bending [28] and is applicable for one-dimensionally bent crystals, i.e. crystals in a 
cylindrical shape. The other method is known as forced bending [15], which is the 
method used within this thesis. Here, the crystal is attached to a preform made of glass 
or metal that gives the crystal its shape. The contact between the crystal and the form 
is achieved by two different methods. First, for very smooth surfaces the contact can be 
made by adhesive forces between the two surfaces {bonding). Second, the crystal can be 
glued to the template. To achieve a precise crystal shape by this method, the crystal 
is first attached by adhesive forces to a negative preform, then the positive template is 
glued to the crystal and the negative preform is subsequently detached. If the crystal 
can be bond to the preform or has to be glued, depends not only on the bending radii 
and the size of the crystal,but is also very sensitive to the surface quality of both, the 
crystal and the form.

11



1. Introduction

1.2. Interaction of short pulse lasers with solids

With state of the art short-pulse laser systems, it is possible to reach intensities of 
1020 W /cm 2 and above.2 Such high intensities are far beyond the ionization threshold of 
atoms. Thus, the laser interacts with a dense, opaque plasma. This plasma is generated 
by the rising edge of the laser pulse or by prepulses. Within this plasma, the laser energy 
is very efficiently transformed into kinet energy of electrons (laser absorption efficiencies 
between 0.1 and 0.8 are reported in the literature; the findings of a number of studies are 
collected in [30]). These electrons are accelerated by the laser and propagate through the 
target, giving rise to very strong electric and magnetic fields on the order of T V /m  [31] 
and kT [32]. They also interact with the target material, giving rise to the production of 
intense X-ray radiation. The different steps of the interaction will be described below, 
following [30].

Plasma formation

A photon from a Tksapphire laser at 800 nm has an energy of 1.6 eV and thus ionizes 
a solid not directly3. Yet at high enough intensity, two ionization mechanisms take 
place [30]. The first ,multi-photon absorption, occurs at intensities above ~  1010 W /cm 2. 
That means that one electron absorbs more than one photon and overcomes the binding 
energy this way. It may also absorb more photons than needed to overcome the binding 
energy ( above the threshold ionization).

The second effect is the deformation of the atomic potential by the electromagnetic 
field of the laser, leading to a lowering of the Coulomb barrier. Thus the electron may 
tunnel out of the atom ( tunnel ionization). With sufficient electric field (intensity ~  
1014 W /cm 2), the Coulomb barrier is lowered below the binding energy and the electron 
is not longer bound ( over the barrier ionization). The main part of the laser pulse is thus 
interacting with a plasma, i.e. with quasi-free electrons and an inert ion background. 
This plasma is dense (almost solid density), since at the relevant time scales of the 
ionization process, no hydrodynamic motion takes place. Typical plasma expansion 
velocities are in the order of ~0.1 nm/fs. [33] The preplasma obeys an exponential density 
decay with a characteristic length, the plasma scale length Lp. This scale length is very 
sensitive to the temporal profile of the laser pulse and is the critical parameter for the 
subsequent laser absorption and electron acceleration in the plasma.

2The highest reported intensity is 2 • 1022 W /cm 2. [29]
3 To ionize Titanium for instance, 6.8 eV are necessary.

12
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The optical properties of the plasma can be described by a plasma frequency, which 
depends on the electron density. Thus there exists a critical density nc,

nc =  ± k  =  1.l x l 0 2 l ( ± ) cm- ^
e1 vpm/

where the plasma frequency becomes equal the laser frequency wl- (e and me are the 
charge and the mass of the electron, respectively.) For normal incidence, this defines the 
depth in the plasma to which the laser penetrates. For oblique incidence (under angle 
Ol), the density to which the laser penetrates is reduced by a factor cos2 0^.

Hot electron generation

Within the steep plasma gradient at the front of the target, electrons can gain energy 
from the laser field by various processes. At lower intensity, collisional absorption, i.e. 
inverse Bremsstrahlung of electrons oscillating in the field of the laser, is the dominant 
process. It is also present at intensities above 1015W /cm 2, but becomes rather ineffec
tive, especially at steep plasma gradients. Here, collisionless absorption processes come 
into play. There are different processes known:

• Resonance absorption: For p-polarized laser light under oblique incidence, a 
plasma wave in the part of the plasma exceeding critical density can be excited 
and resonantly driven by the evanescently penetrating electric field of the reflected 
laser light. This effect depends on the distance between the reflection point of the 
laser and the depth of the critical density, which is controlled by the laser incidence 
and the plasma scale length.

• Brunei heating: [34] At very steep plasma gradients, electrons are accelerated 
directly by the laser field. In the first half wave of the laser field the electrons are 
driven towards the outside of the target, in the next half wave they are pointed 
inside the target. Since the field does does not exceed the critical density, these 
electrons are not pulled back by the field and penetrate into the target.

• Ponderomotive Force: This force is caused by the laser intensity gradient and 
pushes the electrons out of the laser focus.

• (j x B)-heating: This is similar to the Brunei mechanism, except that the driving 
force is not the electric, but the magnetic part of the Lorentz force.

13
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The relative importance of these processes and the actual absorption rate is very sensi
tive to the experimental conditions, especially the laser intensity and the plasma scale 
length (and thus the temporal profile of the laser pulse). Combining these effects, a 
significant amount of laser energy is converted to electrons, and the absorption effi
ciency is in the range of 10 to 70% [30]. The energy distribution of the electrons can be 
treated as Maxwellian, with a temperature much higher than the initial plasma temper
ature. At 1017 W /cm 2 this temperature is in the order of lOkeV, growing up to MeV at 
1019 W /cm 2. [30] While propagating through the target, this electron population forms 
strong currents on the order of MA, which are accompanied also by large magnetic fields. 
These strong currents can only propagate through the target when there a net current 
compensation in the form of accompanying slow return currents exists. [35]

1.2.1. Target Normal Sheath Acceleration

Figure 1.4.: Target Normal Sheath Acceleration (TN SA): During the interaction o f an intense 
short-pulse laser with a thin solid foil, a significant amount o f laser energy is transferred into 
hot electrons. A  part o f them is accelerated in the laser field to relativistic energies. They 
form strong currents (M A) and thus strong electric and magnetic fields inside the plasma. 
W hen they escape the foil at the backside, fields o f T V / m are formed due to charge separation. 
These strong electric fields accelerate ions to M eV energy.

For thin foils with thicknesses of a few pm, the hot electron population created by 
the laser traverses the target without considerable energy loss. A part of them leaves 
the target, leading to strong electric fields at the backside of the target due to charge 
separation. The target is then positively charged, preventing the main part of the elec
tron population from escaping the target. The escaping electrons form a exponentially

14
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decaying electric field with field strengths in the order of T V /m  (see below). In these 
extreme fields, atoms at the backside of the target are field ionized, predominantly hy
drogen, oxygen and carbon from water vapor and hydrocarbon contamination layers. 
Once ionized, these ions are accelerated to energies in the order of MeV. This process 
is known as Target Normal Sheath acceleration [36,37] (TNSA, see figure 1.4). It is ca
pable of producing very energetic proton [38]4 and ion beams with exponential spectra 
and low emittance [39]. The spectra can also be modified by the use of special target 
designs [40-42] or staged acceleration [43] to produce small-bandwidth features in the 
spectra.

To estimate the field strengths, a model of the expansion of a plasma into vacuum is 
used. [44] Thereby the electrons are considered to be in thermal equilibrium, thus the 
electron density ne is described by a Boltzman distribution. Assuming a step-like spatial 
distribution, the initial field strength (at time and space coordinate zero) is derived by 
integration of the solution of the Poisson equation:

Ex=ot=o — ee0 (1.9)

and is thus only determined by the density noe and temperature Te of the hot electron 
distribution. These quantities are derived by the absorbed laser energy and, via the 
ponderomotive potential $ pond of the laser, by the laser intensity. The electron density 
can be derived by their number Ne, that is proportional to the laser energy,

Ne = vE l

kBTe
(1.10)

where rj is the efficiency for the conversion from laser energy El to electrons, and by the 
volume they occupy, which is estimated by the transversal laser focus radius r^, enlarged 
to a cone with opening angle 6of ~  10° [45,46] and by the laser pulse duration tl to:

noe — ~r~~— , Aeff =  ir(rL +dt&nO)2, (1.11)
AeffCTL

where d is the target thickness5.

4The authors demonstrate the production of proton beams with energies up to 58 MeV.
57*l and d should be multiplied by cos 0 *n, 0 *n the incidence angle of the laser, for non-normal incidence 

of the laser.
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The electron energy is approximated by the ponderomotive potential [31].

kBTe »  $ pond =  ( V 1 +  o02 -  l )  X 0.511 MeV, (1.12)

with ao =  (EBe) / (u>mec) — y /(/A 2)/(1.37 x 1018 W o n -2 pm2) being the relativistic
laser potential, a function of the laser intensity I.

For the conditions of the experiment6 described in chapter 4, one has an electron 
kinetic energy, kBTe, of 2 MeV, an electron density of 1 x 102° cm'3, and finally an initial 
electric field strength of 1.6TV/m .

A second important parameter of this field is its spatial extent in the acceleration 
direction, which is estimated by the plasma’s Debye length:

A d  —
leokBTe

e2n0e
(1.13)

which gives the length scale of unneutralized charges in the plasma. For the above 
mentioned parameters this amounts to 1 pm.

It should be noted that the rather simple model for the field strength, which can 
be extended to predict the maximum achievable proton energy [44], calculates these 
energies very well [45]. Other beam parameters, like the divergence, can of course not be 
deduced. Deeper insight into the mechanism, even with predictive power, may be gained 
by simulations combining particle in cell and hydrodynamic methods (e.g. [47-51]), but 
these simulations use a number of parameters that have to be refined by experiments.

1.2.2. Generation of ultrashort X-ray bursts

The interaction of an intense, short-pulse laser with solids, leading to a plasma formation 
and electron acceleration, is accompanied by a number of secondary effects. The most 
prominent beneath the ion acceleration is the generation of ultrashort hard X-ray pulses.

The use of laser-produced plasmas as bright X-ray sources was already proposed at the 
early stages of laser-plasma experiments. [52] After the development of sub-picosecond 
lasers with sufficient energy it was shown that a laser plasma also emits ultrashort bursts 
of hard X-rays. [53]

There are two different X-ray producing electron populations. [54] The first is the 
plasma at the front side of the target. This plasma is highly ionized and has an electron 
temperature with a corresponding energy of several keV. The produced radiation in this

6A =  800 nm EL =  0.5 J, IL =  5 x 1019 W /cm 2, tl =  35 fs, =  5 pm, 77 =  0.2
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1. Introduction

plasma is not Ka-emission, but the emission from highly charged ions. The dominant 
ionization state depends on the plasma temperature and is thus very sensitive to the 
prepulse conditions in the experiment. Besides line radiation, the plasma also emits 
Bremsstrahlung.

The second X-ray producing electron population are the electrons propagating in the 
bulk of the target, which are hot electrons produced by the laser and also cold electrons 
from the return currents (see above). These electrons interact with the cold, non ionized 
bulk. Thus the produced line radiation is mostly K a emission. There are a number 
of studies, how the conversion efficiency from laser energy to K a radiation, and thus 
the achievable X-ray yield, is sensitive to experimental parameters. These parameters 
influence the K a yield via two mechanisms: first they alter the conversion efficiency 
from laser energy to electrons. Secondly they influence the temperature of the electron 
distribution, which alters the X-ray yield due to the strong dependency of the K-shell 
impact ionization cross section with the electron energy. [55]

It was shown that for bulk target material there exists an optimal laser intensity for 
the K a production [56], which differs for thin-foil targets. [57,58]. The yield is also very 
sensitive to the plasma scale length [33,59,60], which can be controlled by prepulses. 
There are also reports that the angle of incidence of the laser alters the efficiency [60,61], 
but other results show not such a strong dependency [62], Lu et al. [60] also showed 
that there is a complex coupling between these different effects. In particular, it was 
demonstrated that for different scale lengths the optimal incidence angle is varying, 
which is expected by the resonant absorption laser-electron coupling. In [63] it is shown 
that also the structure of the laser pulse, i.e. it’s chirp, has an impact on the K a yield. 
Beneath laser parameters and geometry, also the target itself plays an important role for 
the efficiency of the X-ray generation. Structured targets [64,65] can be used to increase 
the absorption efficiency of the laser light and thus increase the X-ray yield. This is 
understood by analytical models [66,67].

For the production of these ultrashort X-ray pulses, different laser systems are used: 
on the one hand systems with low repetition rate (10 Hz) and high pulse energy of 
hundreds of m j (e.g. [61,68-71] and on the other hand high repetition rate (>  1kHz) 
and lower pulse energy of a few m j (e.g. [71-77]).7 These different classes of laser 
systems differ by their achieved conversion efficiency from laser to X-ray energy. While 
for low-repetition rate systems, these conversion efficiencies can reach a few times 10-4 ,

7Also single shot high energy systems (kJ-MJ) are used to produce X-rays pulses. [78] They are beyond 
the scope of this work.
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1. Introduction

they are roughly on order of magnitude lower for the high repeating systems. This is 
due to the fact that for the low repeating system, much effort was spent to adjust the 
plasma scale length by applying controlled prepulses. This has so far not been done 
for the high repeating systems. Thus the achievable K a photon yield is in the order of
1010 — 1011 photons/(47r • s).

It was also pointed out [61,78] that the experimentally achieved conversion efficiencies 
are always at least one order of magnitude below the expectations from simulations and 
an analytical model [79], thus it is expected that the limit for the achievable yield is not 
reached yet.

Different target materials from Si to Mo are used, giving characteristic line radiation in 
the energy range from 1.7 to 17.5 keV. The rate of photons are in the range of (0 .4 ... 3) •
1011 photons /47T-s for the 10 Hz systems and (0.6.. .4) • 1010 photons /47r-s for the kHz 
systems. To operate these plasma sources repeatedly, the target must be continuously 
refreshed. Therefore solid discs, wires or tapes, that are pulled through the laser focus, 
are used or the laser is focused onto liquid jets.
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2. Laterally varying reflection 

properties of bent crystals

This chapter deals with the reflection properties of perfect, forced bent crystals1. As 
already pointed out in section 1.1, the theoretical description of the elastic state of a 
bent crystal, and thus it’s reflection properties, shows no lateral dependency. This is 
quite counter-intuitive, which will be illustrated with two following examples.

First, if a bending radius Rof a thin, free crystal plate is forced by pure bending 
moments on two opposite sides of the crystal, the crystal will not only have the bending 
radius R, but also a bending radius Ra in the perpendicular direction. This is called 
anticlastic bending. The size of this radius is given by the elastic constants of the crystal 
and normally has the opposite sign of R. [80] For a forced bent crystal with bending 
radii different from R and Ra, one thus expects strains at the edges of the crystal and 
laterally varying reflection properties of the forced bent crystals.

A second example is a model for an isotropic, round-shaped crystal, forced bent to 
a spherical shape. As pointed out by Dick [81], the crystal experiences a tangential 
compression component, since the circumference at radius r is shrinking from Us to Uk 
during the bending . This is depicted in figure 2.1. A model for the lateral variation of 
the lattice plane distances for such a crystal can be derived by assuming only a tangential 
and no radial strain. The tangential strain at radius r is given by

A  l
T

U j^ U s
Uk

r
R sin (r/R)'

(2.1)

Using the Poisson ratio u, this gives the variation of the distances of the lattice planes, 
that are perpendicular to the surface normal:

Ad = v
A l (2.2)

1 Crystals can be bent in two ways: via forced bending, where constraining forces act on one face of the 
crystal and free bending, where bending moments act only on the crystal edges.



2. Laterally varying reüection properties of bent crystals

Figure 2.1 :A  twodimension- 
ally bent crystal experiences 
a tangential compression due 
to the shrinking o f the cir
cumference o f the crystal 
plate due to the bending.

which depends on the distance from the crystal center. For a non-spherical crystal or 
an anisotropic medium the calculus is much more complicated and beyond the scope of 
this work. Only one point should be mentioned: to calculate for an anisotropic crystal 
the lattice constant variations resulting from a tangential strain, the Poisson ratio in 
equation (2.2) should be substituted by the ratio — ̂  of the elastic compliances. If 
this ratio is constant for a given crystal orientation, the simple model should still be 
applicable.

But up to now, there is no experimental confirmations of such an effect reported. 
The implications of a laterally varying elastic state of the crystal, i.e. a laterally varying 
strain, for the usage of bent crystals would be the following:

• Imaging: It would affect first the collection efficiency due to the altered effective 
solid angle (see section 1.1). Secondly it would change the imaged spectral range. 
It would also smear out the imaging resolution.

• Spectroscopy: It would change the dispersion of the crystal and reduce the 
spectral resolution.

In the following, measurements on laterally varying reflection properties of bent crystals 
are reported. Two different changes of the reflection properties are possible: first, the 
shape of the reflection curve could vary laterally and secondly the reflection curve could 
be shifted. To measure the first effect, one has to measure the reflection curve with high 
angular resolution at different points of the crystal surface. The second effect can be 
addressed by measuring the central Bragg angle of the reflection with high accuracy at 
different points on the crystal. Both approaches are followed in this work and will be 
described in the following sections.
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2. Laterally varying reäection properties of bent crystals

Figure 2.2.: Bond method for the determina
tion o f laterally varying Bragg angles. A  colli
mated X-ray beam is reflected from a specific 
lattice plane at two crystal orientations. The 
angle between these positions is an accurate 
measure o f the Bragg angle.

Figure 2.3.: Apparatus for measuring lat
erally varying Bragg angles. The characters 
are explained in the text.

2.1. Measurement of laterally varying Bragg angles

2.1.1. Measurement scheme

The method used to determine spatially varying Bragg angles, is the bond method [82], 
as it is depicted in figure 2.2. It is based on the measurement of the angular position 
of the two reflections of one particular lattice plane and allows for precise Bragg angle 
determinations with accuracies on the order of 10-7 under optimal conditions. [83] 

Prom the measured Bragg angle, the lattice plane distances are deduced by applying 
Bragg’s law (1.1). For cubic crystals and symmetric reflections, which are the only cases 
considered within this work, the lattice constant follows directly the deduced lattice 
plane distances. To measure the lateral dependency of the Bragg angle, the crystal is 
scanned. While this is straightforward for flat crystals, the situation is more complicated 
for bent crystals, since the bent crystal must be precisely positioned with respect to the 
rotation center and this position must be fixed during the scan. This will be discussed 
in detail below.

To measure variations of lattice constants on the order of 10-6 , high Bragg angles are
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2. Laterally varying reüection properties of bent crystals

employed2, and a goniometer with fine angular steps of 0.9 arcsec per step3 is used. Since 
this goniometer has to be rotated by large angles, it is combined with an angular decoder 
that has an accuracy of 0.18". The crystal has to be mounted on a precise translation 
stage with 3 degrees of freedom: two for the lateral movement of the crystal and one 
to keep the distance between the crystal surface and the goniometer axis constant (see 
below).

Apparatus

The implemented apparatus is shown in figure 2.3. The radiation from a conventional 
X-ray tube (TX) is collimated by two fine slits (SI and S2). The diffracted radiation is 
collected with two scintillation detectors (D). The crystal is mounted on a goniometer 
(G) combined with a precision angular encoder (E), and is positioned via two translation 
stages (T) and one rotation stage (R). The lateral position on the crystal is varied via a 
horizontal translation and a rotation of the crystal. The system includes a microscope 
(M), which is used to measure the position of the crystal perpendicular to the surface 
while it is moved laterally. For temperature stability, the whole apparatus is mounted on 
a stone plate and housed by a Styrofoam box. To map the Bragg angle changes, i.e. to 
measure them at many points on the crystal, the measuring procedure is automatized. 
Thus all stages are motorized, and the motors and the detectors are controlled by a 
Labview computer program.

Data analysis

Figure 2.4(a) shows typical reflection curves, measured at the two reflex positions of the 
(008)-reflection of a spherically bent GaAs crystal (bending radius R — 207 mm) for Cu- 
Kß radiation (0 O =  80.05°). The Bragg angle of the reflection is determined from the 
difference of the maxima of the two reflection curves (6\ and #2) at one crystal position 
and amounts to 0 #  =  90 — (61 — 62)/2. While the whole reflection curve is shown here, 
in the measurements mapping the Bragg angle changes, only the central fourth of the 
curve was recorded.

These measured reflection curves are a convolution of the source spectrum with the 
reflection curve of the crystal and the divergence function of the setup (see figure 2.4(b)). 
The size of these three effects is given in table 2.1 for the three crystal reflections used

2For a given accuracy in Bragg angle determination, the accuracy in lattice constant determination 
scales as l /t a n 0 .

31 arcsec =  1" =  4.8 • 10-6 rad
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&-eon
- 0.4 - 0.2 0.0 0.2 0.4

Figure 2.4.: (a) Measured reflection curves for GaAs 008, Cu Kß-radiation, 2 seconds in
tegration time per step, slits: 0.2 x 0.5m m 2. (b) The measured reflection curve (crosses) 
is a convolution o f the source spectrum [84] (solid black line) with the reflection curve of 
the crystal (black dotted line) and the divergence o f the apparatus (red dotted line). This 
convolution is shown as the solid red line.

within this work (Si (444), GaAs (008) and Ge (440)). The source spectra were the Cu- 
K(Xi, Cu-Kß and the Fe-Kcti lines, respectively. These spectra are well known [84,85] 
and at the high Bragg angles used, they dominate the width of the reflection curve.

To determine the Bragg angle shift A 0  between measurements at different positions on 
the crystal, different procedures are possible. For instance the position of the maximum 
of the reflection curve can be deduced from a polynomial fit to data. Here, another 
approach is used. The reflection curves 1(0), which were measured with steps of 20 — 60", 
are first interpolated to steps of 1". Then one of the two curves to be compared is shifted 
by a specific angle a : 1(0) —> I(Q +a). The difference in intensity between the reference

FWHM [” ]
reflection Bragg angle [°] spectrum divergence crystal reflection curve
Si (444) 79.3 326 135 5/40
GaAs (008) 80.1 763 135 8/56
Ge (440) 75.45 310 135 14/20

Table 2.1.: Size o f the different effects determining the width o f the reflection curve for the 
measured Si (444), GaAs (008) and Ge (440)-reflections. The crystal reflection curve widths 
are given for a flat and a spherical bent crystal with bending radius R  =  200 mm.
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2. Laterally varying reäection properties of bent crystals

Figure 2 .5 .: (a) For fiat crystals a deviation A z o f the crystal surface from the rotation center 
is only changing the diffracting area, but not the angle between the incoming beam and the 
surface, (b) This is not longer true for bent crystals, where a eccentricity is shifting the 
rocking curve.

curve Iref{ß) and the shifted curve is determined for every point of these curves, then 
squared and summed up.

<*(<*) = £ ( / ( » ) - / « , ( » - a ) ) 2
e

The minimum of this function d(a) is determined for the both reflections, their difference 
is the Bragg angle shift. This procedure is done for every measured reflection curve 
resulting in the Bragg angle shift map AQ(x,y).

2.1.2. Analysis of the accuracy of the measurement system

Most of the errors of the Bond scheme [82,86] are only important for the determination 
of absolute values. This includes all errors that introduce a constant shift or asymmetry 
to the diffraction curve, for instance the asymmetry of the spectral line, the absorption 
in air, the air-pressure and collimator adjustment. But there are errors, that are also 
relevant for the determination of Bragg angle differences, and some errors that occur 
by the use of bent crystals. The relevant factors for the accuracy are described in the 
following.

Excentricity error

The original bond scheme eliminates the excentricity error, which occurs from a deviation 
A z of the crystal surface from the rotation axis of the goniometer. This is no longer true
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2. Laterally varying reüection properties of bent crystals

A Z [|JITl]

Figure 2.6: Error in Bragg an
gle variation measurements for 
different bending radii, if the 
eccentricity is not held con
stant between different measur
ing points. The calculations 
were done for a Bragg angle o f 
80° and for bending radii o f 450, 
300 and 200 mm (solid, dashed 
and dotted line).

for bent crystals. The eccentricity affects the reflecting area on the crystal surface. On a 
bent surface this is accompanied with a change in the angle of incidence of the incoming 
beam, as sketched in figure 2.5. Thus the reflection curve is shifted. The movement Ax  
of the reflecting area due to the eccentricity, shifts the reflection curve by lj [24]:

Ax
Ax =  A2tan(90° — 0 s ) ; oj =  (2-3)

R

Thus no error is introduced only, if the eccentricity is constant for measurements at 
different points of the crystal. This is not the case, if a bent crystal is scanned. For a 
crystal with bending radius of 200 mm and a lateral dimension of 20 mm this means that 
the crystal has to be moved 250 pm opposite to the incoming beam if the position of the 
measurement is changed from the center of the crystal to the edge. If this positioning is 
ignored, an error of the Bragg angle shift of 90" is introduced.

To determine the 2-shift at different positions, the crystal form could be calculated. 
But to deduce the accurate 2-shifts, the center of the toroid or sphere or the cylinder axis 
has to be well aligned to the incoming radiation and the surface normal in the center has 
to be perpendicular to the translation. Thus it was chosen to measure the 2-positions. 
A simple imaging technique was used for this, based on the limited depth of sharpness 
of a microscope image, which is ~  7 pm. Thus, before the X-ray measurement, the 
lateral dependence of the 2-position is measured and than corrected for in the diffraction 
experiment. To measure the 2-position correctly in this way, one has to ensure to image 
the surface under a constant angle. To held the eccentricity error below 2 " for a crystal 
with bending radius 200 mm, one has to held the eccentricity constant to 5 pm, as it is 
depicted in figure 2.6.
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Temperature stability

Due to the thermal expansion of the crystal, the Bragg angle is temperature dependent. 
A change of the temperature by AT  shifts the Bragg angle according to:

50b = — AT otan©#,

while a. is the thermal expansion coefficient, amounting to 2.59 • 10-6 K-1 [87], 5.76 • 
10-6 K-1 [88] and 6.12-10_6K_1 [89] for Si, GaAs, and Ge, respectively. This introduces 
an error of 2.2" K_1,6.7" K_1 and 4.8" K_1, respectively for the measured reflections Si 
(444), GaAs (800) and Ge (440). To correct for the thermal expansion, the temperature is 
measured at every rocking curve point with a silicon diode with a precision of better than
0.01 K. Unfortunately there are also some temperature-induced drifts in the apparatus 
(typically shifting the rocking curve also a few arcsec per K), which limit the possibility 
to correct for temperature changes. In the laboratory, where the measurements took 
place, it was possible to keep the temperature within an interval of ~  1K during the 
whole measurement time, which was around 10 to 20 hours for one crystal. This is in 
fact one of the main limiting factor for the accuracy of the measurement.

Tilt error

To measure the Bragg angle correctly, the lattice plane normals have to lie precisely in 
the diffraction plane. A tilt of the normal out of the diffraction plane by an angle ß 
introduces a difference between measured (0 ') and true Bragg angle (0 ) of [82]:

sin 0  =  cos ß sin 0 '. (2-4)

A constant tilt does alter the measured Bragg angle variation A 0 ' similar to 2.4:

A 0  =  cos ßAO',

and can thus be neglected4. But a laterally varying tilt, as it can occur by scanning a 
curved crystal, would introduce an nonneglegtable error according to equation (2.4). A 
varying tilt is introduced when:

1. a toroidal or one dimensionally bent crystal is scanned along a direction not parallel 
to the axes of curvature, or

4To introduce an error of more than 1%, ß has to be larger than 8°.
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Figure 2.7.: A  displacement of the bent crystal’s center with respect to  the incoming beam 
by Ay  changes the tilt o f the surface during a scan in the x  direction.

2. if the center of a toroidally or spherically bent concave crystal is not aligned to 
the incoming beam, but displaced by Ay (see figure 2.7).

To circumvent this error, the tilt could be adjusted for every measuring point, which 
contradicts the aim to automatize the measurement and map the Bragg angle changes at 
many points. Thus this adjustment was not done. To keep the tilt small, the scanning 
of the crystals was not done with two translations, but with a translation and rotation. 
This rotation axis has to intersect with the goniometer axis.

The remaining tilt is calculated. The tilt is the angle perpendicular to the diffraction 
plane between the surface normal in the center of the crystal and in the diffracting 
point on the crystal (see Appendix A). The corresponding Bragg angle shift is given by 
equation (2.4). An example of the size of both effects mentioned above, is given in figure 
2.8. The first of these two effects can easily be corrected for. This is more problematic for 
the latter, since the size of the second effect scales with the displacement of the crystal’s 
center from the rotation center. This is depicted in figure 2.9, where the calculated 
maximal Bragg angle deviation due to this tilt is shown for different bending radii at 
a Bragg angle of 80° and a crystal size of 20 mm. To minimize the size of the second 
effect, the crystal center was aligned as precisely as possible to the rotation axis of the 
lateral movement.

Divergence change with toroidally bent crystals

The divergence of the incoming radiation has for flat crystals only an influence on ab
solute Bragg angle determination, since it can shift the reflection curve. The situation
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Figure 2.8.: Calculated Bragg angle deviation due to varying tilt. &b =  80°. (a): toroidal 
crystal Rh =  450 mm, Rv =  308 mm., Ax  =  0; (b): spherical crystal R =200m m , A x  =  1 mm.
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Figure 2.9.: Calculated maximal Bragg angle deviation for different distances Ay  between 
crystal center and incoming beam. The Bragg angle is 80° and the bending radii are 150, 200 
and 300mm (from the upper to the lower curve). The crystal size is 20mm.
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Figure 2.10.: Influence o f the change o f angular acceptance with bent crystals: (a) Reflection 
profiles for a flat GaAs (008)-reflection with Cu-Kß radiation for 0.5 mm slits (left) and 
0.2m m  slits (right). The symbols are the measured points, the solid curves are the simulated 
profiles, (b) the same as (a) for a spherical bent GaAs crystal (R =  206 mm).

is again different when bent crystals are measured. For a bent crystal, the size of the 
diffracting area and the angular acceptance for the incoming beam is changed with re
spect to a flat one. Again, this is not a problem, if this effect is constant over the whole 
surface. This is not the case if the bending radius is not constant over the entire surface, 
as for toroidal crystals. To minimize the effect of the divergence change, high Bragg an
gles and small divergences are necessary. At high Bragg angles the measured diffraction 
curve is dominated by the spectrum of the source; the rocking curve and divergence are 
minor effects (see table 2.1).

To estimate the effect of the changed angular acceptance for the bent crystals, the 
reflection curves for a spherical bent GaAs crystal with bending radius 207 mm and for 
a flat one was measured. Both were compared with simulations. The results are shown 
in figure 2.10. For the simulation the source spectrum [84] was convoluted with the 
reflection curve of the crystal5, and the divergence function of the setup. This divergence 
function D(ß), with ß being the divergence angle in the dispersion plane, is given for 
symmetric rectangular slits of width sat a distance as a triangle function [86]:

D(ß) =

l +  Laß for
l - l-ß  for 

0 for * 6

-  Ls < ß < 0 

0 < ß < Ls

\ß\>Ls

Reflection curves were calculated with the computer code DIXI [27].
61 is 300 mm in the experiment.

(2.5)

29



2. Laterally varying reüection properties of bent crystals

The measured reflection curves for these slit widths are well reproduced by the sim
ulation, both for flat and the bent crystal. Thus for the bending radii used here, the 
angular acceptance due to the bent surface is a minor effect and the change of the angular 
acceptance at toroidal crystals can be neglected.

Measuring procedure

The measurement consisted of the following steps:

• First, the movement of the crystal in z direction was determined for every mea
suring point. Since the surface of the crystal can not be aligned perfectly parallel 
to the translation and perpendicular to the incoming beam, this is not calculated, 
but measured (see above).

• The maximum of the diffraction curve has to be determined for every measuring 
point. Due to the bent surface, the goniometer angle of this maximum is changing. 
Therefore this change is first calculated (see appendix A). Then for every crystal 
position a diffraction curve is measured around this calculated maximum with a 
rather coarse step size. For these diffraction curves the maximum was determined.

• A second measuring run was done, where the diffraction curve was measured in a 
small interval (typically ±360") with fine steps. This ensures to measure at every 
point of the crystal the same part of the diffraction curve. For every goniometer 
step of the diffraction curve, the angular decoder, the count rate of the scintillator 
and the temperature were read out. From this second measurement the Bragg 
angle shifts were determined.

• If necessary, the error of a varying tilt is corrected for. The tilt change between 
different measuring points (see Appendix A) and the resulting Bragg angle change 
according to equation (2.4) are calculated.

2.1.3. Results

Figure 2.11 shows typical reflection curves, measured at the two reflex position of the 
(008)-reflection of a spherically bent GaAs crystal (bending radius R — 207 mm) for Cu- 
Kß radiation (0 O =  80.05°). The measurement was done in the center of the crystal and 
10 mm apart the center. Due to the bent surface, the goniometer angle for the reflections 
has shifted by 2.8° between the two measurements. Thus the scales were shifted by this
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12 13 32 33

Figure 2.11: Rocking
curves from two differ
ent positions on a bent 
GaAs crystal (R =207m m , 
©o =  80.05°). The black
curves are measured at the 
center, the red ones 10 mm 
apart.
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angle in the graph. Beside this shift, that is equal for the two reflection curves at one 
crystal position, a changed Bragg angle appears as a change in the distance of the two 
reflections. For the two crystal positions shown here it amounts to —88". Thus, the bent 
crystal has different lattice constants at the both positions. Here, the whole reflection 
curve is shown, while in the measurements mapping the Bragg angle changes, only the 
central fourth of the curves were recorded.

Before the maps of the Bragg angle changes are given, test measurements, concerning 
the stability of the setup and the validity of the data analysis procedure, are presented 
in the following.

Measurements for the characterization of the system

To test the reproducibility of the measuring system and the data analysis, several tests 
were done. First, different points on a flat GaAs crystal were measured (see figure 2.12). 
The measured Bragg angle deviations for both lateral movements, i.e. the translation 
and the rotation of the sample, are not larger than the statistical fluctuations.

Second, a series of alternating measurements at two points on a bent crystal was made 
(see figure 2.13). The standard deviation of the resulting Bragg angle deviations were 
1.3" and 1.6".

Third, a series of measurements at one position, but with different integration times, 
was made. There is no change in the standard deviation of the measured Bragg angle 
deviation for integration times of 2 and 16 s. This is proving that the statistical fluctu
ation of the results are not count rate dominated. In the following, an integration time 
of 2 s per step was thus used.

Next, the diffraction curves were measured with different step sizes along a line on
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Figure 2.12.: Bragg angle changes on a line 
on flat GaAs crystal, (800)-reflection with 
Cu-K/3-radiation.

Figure 2.13.: Stability o f the measurement 
and the data analysis: series o f alternat
ing measurements at two different measur
ing points on a bent crystal.
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Figure 2.14.: Bragg angle shifts for a line 
on a bent crystal, determined from measure
ments with different step sizes (black 90” , 
red 27” and blue 18” ). The lower panel 
shows the differences between these measure
ments. They are all within the errors o f the 
measurement.

Figure 2.15.: Test of the validity o f vary
ing tilt error treatment. (440)-reflection for 
Fe-Koci o f a cylindrically bent Ge crystal 
(72=2000mm). The upper panel shows the 
measurement, the middle panel the calcu
lated correction and the lower panel shows 
the result o f the error treatment.

32



2. Laterally varying reüection properties of bent crystals

xtmm] x[mm] x[mm]
(a) measurement (b) calculation (c) difference

Figure 2.16.: Shift o f the reflection curves due to the curved surface for a spherical bent 
crystal (R =  208m m .). The measurement, the calculation and their difference are shown.

a bent crystal. The deduced Bragg angle variations are shown in figure 2.14. Note 
that they no longer follow a straight line as for the flat crystal, but there is a lateral 
dependency of the Bragg angle. There is no influence of the step size on the determined 
Bragg angle shifts. This proves the applicability of the used measuring scheme with 
rather course step sizes of 20 . . .  60” .

To test the validity of the determination of the error introduced by the varying tilt 
(see above), a cylindrically bent Ge crystal with bending radius R =  2000 mm and a size 
of 50 x 25 mm2 was measured. Since this crystal is only one dimensionally bent with a 
large bending radius, a possible effect of laterally varying Bragg angles should be much 
smaller than for the other crystals. Thus the measurement should essentially reflect the 
error of the varying tilt. The results are shown in figure 2.15. It proves that the error of 
the varying tilt is corrected properly. The remaining small Bragg angle variations might 
either be a real effect, or the expression of the imperfectness of the procedure.

Finally, the shift 4Go of the maximum of the reflection curve for one of the two 
reflections at each measurement point is shown in figure 2.16. This is greatly varying due 
to the bent surface of the crystal. For clarity, the absolute value of the difference of these 
maxima for each point and the point (0,0) are shown.7 Also the calculated values (see 
Appendix A) and the difference between measurement and calculation are shown. This 
differences result from both a deviation of the net plane shape from the assumed shape 
due to both crystal and substrate imperfections, as well as a misalignment of the crystal 
with respect to the incoming beam. The latter results from the nonorthogonality of the 
x and z movement, the non parallelism of the z movement and the crystal positioning

7The shift changes it’s sign when the center of the crystal is passed during a scan.
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2. Laterally varying reüection properties of bent crystals

name crystal/
orientation

bending radii [mm] 
R or Rh/Rv

size [mm] 
x or Xh/xv

shape

186 S i-(lll) 206 12 round
187 S i-(lll) 206 12 round
55 S i-(lll) 150/140 12 round
164 GaAs-(100) 450/306 30/15 rectangular
171 GaAs-(100) 450/306 30/15 rectangular
185 GaAs-(100) 208 15/20 rectangular

Table 2.2.: The crystals that were measured in the order o f figure 2.17-2.20.

rotation axis, as well as a misalignment of the crystal with respect to this axes. But as 
pointed out before, this misalignment is equal for both reflections measured at one point 
and cancel out in the Bragg angle determination.

Bragg angle variation maps

x [mm] x [mm]
(a) (b)

Figure 2.17.: Bragg angle/lattice constant variation over two spherically bent Si crystals, 
bending radii 206 mm. The shaded areas in (b) are the position on the crystal, where the 
rocking curves were measured (see section 2.2).

The Bragg angle variations were mapped for six different crystals, listed in table 2 .2. 
The bending radii are in the range between 140 and 450 mm. In figure 2.17-2.20 the 
results are shown. Where necessary, the data were corrected for the error introduced by 
the varying tilt (see above). In these cases, both the data and the corrected maps are 
shown. The crosses always denote the measuring positions. At all crystals, the measured 
Bragg angle changes decrease from the center to the edges of the crystal, reaching shifts
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-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
x [mm]

Figure 2.18.: Bragg angle variation over the surface o f a toroidally bent silicon crystal, bend
ing radii Rh =  150 mm, Rv =  140 mm. On the left the measurement is shown, on the right it 
was corrected for the variation o f the tilt (see section 2.1.2).

Figure 2.19.: Bragg angle/lattice constant variation over two toroidal bent GaAs crystals, 
Rh =  450 mm, Rv =  306 mm. The upper panels show the measured data, in the lower panel 
the tilt error was corrected for. The shaded areas in (a) mark the positions o f the rocking 
curve measurements (see section 2.2).
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2. Laterally varying reüection properties of bent crystals

Figure 2.20.: Bragg angle/ lattice constant variation over the surface o f a spherically bent 
GaAs crystal, R  =  208 mm.

of -60" . . .  — 130" at maximum. Thus the lattice plane distances increase from the center 
to the edges. This indicates an inplane compressive strain from the bending. The maps 
are almost symmetric. For the round-shaped Si crystals they are not perfectly centered. 
This can be understood within the model of the tangentially strained crystal under the 
assumption, that the bending process is not starting in the center of the crystal.

2.1.4. Discussion

In all cases, the Bragg angle variations along the symmetry axes of the crystal is well 
described by a pure quadratic dependency from the distance r from the center: A 0  =  
a#r2. The absolute value of a# increases with decreasing bending radius, i.e. the Bragg 
angle shifts get larger for smaller bending radii. This is depicted in figure 2.21, where 
the coefficients for all measured crystals are compiled. Also shown is the result from 
the model of a tangentially strained crystal (equation (2.1) and (2.2)8). Especially for 
the round-shaped Si crystals, the model explains the experimental values well. Also the 
trend of the greater absolute value of ür for GaAs than for Si is well explained by the 
model, nevertheless the model is not explaining the GaAs data well, since these crystals 
are toroidal and/or have a rectangular outline, which is not covered by the model.

The strain maps for the spherical bent Si crystals show only a very small radial 
asymmetry, which is not the case for the spherical bent GaAs. This can not be explained 
by an anisotropy of the elastic compliances ratio since for both the { 1 1 1 } and { 100}

8For this, the second coefficient of the Taylor series of equation (2.2) for different R and v is determined. 
For the anisotropic crystals used here, the model can still be used, but the Poisson ratio has to be 
replaced by the ratio of the elastic compliances S12 and sn . This ratio is 0.18 for a (lll)-oriented 
Si crystal and 0.311 for the (100) oriented GaAs crystal.
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2. Laterally varying reüection properties of bent crystals

Figure 2.21: Dependency o f the 
quadratic Bragg angle variation 
component on the inverse o f the 
bending radius. The black symbols 
refer to GaAs and the red to Si 
crystals, different symbols indicate 
different crystals. The error bars 
indicate the fit errors, the solid lines 
are the results o f the above men
tioned model o f an only tangential 
strain.

crystal orientation, this is constant (see e.g. [90]). The anisotropy for the spherical GaAs 
thus indicates a anisotropic stress, which might originate in the rectangular outline of 
the crystal.

To illustrate the importance of this effect for X-ray optics with bent crystals, its size 
is first compared to the FWHM of the rocking curve of the reflection used for the Bragg 
angle measurements in table 2.3. The measured Bragg angle shift is greater than the 
rocking curve width by a factor in range of 1 .6 ... 4.3. Secondly it is compared to the 
geometric Bragg angle variation o  over the surface. This is calculated with equation 
(1.5) for Rowland circle geometry, where it is smallest. Since for the toroidally bent 
crystals the Rowland circle geometry requires the specific Bragg angle Or given by 
equation (1.3), the calculated values were scaled by tanOm/  tan 0# , where Om is the 
Bragg angle, where the measurements of the varying Bragg angle were carried out. In 
table 2.3 the maximal value of o  on the surface is given. In figure 2.22 the comparison of 
measured Bragg angle deviation and o  is shown for the two crystals, where the difference 
is smallest and where it is largest. In the first case, the factor between ornax and 
is ~  —1.4, in the latter case it is ~  —6.2.

reflection bending radius a  e max["] AQRc["] (Ju  m ax [ J
Si-(444) R =  208 mm -80 41 15
Si-(444) Rh =  150mm/i?„ =  140 mm -92 52 67

GaAs-(008) R — 208 mm -130 30 21
GaAs-(008) Rh =  450mm/i?„ =  308 mm -130 32 54

Table 2.3.: Comparison o f the maximal Bragg angle shift with the rocking curve full
width at half maximum A  Qrcof the used reflection and the maximal geometric Bragg angle 
variation in Rowland circle geometry crmax.
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-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
x [mm]

(a) Toroidal Si (R^=150mm, Rv=140mm)

y [mm]

(b) Spherical GaAs (R=208 mm)

Figure 2.22.: Comparison of the measured Bragg angle variations (left panels) with the ge
ometric variation cr o f the Bragg angle over the surface (right panels) in Rowland circle 
geometry for two different crystals, where the Bragg angle variations are smallest and biggest 
compared to a.
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x [mm] x [mm]

Figure 2.23.: Comparison of the measured and the modelled lattice constant variation for 
one of the spherical silicon crystals.

At last, the measurements should also be compared to the simple model of a tangen
tially strained crystal given by equation (2.1) and (2.2). This is shown in figure 2.23 for 
one of the spherical silicon crystals. For the comparison, the modeled values are shifted 
from the point (x,y) =  (0,0), where the model predicts the greatest Bragg angle. The 
size of the effect is very good described by the model.

For the toroidal crystals and the crystals with rectangular shape, the model does not 
adequately describe the measurements.

2.2. Measurement of rocking curves

2.2.1. Measuring scheme

To measure the rocking curves of bent crystals with high angular resolution, a double
crystal diffractometer (DCD) with a plane and the bent crystal in a non dispersive 
arrangement [23] was used. For (n,+m)-reflections, the distance l between the source 
and the bent crystal has to be chosen to fulfill: [23] 1

l =
1 +  2 (tan 0 j /  tan 0 P) ’
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Figure 2.24: Experimental set
up for the measurement of rock
ing curves of bent crystals (af
ter [23]) for a point like source. 
To be achromatic, every wave
length reflected by the first 
crystal under Qp, must also 
be reflected by the bent crys
tal (under ©&). Also shown is 
the influence of a finite source 
width d .

with the bending Radius R in the dispersion plane and the Bragg angles Qp and 
of the plane and bent crystal, respectively.9 For (n,+n)-reflections this simplifies to 
l — 2i?sin ©5. This ensures that every wavelength reflected by the first crystal, is also 
reflected by the second crystal, as it is depicted in figure 2.24. The plane crystal can 
be placed at a arbitrary position between source and bent crystal. By rocking the bent 
crystal and registrating the diffracted intensity, the measured diffraction curve is the 
convolution of the rocking curves of the plane and the bent crystal. For finite source 
widths d, also a convolution with an apparatus function of width A 0  has to be taken 
into account for:

A 0  = d
.Rsin 0

(2.6)

For this simple form of the apparatus function, the vertical divergence is neglected. Thus 
in the experiment, the measured curve might be smeared out more than the simulated 
curves.

2.2.2. Results

DCD curves were measured for a spherically bent Si crystal with bending radius R =  
206 mm and a diameter of 15 mm. As first crystal reflection the (006)-reflection of 
quartz with Cu-Ka-radiation at 0 p =  58.8° was used. This has an extremely narrow 
reflection curve with a theoretical FWHM of 1". This was checked by measuring the 
DCD-reflection curve of two similar of these quartz crystals, which yield a DCD-reflection

9For (n,-m) reflections, which were not used here, the +  sign in the denominator of the equation for k 
has to be replaced by a — sign.
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Figure 2.25: Rocking curves at 
different positions o f a spherically 
bent Si crystal ( =  206 mm),
(444)-reflection with C u-K a at 
©b =  79.3°. The black curve was 
measured at the center o f the crys
tal, the blue and green curves near 
the edges. The solid red line is the 
calculated curve (see text).

curve width of 2.2", in good agreement with the theoretical value of 1.5".
The bent crystal reflection was the (444)-reflection at 0& =  79.3°. As source, a fine slit 

of 20 pm width was used, giving an apparatus function with a width (equation (2 .6)) of 
A 0  =  20". To restrict the diffraction area on the bent crystal to ~  0.5 x 2 mm, a second 
slit after the first crystal was used. This confines also the bandwidth of the diffracted 
radiation to the Kcxi-part of the spectrum.

Figure 2.25 shows the rocking curves measured at different positions of the crystal. 
These positions are shown in figure 2.17(b). For comparison, also the theoretical curve, 
which is the convolution of the two crystal rocking curves according to the dynamical 
theory with the source function after equation (2.6) is shown. It is not possible with 
this method, to measure the zero point of the angular scale. This is not the same for 
each measurement. The different curves are thus shifted. The integrated reflectivities 
Ri for the theoretical curve is 90 prad. Tis is right in between the values obtained by the 
kinematical and the dynamical theory, which are 117 and 28 prad. The experimental 
values are 99, 91 and 80 prad. These experimental values are determined not better than 
to an error of ~  10%, mainly due to instabilities of the setup. Thus the experimentally 
and theoretically determined values agree well. The theoretical curve has a FWHM of 
59", the experimental curves are broader, namely 82", 77", and 86" wide. This could 
mean, that the crystals’ rocking curves are wider than the calculated curves, but this 
might probably be only a problem of an inadequate description of the apparatus function, 
i.e. the neglection of the vertical divergence. But it must be stressed, that the Bond 
method measurement showed Bragg angle shifts greater than 50” between the different 
positions on the crystal, that are used here. Contrary to that, the shape of the rocking
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Figure 2.26: Rocking curves at 
different positions o f a toroidally 
bent GaAs crystal (Rh =  450 mm, 
Rv =  308 mm). The black curve 
was measured at the center o f the 
crystal, the blue and green curves 
near the edges. The solid red line 
is the calculated curve.

-100 0 100 200 300
©-©o ["]

curves do not show strong variations for the different measuring points on the crystal.
A similar measurement was also done for a toroidally bent GaAs crystal, whose Bragg 

angle variation map is shown in figure 2.19(a). Here the plane crystal was also a GaAs. 
For both crystals the (008)-reflection for Cu-Kß was used. The source was defined by 
a 100 p.m slit, accounting for a source broadening, according to equation (2.6), of 50". 
The diffracting region on the bent crystal was again limited by a second slit between the 
plane and bent crystal to 2 x 2 mm2. In figure 2.26, the rocking curves from different 
positions on the crystal, which showed different Bragg angles in the Bond measurements 
(see figure 2.19(a)), are shown. For comparison, also the simulated curve is shown. For 
this simulated curve, the calculated rocking curves of the flat and the bent crystal were 
convoluted and the result was convoluted with the slit function. There is a very good 
agreement. Almost no differences in the curves from different crystal positions occur, 
while the Bragg angle measurements, done with the Bond method, showed differences 
of more than 30" between the center and the measuring points near the edges.

Since the rocking curve at these high Bragg angles gives the gradient of the lattice 
constant in the direction perpendicular to the surface, this indicates, that the lateral 
variation of the strain in the crystal is dominantly a change of the lattice constant and 
not of the lattice constant gradient in the direction perpendicular to the surface.

2.3. Measurement of absolute lattice constants

The connection between the measurements of the laterally varying lattice constants and 
the rocking curves can be made by the determination of the absolute value of the lattice
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constants. Thus the bond apparatus has to be changed to allow also for an alignment of 
the lattice planes perpendicular to the diffraction plane (see section 2.1.2). The rotation 
stage for lateral positioning of the crystal is thus replaced by a mount allowing for this 
alignment with an accuracy of ~  2'. To determine the lattice constants, different schemes 
are possible. Most commonly, the maxima of the diffraction curves are determined and 
the lattice constants are deduced from that. This approach is accompanied by a number 
of difficulties, caused by the asymmetry of the diffraction curve, which is introduced by 
the asymmetric shape of the used spectral line and the asymmetric reflection curve of 
bent crystals. Also an asymmetry in the divergence function of the apparatus can be 
introduced by an imperfect alignment of the collimator.

To exclude errors by these effects, a different method was used to deduce the lattice 
constant. The measured reflection curves were compared with simulated ones. These 
simulations are done for varying lattice constants and with a least-square fit procedure, 
the best agreement between the measurement and the simulation is determined. To 
deduce from this lattice constant the effects of the bending, it is compared with the 
lattice constant that is measured for a flat crystal from the same material.10 11 It is, so to 
say, a measurement, where within the bent crystal the neutral axis is located.

The different steps of the analysis were as follows:

• The reflection curves of the flat crystal were converted from goniometer angle to 
Bragg angle by determining the zero point of the goniometer via a least-square fit 
of the differences of the two reflection curves for different zero points.

• The simulated reflection curve was convoluted with the source spectrum and the 
divergence function of the apparatus. To convert the spectrum [85] to Bragg angle, 
the lattice constant of the reflection curve was varied and the refraction correction 
was applied.11 By a least-square fit procedure, the best agreement between the 
simulated and the measured curve was determined.

• For the bent crystal, the measured reflection curve was treated the same way. 
For the simulation the lattice constant deduced from the measurement on the flat 
crystal was used and for the least-square fit the angular position of the calculated

10That means a crystal from the same delivering batch, since the lattice constants vary with the purity 
and doping level of the material

11 The refraction correction is the displacement of the diffraction curve with respect to the kinematic 
Bragg angle due to the refractive index of the crystal and amounts to 8.5" for the Si (444) reflection 
and 14" for the GaAs (008) reflection.
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Figure 2.27.: Determination o f the absolute lattice constant for a spherical bent Si crystal 
(R = 206 mm), (a) shows the two measured Bond method reflection curves (symbols) together 
with the simulated (solid line) one, all for the (444)-reflection o f Cu-Kcxi radiation, (b) shows 
the calculated crystal reflection curve with the position o f the determined neutral fiber (black 
vertical line). Also shown is the position o f the crystal’s central fiber as gray vertical line and 
the error o f the measurement as gray area.

reflection curve was varied. In this way it is determined, where the crystal’s neutral 
fiber, i.e. the position of the unchanged lattice constant, is located.

2.3.1. Results

This measurement was done for two crystals, the first one is the spherical bent silicon 
crystal with bending radius R =  206 mm and the second one is the toroidally bent GaAs 
crystal with bending radii Rh =  450 mm and Rv =  308 mm. The same reflections as 
above are used, i.e. the Si (444) reflection for Cu-K<Xi radiation and the GaAs (008) 
reflection for Cu-Kß radiation. These measurements were done in the centers of the 
crystals. For the flat silicon crystal, a 2d of 0.156786 nm was measured,12 corresponding 
well with the tabulated value of 0.1567853 nm [91]. The error of the measurement is 
± 2  • 10-6 nm, taking into account only the statistical error determined from a series of 
identical measurements and no systematical errors. The results for the bent Si crystal 
are presented in figure 2.27. Both the measured diffraction curve together with the 
simulated one, and the intrinsic reflection curve of the crystal with the determined 
position of the neutral fiber are shown. For the simulated reflection curve, both the

12The measurements in this section were all done at 21° C.
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Figure 2.28.: Determination of the absolute lattice constant for a toroidal bent GaAs crystal
(Rh =  450 mm, Rv =  308 mm), (a) shows the measured (symbols) together with the simulated 

(solid line) reflection profiles o f the (800) for Cu-Kß radiation, (b) shows the calculated crystal 
reflection curve with the position o f the determined neutral fiber. Also shown is the position 
o f the crystal’s central fiber as gray line and the error o f the measurement as gray area.

calculated and measured intrinsic rocking curve of the crystal (see section 2 .2) were 
used with no difference for the position of the neutral fiber. In this particular case, the 
reflection curve of the crystal is dominated by the gradient of the lattice constant in the 
direction perpendicular to the surface (see chapter 1 .2.2), thus the intensity reflected at 
a certain angle is directly correlated to a certain depth in the crystal. In particular the 
left side of the reflection curve corresponds to reflection from the crystal surface and the 
right side from the crystals rear face.

Contrary to the expectations, the neutral fiber is not located in the middle of the 
crystal, but right on the crystal’s surface. The crystal experiences an additional strain 
of e* =  —8.2 • 10-5 .

For the flat GaAs crystal, 2 dwas measured to be 0.1413406 nm at 23°C., indicating a 
rather high doping level.13 The results for the toroidal GaAs crystal are shown in figure 
2.28 in the same way as for the Si crystal. Here, the neutral fiber of the crystal is also 
displaced from the center in the direction of the crystal surface, but not that much as 
for the silicon crystal. The additional constant strain amounts to —2.1 • 10-5 .

The accuracy of the method is limited by the accuracy of the positioning of the crystal 
with respect to the rotation center. This eccentricity is smaller than 150 pm, leading to

13The reported lattice constant at 300 K of 5.65325 corresponds to a 2d at 23°C of 0.141328 nm.
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an error of the measurement of (equation (2.3)) 30” in the case of the silicon crystal and 
12” in the case of the GaAs crystal.

2.4. Conclusions

All these measurements above lead to the following picture of the total elastic state e*otal 
of the bent crystal in the direction perpendicular to the surface:

el°tal(x ,y ,z )=  e f sticfy) +  el̂ \ x , y )  +  e0 (2.7)

The first term is the linear strain gradient perpendicular to the crystal’s surface, given 
by equation (1.4). The predictions for the crystal’s reflection curve based on this strain 
gradient calculated within the elasticity theory, are well reproduced by the measure
ments. It was shown (see section 2.2), that this factor depends not (or only weakly) on 
the lateral coordinates.

The second term is the lateral variation, which is reported here for the first time. It is 
in first order a quadratic function of the distance from the crystal center with no linear 
component. The proportionality constant depends inversely on the bending radius and 
seems to be material dependent. It also seems to depend on the outline of the crystal. 
The lattice constant perpendicular to the surface becomes larger from the center of the 
crystal to the edges with a maximal elongation of ^  of 1.2 • 10-4 for the crystals that 
were investigated in this thesis. As already mentioned, this effect is large compared 
to both the reflection curve width and the geometric Bragg angle variation over the 
surface. e(.atcral can be well modeled for a spherically bent crystal with spherical outline. 
To predict it for other crystals, further investigations are necessary.

As already mentioned at the beginning, this lateral shift of the rocking curves leads 
to a degradation of the resolution of bent imaging crystals and a change in dispersion 
and resolving power of bent crystal spectrographs.

The third effect is an additional constant strain. Since the crystals are prepared in two 
steps, there are two possible origins of this strain. The first possibility is, that it is also 
an effect of the bending process, thus occurring in the first preparation step, where the 
thin crystal is attached to the (convex) negative form. It is also possible, that this strain 
originates in the second preparation step, where the crystal is glued to the concave form, 
which might be an effect of the hardening glue. To clarify this, further investigations 
are necessary.
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3. Bent crystal optics for laser-plasma 
diagnostics and diffraction

This chapter consists of three parts, discussing different bent crystal optics based devices.
The first two parts deal with the application of a laser based plasma source as a 

compact, high repeating source for novel X-ray analytical applications. This work is 
embedded in a project, Compact X-Ray Analytics (CORA), which has the goal of em
ploying high energy electron spectro-microscopy in a laboratory scale. A femtosecond 
laser based X-ray source offers a number of unrivaled properties for this purpose. Namely 
it delivers short pulsed high energetic X-rays, has a very small source volume and a very 
high brilliance in conjunction with a moderate single shot photon number. Different 
X-ray analytical methods benefits from these properties. One of them is a time-of-flight 
hard X-ray photo electron microscope, which combines chemical information via spec
troscopy with spatial resolution in the sub-pm region and is not only surface sensitive. 
By employing additional spectroscopic methods like X-ray absorption spectroscopy, also 
structural information at the atomic scale can be obtained. Also the short pulse du
ration of the X-ray source might be used for time resolved pump-probe studies. The 
combination of photoelectron spectroscopy with laser plasma sources has already been 
demonstrated in the XUV spectral range, [92, 93] but there is significant benefit from 
shorter wavelengths, which penetrate deeper into the sample, and thus offer sensitivity 
for non surface features.

These X-ray analytical methods have high demands on the X-ray source. They require 
a high repetition rate, necessitating advanced femtosecond laser amplifier technologies.1 

Because of the relatively low pulse energy, several efforts have to be made to efficiently 
convert the laser energy to X-ray pulses. This requires optimal focusing of the laser 
pulses and novel target designs. For optimization, an online diagnostics of the K a flux 
is required. Here is one of the interfaces of X-ray optics. Furthermore, the produced

1In the framework of the project, a laser based on optical parametric chirped pulse amplification with 
a repetition rate between 10 and 30 kHz was developed.
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radiation has to be spectrally filtered and efficiently transported to the application, 
which is the other interface for X-ray optics. Here the application set very stringent 
requirements in terms of collection efficiency, monochromasie and focus size.

In the following, the development of different devices based on X-ray optics, addressing 
these points will be presented. First, a spectrometer for the online diagnosis of the X-ray 
flux of high repeating femtosecond laser-based plasma sources is described. Secondly, 
focusing optics for different K a lines are reported, which are based on toroidally bent 
perfect crystals.

In the last part of this chapter, a novel application of the monochromatic, convergent 
beam setup with toroidally bent crystals in diffraction experiments (see section 1 .1 ) is 
reported. It will be shown, that the method is capable to map small crystal real structure 
variations with high spatial resolution, even at low flux standard X-ray tubes.

3.1. Von Hämos spectrometer for the online diagnostics 

of femtosecond laser-produced plasmas

This section presents the spectrometer, that is used to monitor the X-ray emission of 
a laser-based plasma. The requirements for the spectrometer are set, the design is 
presented, and the results of the characterization and the final test of the instrument 
are given.

3.1.1. Requirements

The aim of the spectrometer is to give an online signal of the K a flux of a kHz laser- 
plasma source. These sources provide typically ro 109 — 1010 Ka-photons/s in 4-7T [71,76, 
77]. Therefore rather weak single shot signals have to be measured. This requires first 
X-ray optics with maximal integrated reflectivity, as it is provided by mosaic crystals. 
Secondly, the optic should cover a maximal solid angle, which is possible by using bent 
crystals. Therefore the crystal has to be flexible enough to be bent. This is very 
well met by .Highly Oriented Pyrolytic Oraphite crystals (HOPG). [94] It has a very 
high integrated reflectivity and can be brought in almost arbitrary shapes by plastic 
deformation. Secondly the spectrometer should serve as an online diagnostic of the 
source. Therefore detection with a photodiode is appropriate. The spectrometer was 
designed to have three independent channels, that monitor the emission at 6.4 keV, 
8.0 keV and lOkeV, i.e. the characteristic line radiation from iron and copper as well as
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a part of continuum radiation. It should be directly attached to the X-ray production 
vacuum chamber.

3.1.2. Spectrometer design

The design of the spectrometer is sketched in figure 3.2. It utilizes the von Hamos 
scheme [4,5], thus the radiation is sagittally focused. Therefore the spectrometer crystal 
has to be cylindrically bent and the source as well as the detector have to be placed on the 
cylinder axis. Maximal sagittal focusing is achieved by full cylinder rings (figure 3.1(a)). 
By the use of a mosaic crystal, the radiation is also ’parafocused’ in the meridional 
plane, as it is depicted in figure 3.1(b). [95] This is accompanied by some focusing errors 
(see e.g. [95,96]). First, the crystal is flat in the meridional plane, thus not all reflecting 
crystallites lie on the Rowland circle and do not reflect to the same point (’flat focusing’ 
error). Secondly, the radiation is penetrating substantially into the crystal. Additionally, 
radiation reflected in different depths of the crystal is not converging to on point (depth 
broadening). Thus by the use of mosaic crystals, the focus of the optic has to be expected 
to be larger than the source. The size of the both effects is given by:

2/flat
b2 sin 20 

4 R
(3.1)

for the flat focussing error and

Vdepth ~  t ^ e
for the depth focusing error. D  is either the X-ray penetration depth or the crystal 
thickness and b is either the size of the crystal or the size of the part of the crystal 
reflecting due to the mosaic spread of the crystal. This is deduced by simple geometry, 
as shown in appendix B.

The 002 reflection of HOPG (2d =  6.708 A) was used. The two free parameters for 
the design of the spectrometer is the bending radius R of the crystal and the crystal 
thickness. As depicted below, the collection efficiency is independent from the radius, 
thus only geometric constrains have to be considered for the radius. The radius of the 
rings was chosen to be 20 mm, the width 5 mm. The width b has to be chosen, that the 
glancing angle interval of the reflection over the crystal surface is larger than the mosaic 
spread of the crystal. The glancing angle interval 5 is given by:

5 = arctan — arctan with l = R_
0  R
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mosaic crystal

(a) (b)

Figure 3.1.: The spectrometer utilizes cylindrically bent crystals in the von Hämos scheme, 
(a) Maximal sagittal focussing is achieved by full cylinder rings, (b) By the use o f mosaic 
crystals, in the meridional plane a ’parafocussing’ is achieved, raising the efficiency compared 
with perfect crystals. Also shown are the effects that broaden the focus.

Figure 3.2.: Spectrometer design: full cylinder rings o f HOPG, utilized in von Hämos geom
etry, focus radiation in three channels at 6.4 keV, 8.0 keV and lOkeV. The collected radiation 
is detected with photodiodes. The whole spectrometer fits to a CF 63 vacuum port and can 
easily be aligned to the source.

Energy

keV

Bragg angle

O

distance
source-crystal

mm

distance
source-detector

mm

glancing angle 
interval

O
6.4 (Fe-Kct) 16.8 69.3 132.4 1.2
8.0 (Cu-Ka) 13.3 87.1 169.4 0.8

10.0 10.6 108.2 212.6 0.5

Table 3.1.: Geometry o f the spectrometer.
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For b l this can be written as:

btan2 Ob 
R( 1 +  tan2 0 B)

(3.3)

Crystals from the deliverer were measured to have a mosaic spread of 0.56° [97]. Table 
3.1 summarizes the geometries for the different channels. For the crystal thickness one 
has to make a compromise between the integrated reflectivity, which becomes larger with 
increasing thickness and the rocking curve width, which is smaller for thinner crystals. 
Thinner crystals are also easier to bent.

In the focus of the HOPG rings, the collected radiation is detected with photodiodes, 
that are placed horizontally on the cylinder axis of the rings. To detect the radiation 
from the full cone, two diodes averting each other, are used. Their signals are pream
plified together with a variable amplification. The amplified signal is then fed through 
the vacuum system to an external main amplifier. The independent channels are imple
mented via three HOPG rings and three pairs of photo diodes for detection. The whole 
spectrometer fits to a CF 63 port. It is possible to align the spectrometer axis and the 
distance to the source. In front of the optical elements it is equipped with an aluminized 
mylar light protection foil and a beam stop for the direct radiation.

To predict the collection efficiency of the rings, their reflection properties were calcu
lated. Since HOPG crystals show a broad mosaic spread, this can be done within the 
kinematical theory. The integrated reflectivity for a thin mosaic crystal is given by: [21]

_  2pd  
1  —  g  sin©

)•
r2|Fk,|2A 3iF 
V2 sin(20) ’

(3.4)

where re is the classical electron radius, Fhki the structure factor for the given reflection, 
K  =  (1 +  cos2(20))/2 the polarization factor, the volume of the unit cell, d the crystal 
thickness, and p the absorption coefficient.

Here, R is the bending radius of the crystal, a it’s opening angle (27T here) and la the 
distance source-crystal. Since la =  R/ sin 0 , the integrated reflectivity is independent on 
the cylinder radius. This is true, as long as the crystal’s mosaic spread does not exceed 
the angular acceptance of the crystal, which is given by the width of the crystal in the 
diffraction plane. The integrated reflectivity and thus also the collection efficiency in
creases with raising thickness of the crystals. This is counteracted by the larger focusing 
errors of thicker crystals.

The calculated integrated reflectivity and collection efficiency for a 200 pm thick
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Energy [keV] Energy [keV]

Figure 3.3.: Calculated reflection properties o f the 200 pm thick mosaic HOPG rings, left: 
integrated reflectivity for unpolarized radiation, right: collection efficiency. The symbols 
denote the values at 6.4, 8 and 10 keV. At 10 keV also the value for a 300 pm thick ring is 
denoted.

HOPG full cylinder with bending radius 200 mm are shown in figure 3.3. The nec
essary material properties (p and Fhki) were calculated with XOP [98]. The collection 
efficiency has a maximum at 6 keV of 7.5 • 10-4 for this crystal thickness. To compensate 
for the moderate drop in efficiency at lOkeV, this ring was chosen to be made from 
300 pm thick crystals.

The collection efficiency rj of the spectrometer, i.e. the ratio of the number of collected 
photons Neon to the number of emitted photons Nem, is given by the covered solid angle 
of the spectrometer and its integrated reflectivity:

co ll B iO lB

 ̂~  ~N _  4ti y em ^ nL a

3.1.3. Spectrometer calibration

Integrated reflectivity

The rocking curves were measured with a double-crystal diffractometer in (n,-m) crystal 
positions with Cu-Ka radiation. Since the HOPG crystals are expected to have a large 
mosaic spread, they are not suitable as the first crystal. Instead, a perfect crystal is used 
as first crystal, namely the 333 reflection of silicon at 47.5° Bragg angle. The second 
crystal is the investigated HOPG crystal. Since the Bragg angels of the two crystals 
differ, the measured rocking curves are broadened by A 0  due to the unequal dispersion

(3.5)
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Figure 3.4: Rocking curves o f a 
HOPG full cylinder ring, measured 
for the (002) reflection with Cu K a  
radiation at three different points 
on the cylinder. Depicted are 
the integrated reflectivities and the 
FW HM.

of the two reflections. A 0  is given by

A 0  =  (tan0x — tan 0 2) ^ - ,

with 01/2 the Bragg angles of the two reflections. By assuming the distance Kai-K<X2 as 
spectral width, this broadening amounts to 0.12°. The rocking curves were measured at 
three different positions on the ring. The results are shown in figure 3.4. It shows very 
broad rocking curves between 1.9 and 3.4° FWHM and a high integrated reflectivity 
between 4.4 and 5.2mrad. This is between 63 and 74% of the calculated value for 
the ideal mosaic crystal. While the values for the integrated reflectivity are typical 
for HOPG [99,100], the mosaic spread is on the upper edge of the expected values of 
«  0 .1 ... 3° [101] and much larger than the crystals from the same deliverer2 used in the 
group before [97]. This large mosaic spread limits the efficiency of the rings, since not 
the full reflection curve contributes to the reflection of the ring due to the limited width 
of the rings of 5 mm. These width corresponds to a glancing angle interval of 1.2, 0.8 
and 0.5° for the different spectrometer channels, respectively. Within these intervals, 
the integrated reflectivities are 1.7, 1.2 and 0.7mrad, respectively, which corresponds to 
collection efficiencies, according to equation 3.5 of 2.5 • 10-4 , 1.4 • 10-4 and 0.7 • 10-4 .

Focusing properties

The focusing properties were tested at the 1 kHz laser-plasma source in Jena. It employs 
a high-power, femtosecond Tbsaphirre laser system from Quantronix. It is a two stage

2The crystals are from Optigraph, Berlin.
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Energy [keV] Energy [keV]

Figure 3 .5 .: Source spectra for different target materials at the 1 kHz laser plasma source. 
Left for Cu-tape target, right for steel target.

multipass amplifier system, with a pulse energy of 3.5 m j and a pulse duration of 55 fs. 
The laser beam is first expanded via a reflective telescope to a diameter of ~  4 cm and 
than focused by an off-axis parabola with 10 cm focal length to a focal spot with a 
diameter smaller of ~  4 pm. This focus is placed on a metal foil, reaching an intensity 
above 1017W /cm 2 on the target. The target materials were copper and steel. The 
radiation from the laser-plasma interaction is emitted isotropically and the source size is 
in the order of a few tens of pm, thus it is a very good implementation of a point source. 
The source spectrum for the different targets is shown in figure 3.5. These spectra 
were measured with a CCD-camera in the single photon counting regime [102], thus the 
energy resolution is limited to ~  150 eV. The spectra were obtained by accumulating 
2500 and 7500 shots, respectively, and are not corrected for the quantum efficiency of 
the CCD-camera. They show the characteristic line radiation of the target material 
as well as bremsstrahlung and a few artifacts from the detection with a silicon based 
detector, namely the Si K a radiation and the Si-escape peaks. To obtain the emissivity 
of the source, the measured photon numbers are corrected for absorption in air and the 
Kapton window, as well as for the solid angle covered by the detector.

The focusing properties were measured with the rings placed outside the vacuum 
chamber of the plasma source, which was equipped with a 200 pm thick Kapton window. 
The measurements were done with a CCD-camera, placed at a variable distance z from 
the focus point of the rings. A focus scan for the HOPG ring, reflecting Cu-Ka radiation, 
is shown in figure 3.6, together with a vertical and a horizontal lineout of the best focus. 
The two rings apparent in the images before the focus are the reflections for K a and Kß, 
respectively. The images are all normalized to their respective maxima. The FWHM
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600...........................................

0-5 0 -0.5 -1 _1 5 0 y
z [cm]

Figure 3.6.: Focusing properties o f the HOPG ring for Cu-Kcx radiation. On the left a focus 
scan is shown. The false colors encode the intensity from blue over green and yellow to red. 
On the right the horizontal (black) and vertical (red) lineouts o f the best focus are shown.
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Figure 3.7.: Focusing properties o f the HOPG ring for Fe-Kcx radiation. On the left a focus 
scan is shown. The false colors encode the intensity from blue over green and yellow to red. 
On the right the horizontal (black) and vertical (red) lineouts o f the best focus are shown.
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Fe-channel Cu-channel 10keV-channel
Vmeasure[1 0  ] 1.4 1.5 1.1

Vkin [10-4] 7.6 7.2 7.5
m e  [io-4] 2.5 1.4 0.7
b r i n g s  [10 ] 2.1 4.0
b r i n g s  [10 ] 3.1 5.3

Table 3.2.: Measured and calculated values for the collection efficiency o f the HOPG-rings. 
r)kin is calculated with the integrated reflectivity according the kinematical theory (equation 
(3.4) and figure 3.3) and t]rc is calculated using the measured integrated reflectivity. (This 
was measured for the Cu-ring. The reflectivity was only integrated in the interval according 
to the glancing angle interval o f the rings, as described above.) r/2 and 'iprings are the 
measured efficiencies for collection with two and three rings together.

of this focus profiles are 0.7 and 0.9 mm, respectively, which reflects the mosaic and the 
depth broadening.3 The diodes are 10 mm long and they lie on the cylinder axis, while 
the focus profiles were measured perpendicular to the cylinder axis. Thus the diodes 
collect all the radiation in the focus in the horizontal direction, and 78% of the radiation 
in the focus in the vertical direction.

The same is shown for the HOPG ring reflecting Fe-Ka radiation in figure 3.7. Here 
a part of the ring was shadowed by the vacuum window and additional rings are visible 
originating from Cr-Kot. The lineouts of the best focus have a FWHM of 0.56 and 0.7 mm 
in the horizontal and vertical direction, respectively. In the area of the photodiode, 91% 
of the whole focussed intensity is concentrated.

Collection efficiency

Also the collection efficiencies n =  of the HOPG rings were measured. These tests
■L' era

were done with a small fluorescence targets of approximately 100 pm size. This was 
implemented by irradiating a thin foil behind a small hole in a lead plate with contin
uum radiation from a tungsten tube. To test the third ring for lOkeV, a germanium 
fluorescence target, providing radiation at 9.880 keV, was used. The collection efficiency 
was determined by measuring the intensity in the focus and the emissivity of the source 
with a CCD camera. The obtained values for the collection efficiency are given in table 
3.2 together with the calculated values. The measured efficiencies are a factor of 5 to 7 
smaller than the values according to the kinematical theory. To test the influence of the 
thickness of the HOPG-rings on the collection efficiency, at 9.9 keV also a 200 pm thick

3Equation (3.1) and (3.2) give together a focus size of 0.4 mm.
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Figure 3.8.: Lineouts o f the focus for C u-K a 
for one (black), two (red), and three (blue) 
H OPG rings. All these curves have the same 
width.

Figure 3.9.: Spectrometer output o f the Cu- 
channel as measured at the kHz plasma 
source in Münster.

ring was tested. There was no difference in collection efficiencies for both, the 200 and 
the 300 p.m thick rings.

The limiting factor for the efficiency of the rings is their widths, which were not well 
adapted to the mosaic spread of the crystals. It was thus tested if the collection efficiency 
can be improved by increasing the width of the crystals. Therefore two or all three rings 
were used for collection. This was done for Fe-Ka and Cu-Ka radiation. Figure 3.8 
shows the lineouts of the focus for focusing Cu-Ka radiation with one, two or three 
rings. While the size of the focus is not changed with increasing number of rings, the 
intensity is increased by a factor of 2.7 and 3.5, respectively. The collection efficiencies 
with three rings are only a factor of 2.5 and 1.4 smaller than the kinematical value, 
respectively.

These results strongly suggest a modification of the original spectrometer design. 
Instead of using one ring for each channel, all rings should be used together. Switching 
between the different channels would then be possible by moving all rings.

3.1.4. Spectrometer test

The spectrometer was tested in the original design with one HOPG ring per channel 
at the 1 kHz laser system in Münster. This source is also based on a CPA Tksapphire 
laser system, delivering 3.5 m j pulse energy in 30 fs. The laser is focused by an off-axis 
parabolic mirror onto a moving metal tape target. Details can be found in [77,103]. The 
spectrometer is directly connected to the X-ray production vacuum chamber. The signals
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at the output of the spectrometer are measured with a Tektronix digital oscilloscope that 
is capable to store 10000 samples per measurement per channel and can average over 
several measurements. Figure 3.9 shows the output of the copper channel, averaged over 
16 measurements. It shows the capability of the spectrometer to measure the rather weak 
single laser shot X-ray line emission. As pointed out, this signal can be increased by a 
factor of 3.5 by the use of all three HOPG rings.

Simultaneously, the emission of the source was monitored by a CCD camera in the 
focus of the toroidally bent crystal optic, described in the next section. This gives the 
possibility to correlate the signal of the HOPG-spectrometer with the photon flux of 
the source. In the focus of the toroidally bent crystal, «  20 photons were registered 
per shot. With the collection efficiencies of the two involved optics, this corresponds to 
a source emission of 5T05 photons/shot and 50 photons/shot on the spectrometer diodes.

In conclusion, it was shown, that a spectrometer based on full cylinder rings of mosaic 
HOPG crystals in von Hamos geometry allows for the detection of the rather weak 
single pulse K a emission from a high repeating laser-plasma source. From detection 
with photodiodes, an online signal of the emission is provided.

3.2. Focusing optics for 6.4 and 8 keV

In this section, two optics based on toroidally bent perfect crystals are described, which 
refocus the radiation from a divergent source, as a laser-plasma source, to a finite small 
spot. Secondly, they serve as monochromators, since they reflect only a small part of 
the spectrum, namely only the Kai component. Therefore the bent crystal in Rowland 
circle geometry is used. This concept was already sucessfully used for Si-Ka radiation 
at 1.7 keV [17], Ti-Ka radiation at 4.5 keV [18] and Cr-Ka radiation at 5.4 keV [104] 
and is utilized here for even harder radiation.

3.2.1. Requirements

Two different optics were designed and built, one for Fe-Ka radiation at 6.404 keV 
or 0.1940 nm and one for Cu-Ka radiation at 8.048 keV or 0.1544 nm. Both have to 
monochromatize the radiation emitted from the plasma source and refocus it to a fi
nite small spot to provide a maximal photon flux for the experiment. The optics were 
designed to fulfill the following requirements:
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• They should collect as much as possible from the emitted K a radiation. Thus they 
must have a high integrated reflectivity and have to cover a maximal solid angle.

• The bandwidth of the monochromator has to be small enough to select only one 
line from the K a doublet, i.e. bandwidths of < 10 eV are required. This favors 
the use of perfect crystal optics instead of multilayer reflections, since the latter 
reflect the whole doublet. This sets also stringent requirements on the accuracy of 
the bending radii.

3.2.2. Design

Different crystal reflections from the appropriate (available as large perfect thin crystal 
slabs) crystals germanium, silicon, quartz and gallium arsenide were investigated ac
cording to equation (1.8). [24] Not only the symmetric, but also asymmetric reflections 
were taken into account. It was found that for both optics, the symmetric GaAs (004) 
reflection has the highest integrated reflectivity. The bending radii were chosen to pro
vide the same distances between source and crystal for both optics. To ensure the small 
bandwidth of the optics, not only the crystal rocking curve has to be narrow enough, but 
also the geometric variation of the Bragg angle over the surface (see section 1.1), as well 
as the effect of a finite source size, must be small enough. The geometric Bragg angle 
variation o  is given by equation (1.5). It can be adjusted by the horizontal size of the 
crystal. Table 3.3 shows the parameters of the two optics and the sizes of the bandwidth 
limiting effects. These effects sum up to a bandwidth of 1.3 and 2.1 eV, respectively.

Fe-Ka Cu-Ka
crystal reflection GaAs 400

R h /  mm 450 565.5
Ry/ mm 211.1 168

O b 43.2° 33.0°
la /  mm 308

efficiency 3.8 • 10“ 5 4.1 • 10“ 5
crystal size 15 mm x 40 mm

A Q R c 15” 7”
A Q  source 20”

(J 30” 28”

Table 3.3.: Crystal optics for monochromatically focusing Fe-K a and C u-K a radiation. R/, 
and R ?J are the horizontal and vertical bending radii, © s  is the Bragg angle and la is the 
distance source-crystal. The lower parts summarizes the effects that determine the bandwidth 
o f the optic (see text). The effect of the source size is given for a source o f 30 pm.
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Figure 3.10.: Focusing properties o f the GaAs crystal for Cu-Kcx radiation. On the left a 
focus scan is shown. The false colors encode the intensity from blue over green and yellow 
to red. On the right the horizontal (black) and vertical (red) lineouts o f the best focus are 
shown.

3.2.3. Characterisation

Focusing tests

The focusing properties of the optics were tested at the 1 kHz plasma source in Münster, 
already described above. The optics were placed outside the X-ray generation vacuum 
chamber. The collected radiation was measured with a CCD camera at a variable 
distance from the crystal. A focus scan together with the lineouts of the best focus 
for the Cu optic is shown in figure 3.10. It shows a best focus of 53 (41) pm FWHW in 
the horizontal (vertical) direction, proving that the aberrations of the optic are small.

Integrated reflectivity

To prove both the desired small bandwidth and the calculated reflectivity of the in
struments, their rocking curves were measured. This was done with a double crystal 
diffractometer in non-dispersive (n,m) mode, as already described in section 2.2. The 
first reflection was the (333) from a flat silicon crystal at a Bragg angle 0 p =  47.5°. The 
second reflection was the (400) GaAs under investigation. A fine slit of 20 pm was used 
as source. Figure 3.11 shows both the measured and the calculated reflection curve. A 
very good agreement is established. The measured integrated reflectivity is (48±2) prad,
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Figure 3.11: Rocking curve 
o f the GaAs optic for Cu- 
Koc radiation, (400) reflec
tion. The measurements 
(black line) are shown to
gether with the calculations 
(red line). The inset shows 
the same on a logarithmic 
scale.

the calculated value is 45 |xrad.

These characterizations of the optics prove the desired parameters for focusing of Kcx 
radiation of iron and copper for high energy photoelectron spectroscopy. Both, the small 
bandwidth and the small focus size as well as the high integrated reflectivity was shown.

3.3. Spatially resolved structure analysis with toroidally 

bent crystal optics

This section shows a novel technique application of toroidally bent crystals in X-ray 
diffraction. This method will be described, and an example obtained with this method 
will be given.

3.3.1. Method

To obtain spatially resolved crystal real structure informations with diffraction exper
iments, different schemes are possible. On one hand topographic methods are used, 
where the crystal’s reflectivity for a fixed incident angle is recorded. On the other hand, 
the dependency of the crystal’s reflectivity on the incidence or the scattering angle can 
be recorded. To obtain spatial resolution by the latter method, one has to choose a 
small measuring spot and scan the sample in two dimensions, which would be a time 
consuming process. By applying the convergent beam setup with toroidally bent crystal
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Figure 3.12: The setup used to 
record spatially resolved rocking 
curves; the convergent, monochro
matic beam from a toroidally bent 
crystal is used to record the sam
ple’s rocking curve with one di
mensional spatial and high angu
lar resolution without movement 
o f the sample. To obtain two di
mensional spatial resolution, the 
sample is scanned in one direction.

optic (see section 1.1) in a slightly modified way, it is possible to obtain two dimension- 
ally resolved rocking curve maps by only scanning the sample in one spatial direction. 
Therefore the sample is not placed in the focus of the optic, but behind it (see figure 
3.12). Thus the sample is irradiated by a cone of monochromatic radiation and the Bragg 
condition is fulfilled on a whole line in the vertical direction.4 The diffracted radiation 
contains thus one dimensionally resolved rocking curves, with the angular resolution in 
the horizontal and spatial resolution in the vertical direction. The sample is scanned in 
the horizontal direction, parallel to the diffracting lattice planes and a detector image is 
recorded for every scanning step.

Since the sample is not placed in the focus of the toroidal crystal, different diffraction 
angles are dispersed on the crystal surface. At large Bragg angles this would limit the 
spatial resolution. In the experiments, a GaAs (400)-reflection optic and titanium K a 
radiation was used. The parameters of the optic are listed in table 3.4.

Bragg angle 76.6°
Horizontal bending radius Rh 400 mm

Vertical bending radius Rv 378.5 mm
Distance source-crystal la 389 mm
Horizontal crystal size Xh 15 mm

Vertical crystal size xv 40 mm
Horizontal opening angle 2.1°

Vertical opening angle 5.9°

Table 3.4.: Parameters o f the GaAs optic, the (400) reflection for Ti K a  radiation is used.

4This is not a straight line, but the intersection of the Kossel cone with the sample.
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The angular resolution achievable with this setup is determined first by the monochro
maticity of the radiation, which is given by the reflection properties of the crystal optic, 
i.e. the rocking curve width A 0  rcand the variation of the incidence angle over the

This amounts to

AA _  A 0  
A tan 0

_  g =
A tan 0  8(i?/jtan0)2’

where Xh and Rh are the horizontal size and bending radius of the crystal. The second 
limiting effect for the angular resolution is the source size (the size of focus of the toroidal 
crystal). By using a slit in the position of the the bent crystal’s focus, the source effect 
can be adjusted on the expense of photon numbers. The size of these effects for the used 
optic are given in table 3.5. For comparison, also the spectral width of the Ti-Koq line 
is given. The bent crystal optic thus reflects only a small part of the Kcci line. Together 
with a small source size, the system is capable of reaching a high angular resolution in 
the order of 10-5 . This makes the setup suitable to map small rocking curve changes.

The lateral resolution of the setup is first determined by the pixel size of the detector 
(which is 20 pm for the CCD camera used here). Secondly, it depends on the rocking 
curve width of the sample crystal and the specific quantity that should be mapped. This 
occurs from the fact that different diffraction angles are dispersed on the crystal. To 
vary the temperature in diffraction experiments with this setup, the sample is mounted 
on a helium flow cryostat. It allows to vary the sample temperature between ^5 K and 
room temperature. Details about the cryostat can be found in [105]. The sample mount 
in the experiment is containing the following parts: first, a goniometer is used to adjust 
the Bragg angle of the sample. Second a translation stage allows to scan the sample 
with scanning steps of 5 pm and a scanning range of 20 cm. The stage is aligned to move

surface o  (given by equation (1.5)).

and
AA

Effect A 0 /  tan 0
X-ray linewidth (Ti-Kcxi) 3 • IO“ 4
Rocking curve width (54” ) 6.2 • 10“ 5
Incident angle variation o 1 • 10“ 5
Source size 400 pm 2.4 • 10~4

40 pm 2.4 • 10~5

Table 3.5.: Size o f the angular resolution limiting effects for the given setup, the source size 
effects are given for the used detector distance o f 160 mm.
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parallel to the diffracting lattice planes. Third a circle segment is employed to the adjust 
asymmetric reflections. The plane of rotation of this circle segment can also be adjusted 
with respect to the lattice plane normal. On top of this sample stage, the cryostat is 
mounted.

3.3.2. Real structure variations in SrTiOs

The above described method is used to investigate the real structure of SrTiOs in the 
vicinity of it’s temperature driven cubic to tetragonal phase transition and in the vicinity 
of it’s surface. The material is described here only very briefly, more information can be 
found, for example, in [20,105].

SrTiOs is not only the prototypic example for a material with displacive phase tran
sition [106], but also technologically important as substrate material for a number of 
thin film functional oxides like cuprate high temperature superconductors or the man- 
ganite giant magnetoresistors. It is also important due to its tunable and high dielectric 
constant. At room temperature it has the cubic perovskite structure and undergoes a 
second order phase transition to a tetragonal phase at 105 K. The tetragonality (1 — a/c, 
while a and c are the shorter and longer axes, respectively) in the low temperature phase 
is only very small (~  4 • 10-4 at 80 K). Since there is a priori no preferred direction for 
the orientation of the longer tetragonal axis, the crystal is twinned in the low tempera
ture phase. A random distribution has a c to a-domain ratio of 1 : 2 . (In a c-domain, 
the c-axis is parallel to the surface normal, in an a-domain perpendicular.) It is known 
that this domain distribution is very sensitive to external strains. [107-109] It is also 
known, that internal strains, which originate from surface near defects, have a large 
impact on this phase transitions. [20,110] Even monodomainic crystals can be obtained 
in reasonably thin samples, [107] and from optical measurements [1 1 1 ] it is known, that 
the near-surface domain distribution is changed with respect to the bulk. A second 
aspect, that can be addressed with the method, is the variation of lattice parameters. 
Recently, it was shown, that the inherent strains in the near surface region lead to an 
enlarged tetragonality in the low temperature phase. [20] If these strains vary laterally, 
also laterally varying lattice parameters are expected.

To investigate the domain distribution and the tetragonality, the reflections from the 
different domains were mapped with high spatial resolution with the above described 
technique. The results are presented here only briefly, more details can be found in [112]. 
The sensitivity for the near-surface region is achieved by using 4.5 keV photons with an
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3. Bent crystal optics for laser-plasma diagnostics and diffraction

(a) (b) (c) (d)

Figure 3.13.: SrTi0 3  topographs: (a) at room  temperature, whole rocking curve, (b) 80 K, 
whole rocking curve, (c) 80 K, only c-domain reflection, and (d) 80 K, only a-domain reflection.

absorption depth of 2 pm and an extinction depth of 0.5 pm for the used (002)-reflection.5

The domain distribution was investigated on commercially available,6 Verneil grown 
crystals with dimensions 10 x 5 x 0.5 mm. The (002) reflection at 44.5° was used. The 
sample was cooled with liquid nitrogen to a temperature of ~  80 K. The CCD images, 
that were taken at every spatial scanning step, where processed as follows:

• First, the reflections are no straight lines, but intersections of a flat crystal with 
the Kossel cone, thus parabolic lines. This was corrected for.

• The image was then splitted into two parts, one containing the reflection from the 
a-domain, the other containing the reflection from the c-domain.

• These different parts from every scanning step were sticked together to the domain 
separated topographs.

The results are shown in figure 3.13. For the room temperature topograph, 100 images 
with 20 s integration time each were taken, while the low temperature measurement 
contains 200 single images with 30 seconds integration time each. One pixel in the im
age corresponds to 12 x 30 pm2 on the sample. The topograph at room temperature 
shows almost no contrasts, reflecting the good crystal quality of the sample. The do
main separated topographs show a very inhomogeneous domain distribution. There are

5The reflections are labeled in the cubic phase. The phase transition is leading to an enlarged unit 
cell with c t e t  =  2 a c u b  and a t e t  =  V ^dcub ■ Therefore the labeling of the reflections changes for the 
low temperature phase. For example, the cubic (002)cub reflection is splitted into the (004)tet and 
( 2 2 0 ) t e t  tetragonal phase reflections.

6Crystec, Berlin
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3. Bent crystal optics for laser-plasma diagnostics and diffraction

Figure 3.14: Spatially resolved 
tetragonality at 80 K. In the dark 
blue regions, only one reflection 
is apparent and thus the tetrag
onality can not be deduced. The 
right part shows the central part 
o f the left image enlarged from a 
measurement with finer scanning 
steps.

monodomainic regions in both orientations (marked as A in figure 3.13, as well as highly 
twinned regions with unresolved domain walls (marked as B), i.e. very small domains. 
Also apparent are needle shaped domains with domain sizes in the range of a few mm 
times 100 pm (labeled C). The horizontal lines in the topographs are artifacts, most 
probably resulting from an inhomogeneous reflection from the bent crystal optic. All 
other contrasts in these topographs are associated with the phase transition. Also shown 
is the topograph, when the single exposure images are just put together, i.e. when the 
whole rocking curve is used. Figure 3.14 shows the spatially resolved tetragonality. The 
bulk value is 4 • 10-4 , Both larger and smaller values are visible. Especially the large 
needle domains show an altered tetragonality.

The spatially resolved rocking curves do not only allow for a domain mapping, but also 
for the mapping of lattice parameter variations. In particular, the tetragonality of the 
lattice can be deduced spatially resolved from the splitting of the two peaks. Therefore 
the images were processed as follows:

• The first step is again the correction of the parabolic form of the lines.

• Then the image is binned over 10 pixels in the vertical direction.

• Every horizontal outline of these binned images is then fitted by either a single or 
a double peak function, depending if it contains one or two reflections.

• In the case in which two reflections are apparent, the split angle is inferred from 
the distance of the fitted peaks.

• Since the detector is moved with the sample, the rocking curves are also linearly
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3. Bent crystal optics for laser-plasma diagnostics and diffraction

shifting on the detector during the scan. To extract lattice parameter variations, 
from the fitted peak positions, a linear function has to be subtracted.

In conclusion it was shown, that the monochromatic, convergent beam setup with 
toroidally bent crystals can be used to map small lattice constant variations (<  5 • 10-5)7 

with high spatial resolution (j20 pm) and moderate measuring times at a standard X-ray 
tube. This even allows to record these rocking curve topographs at different temperatures 
and thus track the evolution of lattice parameter changes with temperature and with 
spatial resolution (this is not shown here).

7By applying higher Bragg angles, even higher angular resolutions are possible. In a measurement of 
the (022) reflection at 84.5°, strain variations as small as 5 • 10-6 were measured.
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4. Measurement of strong electric 
fields in Target Normal Sheath 

Acceleration

During the interaction of an intense laser pulse with solid targets at intensities larger than 
1-1018 W /cm -2 , electrons are accelerated to relativistic energies. This is accompanied by 
the creation of strong electric and magnetic fields reaching TV/ m [36] and tens of kT [32], 
either by the strong currents or by charge separation effects. The latter are especially 
apparent at the rear side of laser irradiated foils where they lead to acceleration of ions 
to MeV energy, known as target normal sheath acceleration (TNSA) [36]. Although the 
impacts of these strong fields are well known and used, most information about the fields 
is gained through simulations, since they are hard to measure. Yet measurements would 
be very helpful to verify and benchmark these simulations, [113] which are important 
not only to understand laser-foil experiments but also astrophysical and fusion plasmas 
[114,115]. Experimental insight into these highly transient processes is currently most 
widely gathered via optical probing of the electron population with interferometry and 
reflectometry [116], or transverse probing of the fields by proton deflectometry [117,118].

Figure 4.1: Setup for the 
detection o f the strong 
electrics field accompany
ing the TN SA mechanism 
by X-ray spectroscopy of 
tracer atoms exposed to 
these fields.



4. Measurement of strong electric fields in Target Normal Sheath Acceleration

While the first method is able to measure the electron density with high temporal and 
spatial resolution, the latter is also sensitive to magnetic fields. Here, an alternative 
method, that is capable to measure directly the electric fields, is presented. It is based 
on X-ray spectroscopy of the self emission of atoms and ions exposed to the fields. The 
use of X-ray spectroscopy as a diagnostic of strong electromagnetic fields is a common 
technique for internal or externally introduced fields in hot dense plasmas. [119,120] 
These fields are deduced from Stark-effect modified line profiles. The Stark effect induces 
shifts of energy levels and mixing of eigenstates with different parities. This mixing 
results in appearance of so-called “forbidden lines” , i.e. transitions that are forbidden in 
the dipole approximation according to the selection rules. The appearance of forbidden 
lines has been successfully used in the visible and UV spectral regions for unambiguous 
determination of electric fields, both AC and DC, in plasmas [12 1 , 122], Here, this 
technique is employed in the X-ray region. Specifically, the forbidden Li-K and the 
allowed Li2,3-K, i.e. Ka, inner-shell transitions of silicon are measured simultaneously. 
Silicon is chosen as a compromise of two opposed demands. The first is a principle issue: 
the Stark effect becomes stronger for low-Z elements, but these low-Z elements have 
a lower ionization field strength. Thus in the expected high fields, the charge states 
needed for the spectroscopy might not be present. The second is a experimental issue: 
the K-shell emission of low-Z elements is harder to detect.

4.1. Simulations

The interaction of an intense laser pulse with solid targets is accompanied by strong 
electric fields at the target rear side. The field strength for the experimental conditions 
described below were estimated to be as large as 1 T V /m  (see section 1.2.1) and have an 
extension in target normal direction, which is estimated by the plasma’s Debye lenght 
to be ~  1 pm. In such strong electric fields, atoms are instantaneously ionized. The 
classical ionization field strength Fi for a hydrogen like ion with charge Zcoie is given by 
the Energy En and the classical radius rn of the n-th level:

Fi =  —  = ( 3 .2 - 1010 —)  
er„ \ m /

V\ Z 3
x-

rr
(4.1)

The outer electrons in the M-shell (n =  3) are thus expected to be removed from the 
atoms by electric fields with strengths below ~  1 • 1010 V /m . Also, the L-shell electrons 
will partially be removed. For the n =  2 level the ionization field strengths can be
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4. Measurement of strong electric fields in Target Normal Sheath Acceleration

Energy [eV]

Figure 4.2.: Spectra o f the inner-shell transitions o f three Si electronic states. Thin lines: no 
electric field; thick lines: F =  0 .5 T V /m  is assumed. The strong allowed K a  and the weak, 
forbidden L i-K  transitions that are induced by the electric field, are seen. The line shapes 
are area-normalized.

estimated according to equation (4.1) to ~  0.4TV/m , 0.7TV/m , and lT V /m  for Si6+, 
Si7+ and Si8+ ions1, respectively.

Within the short lifetime of the TNSA field of ~  10-12 s, it must be expected that a 
mixture of these electronic states are present, and thus a mixture of the emission spectra 
of these ions will be recorded.

Figure 4.2 shows calculated K-shell spectra for these three electronic states. The 
calculations were carried out by E. Stambulchik1 2. The details of the calculations can be 
found in [123]. The influence of the TNSA electric field on the surviving Si charge states 
results in two effects. First, the energies of the atomic levels shift, resulting in shifting 
and splitting of radiative transitions. Second, the otherwise forbidden Li-K transition 
becomes partially allowed due to the mixture of electronic states with different parities.

Both of these effects, the Stark shift and the ratio of the forbidden-to-allowed line 
intensities, depend quadratically on the TNSA field for the electric field strengths con
sidered here, thus allowing for inferring the latter. However, the use of the line shifts is 
unreliable, due to the relatively small values of the shifts, as it can be seen in figure 4.2. 
In addition, any field distribution will result in further smearing of the lines (both the

1The charge number here includes the K-shell hole.
2Weizman Institute of Science, Faculty of Physics, Rehovot, Israel
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Figure 4.3.: The different polarisation components o f the inner-shell spectra o f the three 
relevant electronic states in an electric field o f 0 .5 T V /m  . The black line is the component 
in the direction o f the electric field, the red curves are the perpendicular components.

allowed and the forbidden ones). Contrary to that, the forbidden lines of the Si6+ and 
Si7+ electronic states appear in the region free of other spectral features, and thus can 
serve as a reliable indication of the electric fields.

It is important to note, that the forbidden transition is polarized, which is depicted 
in figure 4.3. For the Si6+ electronic state, it is linear polarized in the direction of 
the electric fields, i.e. the target normal. For the higher charged ions, the different 
polarization components are mixed. For the spectra shown in figure 4.2, the polarization 
components were averaged.

As pointed out above, the different electronic states and their corresponding forbidden 
lines are only expected in a rather narrow electric field range, and this field must cover a 
significant part of the silicon oxide layer. So from the detection of the forbidden line at 
1695 eV, a field strength above ~  0.4TV /m  can be deduced, while the detection of the 
line at ~  1710 eV implies a field strength above ~  0.4TV /m  and below ~  0.7 TV/m .

Another difficult point for this type of spectroscopy is that within the spectral range 
under consideration, a number of other transitions are present. Namely also the K a lines 
from the lower electronic state Si1+ to Si5+ are around 1740 eV. It must be expected that 
not every radiating silicon ion experiences the strong electric field. It is not improbable, 
that there are electrons capable to ionize silicon for a longer time scale than the lifetime 
of the strong fields, due to fountain effects, i.e. electrons that left the target’s rear side
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and are pulled back to the target. [124] Secondly, the strong fields will not persist across 
the entire silicon layer thickness. In [125] the electric fields in a target consisting of a 
metal foil with a rear side dielectric coating is coputed from PIC simulations, and it is 
found that the spatial extent of the field inside the target (mainly located at the interface 
between metal and the dielectric) is similar to the Debye length at the vacuum interface. 
Thus with a dielectric coating thickness on the order of the Debye length, most of the 
silicon should experience a strong field.

All in all, a signal ~  2 — 3 orders of magnitude smaller than the K a emission is should 
be measured. Thus a very bright spectrometer and an efficient background reduction is 
needed.

4.2. Spectrometer design and data evaluation

The spectral resolution of the instrument must only be moderate, since only the intensity 
of the forbidden transition needs to be determined. Nevertheless, the spectrometer must 
be able to detect a part of the K-shell emission with very high dynamic range. To this 
end, it has to combine a high collection efficiency for the isotropically emitted X radiation 
with the capability to inhibit the strong background radiation, which is produced not 
only in the target during the laser-matter interaction, but also by the high energetic 
particles that accompany the interaction. The first point is addressed by the use of 
a bent crystal optic. The second point is not only a question of passive shielding of 
the background radiation, but has to be addressed also by the spectrometer design and 
an appropriate detection of the signal radiation. For moderate single-shot fluxes it is 
possible to record the energy of every detected photon via the use of charge coupled 
devices (CCDs). This single-photon counting mode [102,126,127] makes it possible to 
effectively discriminate signal and background photons. This procedure will be described 
in more detail further below.

4.2.1. Crystal and geometry

To use a Bragg reflection as dispersive element at a photon energy of ~  1700 eV, a crystal 
with a lattice plane distance 2 dlarger than 0.73 nm is needed. The (002)-reflection of 
the organic crystal pentaerythrite (PET) with 2d =  0.8742 nm was chosen. Such crystals 
are available in large sizes, and offer good surfaces, since they can be cleaved. They also
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K a forbidden line
Bragg angle [°] 54.6 57.6
distance source-crystal [mm] 122.7 118.4
distance source-detector [mm] 142.1 126.9

Table 4.1.: Geometry o f the crystal spectrometer utilizing the (002)-reflection of a cylindri- 
cally bent PE T crystal with bending radius 100 mm.

offer a low fluorescent background due to their low Z constituents.3 These crystals are 
known to have an integrated reflectivity according to the dynamical theory, when they 
are used shortly after production. [128,129] This amounts to 2.9 • 10-4 and 0.7 • 10-4 rad 
for the <7 and 7r-component at 1740 eV, respectively. Subsequently, they age [128], with 
the integrated reflectivity tending towards the kinematical limit, [130] which is 1.2 • 10-3 

and 0.13 • 10_3rad. The crystal used here is 20 years old, promising the high integrated 
reflectivity according to the kinematic theory.

To maximize the collection efficiency of the spectrometer, the crystal utilizes the von 
Hamos scheme, already described in section 3 .1 .2. The bending radius of the crystal is 
100 mm; the width is 50 mm, giving an aperture angle of 29°. The geometric parameters 
of the spectrometer are listed in table 4.1. The collection efficiency of the crystal, i.e. 
the fraction of the emitted photons that are reflected to the image plane, can be calcu
lated according to equation (3.5). It amounts to 9.6 • 10-6 (4.0 • 10-5) for the integrated 
reflectivity according to the dynamical (kinematical) theory. For the spectrometer de
tection efficiency, the transmission of the two light protection foils consisting in all of 
9 pm Mylar and 0.6 pm Al, and the quantum efficiency of the CCD have to be taken 
into account. They amount to 0.45 and 0.7, respectively.

The single photon counting regime of the CCD detection allows only for a limited 
photon flux, i.e. the number of photons per pixel must not exceed 0.1. The von Hamos 
scheme gives the possibility to adjust the photon density on the detector without chang
ing the total amount of detected photons and without changing the spectral resolution. 
Therefore only the distance between the crystal and the detector has to be changed. To 
validate this approach, the image in the detector plane was simulated by ray tracing. A 
monochromatic source was assumed and the distance between crystal and detector was 
varied around the optimal distance of 122.6 mm. The crystal reflection curve was taken 
according the dynamical theory. The results are shown in figure 4.4. The photon flux 
can be tuned by ~  2 orders of magnitude.

3Pentaerythrite =  C5H12O4
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Figure 4.4.: Ray tracing simulations o f the image of a monochromatic point source with the 
detector at a variable distance from the crystal. On the left these images are shown. The 
horizontal direction is the dispersion direction. They show a region o f the image plane of 
5 mm in size. On the right the maximum photon flux (filled symbols) in the images and the 
spatial extend (open symbols) are shown.

Figure 4.5 : Spectrometer 
orientation.
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Figure 4.6: Homogeneity of 
the PE T crystal reflection, 
measured with a Si-Kcx line 
source. The upper panel 
shows the densitometer scan 
o f the film, the lower panel a 
horizontal line out.

To measure the Li-K transition, two geometrical constraints have to be fulfilled, de
picted in figure 4.5. First, this transition is polarized in the direction of the inducing 
electric field, which is normal to the target surface. Second the crystal spectrometer is 
used at a Bragg angle of 54°, hence reflecting mainly s-polarized radiation. Thus the 
angle ^ between the dispersion plane of the spectrometer and the target normal should 
be as large as possible, and the angle £ between the direction to the spectrometer crystal 
and the target surface should be as small as possible. The ratio between the detected 
intensity for unpolarized and polarized radiation depends on ij; and £ according to:

^unpol __ i t  k

J p o l sin ip T K  cos ip cos £
(4.2)

where K  is | cos(20)| for the dynamical theory and cos2 (20) for the kinematical theory. 
Both angles are limited due to space and spectrometer design. The values in the experi
ment were 0  =  50° and £ =  45°. For these values, the ratio of detected intensity for the 
unpolarized and polarized component amounts to 1.37 (1.47) for the crystal reflection 
according to the dynamical (kinematical) theory. When intensities of polarized (as the 
forbidden lines) and unpolarized (as the K a line) are compared, this has to be taken 
into account,.

Spectrometer test

Since radiation of different wavelength is reflected from different parts of the crystal 
surface, the spectrometer was first tested in terms of homogeneity of the reflection. 
Therefore, a silicon K a line emitter was realized by irradiating the edge of a silicon
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ray source

Cylindrically bent PET crystal

Massive PMMA block 
with holes for beam path

Magnets for electron 
shielding 0.5 Tesla

CCD detection

Figure 4.7: Photograph o f 
the spectrometer, showing 
the massive PM M A block, 
the magnetic yoke contain
ing the permanent mag
nets, and the crystal.

wafer with continuum radiation from a tungsten X-ray tube operated at 20 kV and 
40 mA. By placing this 0.5 x 70 mm2 sized source on the cylinder axis of the crystal, the 
reflection from the whole crystal is recorded on a film placed also on the cylinder axis 
of the crystal. Kodak Industrex HS film was used. The results of a 190 h exposure are 
shown in figure 4.6.

The large scale variation of the focused intensity is due to the inhomogeneous source. 
There are only a few reflection failures near the crystal edges. The part of the reflection 
used in the experiment originates from the central 2.6 cm on the crystal, where the 
spectrometer efficiency varies less than 20%.

Detection and shielding

Since the interaction of a laser with a solid target at 1019 W /cm 2 leads to a tremendous 
background of hard X-rays in the chamber, the shielding and detection scheme is a very 
important issue for the experiment. To deal with this, the first step was to design the 
spectrometer in a way that minimizes its self emission. Thus, it was build from weakly 
fluorescent plastic (PMMA, specifically), see figure 4.7. In a massive PMMA block, 
only the beam path from the source to the crystal and from the crystal to the CCD 
camera was cut out. Electrons moving into the direction of the crystal were blocked 
by a magnetic field of 0.5 T from permanent magnets. To block light and debris, the 
entrance aperture of the spectrometer was covered by an aluminized, 2 |im thick mylar 
foil. The camera was housed in a double wall cage, the inner wall being 1 cm plastic and 
the outer wall 4 mm brass. Additionally, between the target and the camera, 2 cm lead 
were placed.
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(a) (b)

Figure 4 .8 .: Parts o f a single shot CCD image, (a) shows the part o f the image that records 
the Ka-emission; (b) shows a part recording the spectrum at lower energies. The horizontal 
direction is the dispersion direction.

Due to these efforts, the flux of background radiation was reduced to a level that 
allows to operate the CCD-camera in the single-photon counting regime. The CCD was 
a back-illuminated Princeton Instruments MTE camera, equipped with an aluminized 
mylar window for light protection. The quantum efficiency of the camera is approx. 70% 
in the energy range used here, according to the manufacturer [131].

4.2.2. Data evaluation

In the following the data evaluation scheme is described. Figure 4.8 shows two parts of 
a typical single shot CCD image recorded by illuminating a 25 pm thick titanium foil 
coated with 1 pm SiO at a laser intensity of 5 • 1019 W /cm 2. Most of the signal is from 
high energetic background radiation and not from the spectrum of interest.

Each photon that is absorbed in the active layer of the CCD camera, produces a 
charge proportional to its photon energy. This charge may not only be deposited in one 
pixel of the camera (single pixel events), but can also leak to neighboring pixels (split 
pixel events). The probability for a photon to be detected as a single pixel event is 
strongly decreasing with increasing photon energy, but at the relevant photon energy of 
~  1700 eV it is greater than 0.8. It is thus possible to discriminate the small signals from 
the spectrum from the much larger background by analyzing the single pixel events in 
the image. Hence, from each single shot image, every pixel that is not a single pixel event 
from a photon in the right energy range was deleted. This method will be referred as
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Figure 4.9: Images after dif
ferent data evaluation meth
ods. For each image, 130 
shots were accumulated, (a) 
shows the image from single 
photon counting, (b) from 
hard event deleting.

(b)

’single photon counting’ in the following. From these single photon images, the spectrum 
is obtained after accumulation of a number of shots. The images are therefore binned in 
the direction perpendicular to the dispersion direction. The dispersion in the detection 
plane is simply given according to the geometry by

AZ_ ____ l_
AA A cot 0  ’

(4.3)

where l is the distance source-detector. The absolute scale is fixed by the K a emission.
Figure 4.8(a) shows that not in all parts of the spectrum the flux is low enough for 

the emission to be recorded as single pixel events. I.e., the parts of the CCD recording 
the K a emission are illuminated by more than one photon per pixel, thus in the single 
photon images the K a emission is cut off. To reconstruct the spectrum correctly, it is 
thus necessary to use another data evaluation procedure in this part of the spectrum. In 
each single shot image, every pixel containing a charge more than a few times the charge 
from a single silicon photon, was deleted. The exact threshold for deleting a pixel has 
to be adjusted in a way that the K a emission is not cut off (see figure 4.10). Also from 
this procedure, the single shot images were accumulated to produce the spectrum. This 
method will be referred as ’hard event deleting’ in the following. Figure 4.9 compares 
the images obtained by the two different data evaluation methods. It shows the much 
higher sensitivity of the single photon counting method for small signals.

Finally, the spectra obtained by the two different data evaluation methods can be 
combined, using the method of hard event deleting for the part of the spectrum with 
the K a line and the single photon counting method for the rest of the spectrum. This 
introduces a systematic error in the intensity ratio of K a line and forbidden transition. 
While the number of photons in the K a line is measured correctly, with only the error
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Figure 4.10.: Spectra from 5 pm Ti-2 pm SiÜ2 targets, 
490 laser pulses accumulated, obtained by the different 
evaluation methods: ’hl8’ and ’hl2’ denotes the hard pho
ton deleting spectra with different thresholds, ’sp’ is the 
single photon counting spectrum and ’sp corrected’ de
notes the single photon spectrum with correction factor. 
Also shown is the combined spectrum, the gray area marks 
the part o f the spectrum, where the hard photon deleting 
method is used, for the rest of the spectrum the single 
photon counting mode with correction factor is used.

Figure 4.11.: The correction 
factor is a quadratic function 
of the PPR, as shown by Fou- 
ment et al. [126], but de
pends on both the camera and 
the spectrum. Shown is the 
function from Fourment et al. 
(solid line) and the function 
used here (broken line), which 
is simplyt scaled.

from the photon counting statistic and the remaining noise from hard photons, the num
ber of photons in the the single photon counting part of the spectrum is underestimated. 
This occurs, as a significant fraction of the CCD pixels is detecting background and is 
thus not available for the signal detection. A correction factor for the single photon 
counting part of the spectrum is obtained by overlapping the spectra in a region where 
both procedures give a reliable photon number. This occurs particularly in the spectral 
region which features the strong satellite around 1752 eV. An example for spectra from 
the different evaluation methods is given in figure 4.10.

Since the photon per pixel ratio (PPR) is not constant for every laser pulse (within the 
490 pulses that account for the spectrum in figure 4.10, the PPR varies between 0.0005 
and 0.12), the correction factor has to be a function of the PPR. This function was 
deduced by Fourment et al. [126] They developed an experimentally well verified model 
for the response of a CCD. This model is used to simulate the efficiency of the single 
photon counting analysis, and from this they obtained the function for the correction 
factor. It is a quadratic function of the PPR, shown in figure 4.11. Unfortunately, this 
function depends on both the CCD camera (the probability, that a photon gives a single
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Figure 4.12.: (a) Typical image from the ion detector. The traces are from different ions, 
starting with the highest charge to mass ratio from the bottom . Thus the bottom  trace is 
from protons. The others are from different carbon ions. Along these traces, the energy 
increases from the left to the right, (b) Obtained proton spectrum

pixel event) and the spectrum (since the probability to get a single pixel event strongly 
depends on the photon energy). Their correction factor function can thus not be used 
here. Instead, the same quadratic function, but scaled so that the spectra from the 
different evaluation schemes match in the region of the strong satellite at 1752 eV, is 
used. This gives correction factors slightly higher than those reported by Fourment et 
al., which is also shown in figure 4.11.

The second problem with the combination of the different spectra is that the PPR is 
not constant over the CCD image. This is caused partially by a inhomogeneity of the 
background radiation, but more seriously by the fact, that the PPR is not only given by 
the background radiation, but also by the signal itself. It is thus higher in parts of the 
CCD image, which record more intense parts of the spectrum. Thus it is very difficult 
to obtain an overall correct spectrum. For all spectra shown here, a correction factor 
that is constant over the whole spectral range, was used.

Parallel to the X-ray spectra, the ion spectra were recorded as a second, independent 
measure of the TNSA field. The ion spectrometer [132] utilizes a Thomson parabola 
as dispersive element and a multi-channel plate detector, allowing for single shot ac
quisition. As the last part of this section, also the ion signals and their analysis will 
be explained. Figure 4.12(a) shows a typical ion signal from the second measurement 
campaign. The traces on the detector originate from different ions, starting with the 
highest charge-to-mass ratio from the bottom. Thus the bottom trace is from protons.
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The others are from different carbon ions. Along these traces, the energy increases non- 
linearly from the left to the right. The number of detected ion species varies from day 
to day (indicating a dependency on the laser condition, most probably on the laser con
trast) and between different targets. Only the proton traces were analyzed. To obtain a 
spectrum, the intensity is registered along the parabolic line containing the trace. The 
obtained spectrum is shown in figure 4.12(b). These spectra show an exponential decay 
with a sharp cutoff, which is referred as proton energy cutoff in the following.
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4.3. Results

The experiments were carried out in two measurement campaigns at the JETI laser 
system in Jena. This is a multi-stage chirped pulse amplifier ThSapphire system, deliv
ering pulses with ~  1 J energy before compression with 28 fs pulse duration. The laser 
is focused by an off-axis parabola under an angle a  to the target normal. Two different 
targets were used: 5 and 25 pm thick titanium foils, coated with 1 or 2 pm SiO. The 
dimensions of the targets are 5 x 1  cm2, allowing for ~  100 shots on one target. To have 
a second, independent measure of the TNSA fields, also the high energetic ion beams 
were measured. Thus, for every shot, an X-ray and an ion spectrum were measured si
multaneously. A third diagnostic was a dose rate meter on top of the vacuum chamber. 
Since the chamber wall is made from 2 cm thick steel, this dose rate meter only measures 
the dose from photons above ~100keV .4

4.3.1. First measurement campaign

In the first measurement campaign in August 2010, an energy of 500 m j was focused to 
a spot of 3.6 pm diameter. Thus the intensity on target was 1.8 • 1020 W /cm 2. The laser 
was focused under an incident angle of 13° to the target normal. In this campaign, 5 
and 25 pm thick titanium targets, both coated with 1 pm thick silicon monoxide, were 
used. It was possible to record 320 single pulse X-ray and ion spectra for the 5 pm thick 
titanium target and 130 single pulse spectra for the 25 pm thick target.

5 pm thick targets

Beneath the K cx-component, the recorded emission for these targets shows a strong 
continuum contribution in the whole recorded spectral range. This emission is too strong 
to be recorded it in the single photon counting mode. In figure 4.13 the image obtained 
by accumulating 200 shots and utilizing the hard event deleting method is shown. For 
comparison, the emission from a non-coated, 5 pm thick Ti foil is shown, proving that 
this continuum emission does not originate from the SiO layer. The spectra obtained 
from these images are shown in figure 4.14.

The bright continuum emission is bremsstrahlung from the front side plasma. It 
strongly limits the achievable dynamic range for the measurement of the K-shell emis
sion, since this continuum emission is approximately 1/10 th of the K a emission. To

4 For IM eV photons, 2 cm is the attenuation length in iron [133].
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(b)

Figure 4.13.: Images after hard event deleting. Targets are 5 pm thick titanium foils, (a) 
coated with 1 pm SiO, (b) without coating. The dispersion direction is horizontal with the 
energy increasing from the left to the right.

Figure 4.14.: Spectra from 5 pm thick titanium foils, coated with 1 pm SiO (black symbols) 
and without coating (red symbols). For these spectra, 208 and 187 shots were accumulated, 
respectively. The error bars indicate the 2cr-values of the photon statistics.
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Figure 4.15: Spectrum from a 
25 pm thick titanium foil coated 
with 1 pm SiO, accumulated over 
135 shots. The vertical lines in
dicate the spectral regions, where 
the different evaluation schemes 
were applied (see text).

Energy [eV]

reduce this strong bremsstrahlung, thicker targets were used. For titanium, a 5 pm 
thick foil transmits 3 . . .  4 • 10-2 in the recorded energy range, while a 25 pm transmits 
0.2 . . .  1 • 10-7 . The drawback of using thicker foils is a reduction of the TNSA-fields.

25 pm thick targets

In figure 4.15 the spectrum from the thicker targets is shown. As already pointed out, 
it is not possible to apply the single photon counting mode for processing all parts of 
the spectrum. The vertical lines in figure 4.15 indicate the regions, where the single 
photon counting mode was not applicable. For this part of the spectrum, the hard event 
deleting method was used.

This spectrum, which is accumulated over 135 laser shots, shows the capability of 
the detecting scheme to record the K-shell emission with a very high dynamic range. 
Nevertheless, the forbidden transitions at around 1695 eV and 1710 eV could not be 
detected. The main reason for this was identified as a prepulse problem of the laser 
system. This prepulse was so energetic that the foil was almost disintegrated when 
the main pulse arrived. In fact, the simultaneously recorded proton spectra showed 
only protons with energies below 0.4 MeV. With the 25pm thick foil, only in a few 
shots, protons were detected with an even lower energy. Thus, the expected TNSA 
field strengths were not reached. The prepulse also explains the large contribution from 
Bremsstrahlung from the target front side, since it leads to a significantly heated front 
side plasma.

To illustrate the capability of the correlation of proton and X-ray signal, in figure 
4.16 the X-ray spectrum from the 25 pm thick titanium foil is shown discriminated
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Figure 4.16: Spectra from the 
25 pm thick titanium foil, discrim
inated against the proton signal. 
They are accumulated each over 
15 laser shots, w ith/w ithout pro
ton signal (black/red). The lower 
panel shows the difference o f these 
two spectra.

1660 1680 1700 1720 1740 1760
Energy (eV)

against the proton signal. There are significant differences between these spectra in the 
wings of the K a emission. To be specific, there are more photons in the wings of the 
spectrum corresponding to the the shots, where also a proton signal was detected. These 
differences amounts to 87 ±  20 photons in the part of the spectrum between 1730 and 
1737 eV, and 73 ±  19 photons in the range between 1742 and 1749 eV. Since the errors 
give the variance of the photon statistic, these differences amount to more than 3<j and 
are thus significant.

It was carefully checked that these differences does not depend on the selected shots. 
Therefore the spectrum from the 15 shots without proton detection was built from 
different samples. The one shown is from randomly picked shots, another one was built 
from 15 shots that produced a similar dose than the 15 shots with proton detection, and 
a third was build from the 15 shots without proton detection that produced the highest 
dose. For all three samples the results, i.e. the difference photon number in the K a 
wings, were similar.

It was also checked that the additional photons in the K a wings from the 15 shots 
with proton detection do not only originate from one or a few ‘cautious’ shots. It was 
found that they are indeed uniformly distributed over the 15 shots.

4.3.2. Second measurement campaign

In the second measurement campaign, carried out in January 2012, the setup was slightly 
changed. The laser was now incident under 45°, while the spectrometer orientation was 
not changed. In this campaign, the intensity was increased to 4-1020 W /cm 2, due to an
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Figure 4.17: Spectrum from the 
5 pm thick titanium target coated 
with 2 pm silicon monoxide, ac
cumulated over 490 laser pulses. 
To see the difference from a sin
gle peak, also a single Lorentzian 
curve is shown (broken line).

1640 1660 1680 1700 1720 1740 1760

Energy [eV]

increased energy on target (600 m j) and a smaller spot size (2.2 pm). The problem with 
the contrast was solved. It was possible to simultaneously record single pulse X-ray and 
ion spectra for a much larger number of pulses. The minimal detectable proton energy 
was 0.8 MeV.

Figure 4.17 shows the spectrum from the accumulation of 490 laser pulses. Besides the 
K a emission at 1740 eV, two satellites are visible: one at 1752 eV and one at ~  1710 eV. 
The first is the one L-hole satellite and the second is at the position of the Ll-K transition 
from Si7+, i.e. one of the simulated forbidden lines. At 1695 eV, i.e. at the location of 
the forbidden line of Si6+, no satellite was detected.

As pointed out above, the given photon number is not correct in all spectral regions. 
The correction factor for the single photon counting method was chosen to give the 
photon numbers correctly for the satellite at 1752 eV. This overestimates the photon 
numbers in the range of the forbidden satellite by a factor of 1.5.

Before the spectrum is analyzed in detail, it should be compared to the spectrum 
from the first measurement campaign, as shown in figure 4.18. Throughout the first 
measurement campaign the L-hole satellite was cut off by the spectrometer and the 
photon statistics was worse, but the overall shape of the K a line is the same.

To achieve the spectrum of figure 4.17, another data manipulation was applied, which 
was not mentioned before and became necessary during the analysis of the data. It 
turned out that the position of the K a line in the different single shot spectra was 
not constant. This originates in the uneven surface of the target. Thus from pulse to 
pulse, the target is moving with respect to the laser focus. As a consequence of the 
spectroscopic method, which utilizes the von Hamos scheme, a moving source leads to
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Figure 4.18.: Comparison of the spectra ob
tained in the two different campaigns: in red 
the spectrum from the first campaign (25 pm 
Ti +  1 pm SiO), in black the spectrum from 
the second campaign (5 pm Ti +  2 pm SiÜ2).

Energy [eV]

Figure 4.19.: Part o f the spectrum from 
figure 4.17, before (black line) and after 
(red line) the correction of the moving 
source position (see text).

a displaced position of a fixed wavelength or energy on the detector. Yet this can be 
corrected for, since the single pulse spectra are intense enough to determine the peak 
position. The peak position varied ±27 pixel, which correspond to a shift of ±2.2 eV 
and to a movement of the target of ±540 pm in the laser direction or ±380 pm in the 
direction perpendicular to the target surface. This peak position can be determined 
with an accuracy between 0.6 and 1.9 pixel (half of the 95% confidence interval), with 
a mean of 0.88 pixels. This limits the correctness of the correction procedure, but since 
one pixel corresponds to an energy intervall of 0.08 eV, the error is much smaller than 
the spectrometer resolution.

Thus, before accumulation of single shot spectra, each spectrum is corrected for the 
position of the K a line. Figure 4.19 shows the impact of this correction on the line 
profile of the K a line. This also means, that we can not detect small possible electric 
field induced shifts of the K a line, since the line shifts due to the target movements 
are considerably larger. On the other hand, the position of the K a line gives an online 
signal of the single shot laser intensity. This movement of the target is 40 times larger 
than the Rayleigh length of the focused beam, therefore the intensity is varying over 
several orders of magnitude. This provides an opportunity to correlate all measured 
quantities with the laser intensity.5 It should be noted that the g-value of the laser

5For diffraction limited Gaussian beams, the laser spot area varies as A l =  ± o ( l ±  z/zr ), with Ao 
the area in the best focus, z the distance from the best focus in propagation direction and zr the 
Rayleigh length given by zr =  2Aq/(Xr In 2). Here, zr =  14 p.m.
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Figure 4.20: Variation of the Kcx 
photon number (black) and the 
proton cutoff energy (red) with 
target position (negative z: tar
get before laser focus), which is 
determined from the Kcx peak po
sition. Both the single shot val
ues and a smoothed function are 
shown. Also shown is the photon 
frequency on the CCD as a mea
sure of the overall dose in blue (ar
bitrary units).
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Figure 4.21.: Variation of the Ka photon number (black) and the proton cutoff energy (red) 
with intensity. Both the single shot values and a smoothed function are shown. Also shown is 
the photon frequency on the CCD as a measure of the overall dose in blue (arbitrary units). 
The right graph is a zoomed version of the left graph.

focus, i.e. the fraction of laser energy that is contained in the FWHM of the focus, was 
not determined in the experiment, but was determined for the laser to be ~  0.6 in other 
experiments. [134] The intensity values given here are not scaled by q.

An example of this single shot intensity analysis is given in figures 4.20 and 4.21. First, 
the dependency of the proton cutoff energy, the K a photon numbers and the CCD photon 
frequency is shown as a function of the target position (figure 4.20), which is determined 
from the K a position on the CCD. Both the K a photon number and the proton cutoff 
energy show the same dependency, which essentially reflects the fact that they are a 
measure for the same quantity, the hot electrons. This target position is then converted 
to intensity. The variation of the same quantities with intensity is shown in figure 4.21. 
It should be noted that the K a emission is detected in the hard photon deleting mode,
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Figure 4.22.: Line shape of the Ka line of the accumulated spectrum. The black (red) sym
bols are the data points with a constant (varying) single photon correction factor (see text), 
the black (red) lines are Voigt fits to the data. The right graph shows the same as the left 
one, but in a linear scale.

thus no correction has to be made for the photon numbers. Both the proton cutoff 
energy and the K a photon number increase up to an intensity of ~  5 • 1018 W /cm 2 and 
than saturate, while the photon frequency on the CCD, which is a measure of the overall 
dose, is increasing up to much higher laser intensities. Nevertheless the single shot values 
of all these quantities vary a lot, indicating not only a dependency on the laser intensity. 
Probably also target inhomogeneities play a role, which might not only be located at 
the target surface, but also in the interface between the metal and the dielectric.

In the following, three components of the spectrum from figure 4.17 will be analyzed 
further, i.e. the K a emission, the satellite at 1752 eV and the satellite at 1710 eV, which 
will be referred to as forbidden line.

K a  emission

The line shape of the K a line should be expected to be a Voigt function, i.e. the 
convolution of a Lorentzian, originating in the natural line shape, with a Gaussian 
reflecting the instrumental broadening. A single Lorentzian is assumed, since firstly the 
K ai-K a2 splitting for silicon is only 0.59 eV, which is also the width of both components, 
and secondly a considerable instrumental broadening has to be expected. A Voigt fit 
to the spectrum accumulated over all shots (and shown before in figure 4.17) reveals a 
Lorentzian width wl — (1.13 ±  0.03) eV and a Gauss width of wq — (1.23 ±  0.03) eV. 
While the main part of line is very well fitted, the wings are not very well reproduced by
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proton cutoff energy [MeV]

Figure 4 .2 3 .: Variation of K a  photon number and K a  line width with proton cutoff energy. 
Both the single shot values (gray crosses) and the values obtained by averaging 20 single 
spectra (red circles) are shown. The solid line should only guide the eye. For the single shot 
line widths, the error o f the fit is shown only for one data point.

the fit, as depicted in figure 4.22. This is caused, as pointed out before, by the incorrect 
photon numbers in the single photon counting part of the spectrum, since a constant 
single photon correction factor is used. To obtain overall correct photon numbers, a 
varying correction factor has to be used. This was done by correcting the measured 
single photon numbers in the following way: as pointed out before, the correction factor 
is proportional to the CCD PPR, which was measured at both the position of the L-hole 
satellite and at the position of the forbidden line. In these parts of the spectrum, the 
correction factor is given by the PPR (see figure 4.11). In between, the correction factor 
is taken to be proportional to the measured single photon number. The result of this 
rescaling of the single photon part of the spectrum is also shown in figure 4.22. The 
corrected spectrum is very nicely reproduced by the Voigt fit, also in the wings of the 
line. The obtained Lorentzian width of 1.13 eV corresponds well to the values reported 
for the silicon K a line width. In [135], a width of 1.02 eV is reported.

This prooves the possibility of measuring the spectrum correctly, but a complicated 
and elaborated analysis of the raw data is necessary. This procedure gives reliable results 
only if a number of single shot spectra is accumulated.

Not only the intensity of the K a can be analyzed for every shot, but also the line 
shape. It turns out that the line width is also varying substantially, as depicted in figure 
4.23, where both the K a photon numbers and the line widths are shown. The overall 
photon number in the line is 9.8 • 105 or 2000 photons per shot. The shown line width 
is the width of a fitted Gaussian. Here, it is plotted against the proton cutoff energy, 
which is directly connected to the laser intensity, as shown before. The line width is
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Energy [eV]

Figure 4.24.: The L-hole satellite accumu
lated over 490 single shot spectra. The data 
(solid line and symbols), the fit to the R a 
wing (broken line) and the spectrum, ob
tained by subtracting this K a-wing from the 
data (dotted line with symbols), are shown.

Figure 4 .25 .: The L-hole satellite discrimi
nated against the laser intensity. The laser 
intensity o f the shots accumulated for each 
spectrum is shown on the right in the color 
o f the corresponding spectrum.

increasing by roughly 25% (0.4eV or 5 pixel), the photon number by a factor of two.
The photon numbers should be compared with the expectations from the TNSA model. 

2000 detected photons correspond to the emission of 6.7 • 108 or 2.0 • 108 photons, de
pending on whether the crystals collection efficiency is taken according the kinematic 
or dynamical theory, respectively (see section 4.2.1). By assuming a Maxwellian elec
tron distribution with temperature between 250keV and 2 MeV (see section 1.2.1), this 
corresponds to a hot electron photon number of 0.6 • 1012 (2 • 1012) for 250 keV (again 
for the two extremal values of the crystal efficiency) and 0.8 • 1012 (2.6 • 1012) for 2 MeV 
temperature. To obtain these values, the electron-to-Kcx conversion efficiency was calcu
lated according to [136]. These photon numbers correspond to a conversion efficiency of 
laser energy to hot electrons of 4 (10)% for 250 keV electron temperature and 140 (40)% 
for 2 MeV electron temperature. These numbers are reduced if refluxing of the elec
trons [137] is taken into acount. Thus the measured K a photon numbers are consistent 
with a hot electron temperature between 250 keV and 2 MeV.

Satellite at 1752 eV

This satellite originates in silicon ions with one hole in the L-shell, which have their 
Ll-K transition at 1710 eV. The spectrum accumulated over all 490 single shot spectra 
is shown in figure 4.24. To obtain the photon number, the wing of the K a emission 
is fitted and subtracted from the spectrum. The overall photon number is 5.1 • 104 or
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105 photons per shot. It is thus 19 times weaker than the K a emission. This is weaker 
than for silicon dioxide in fluorescence excitation, where the intensity of the L-hole 
satellite is found to be 10% of the K a intensity. [135]. (By exitation with high energetic 
protons in the range between 1 and 3 MeV, this ratio is found to vary between 10% 
and 3%. [138]) The FWHM of the line is 4.2 eV. A pronounced double peak structure is 
visible, explained by the multiplet splitting of this satellite line. The splitting of these 
two components is reported to be 2.4 eV. [135,138] It was tried to model the measured 
line shape of the satellite by a convolution of these known two satellite components6 
and a gaussian to account for the instrumental broadening. The shape is best modelled 
with an instrumental broading of 1.2 eV, which is consistent with the above mentioned 
result obtained from the K a line shape. Nevertheless, the model is not reproducing the 
exact peak structure, indicating differences in the line shape of these satellites from the 
literature results [135] and the experimental conditions here.

To reveal possible field-induced modifications of this line, the single shot spectra were 
discriminated against both the proton cutoff energy and the laser intensity (which is 
deduced from the K a line position). Thus the single shot spectra were sorted according 
to the corresponding proton cutoff energy or the laser intensity, respectively. Then the 
spectra were accumulated within classes containing equal numbers of spectra. Repre
sentatively, the spectra discriminated against the intensity in four classes are shown in 
figure 4.25. While the intensity of the line is increasing with increasing laser intensity, 
the line shape does not vary. The variation of the line’s intensity is shown in detail in 
figure 4.26. As a function of laser intensity, the satellite photon number varies in a way 
similar to the K a photon number (see figure 4.21): it is strongly increasing up to a laser 
intensity of ~  1019W /cm 2 and than saturating. A similar dependency is found as a 
function of the proton cutoff energy (see figure 4.23): the photon number increases up 
to a proton cutoff energy of 1.5 by a factor of 2 and then saturates.

Forbidden line

The forbidden line at 1710 eV is shown in more detail in figure 4.27. Shown are the 
corrected photon numbers. In order to subtract the wing of the K a emission, it is fitted 
by a Lorentzian. In figure 4.27, also the Gaussian fit to the forbidden line is shown. It 
has a FWHM of 9.4 eV.

The line contains 3100 photons or 6.3 photons per shot. This is 1/320 of the K a

6In [135] they are given to be Lorentzians with positions of 1751.86 eV and 1754.23 eV, widths of 
1.35 eV and 0.98 eV and an intensity ratio of 1.4.
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Figure 4.26.: Photon numbers in the L-hole satellite discriminated against (a) proton cutoff 
energy and (b) laser intensity. The inset in (b) shows the full intensity range. The dotted 
lines give the value obtained by averaging all shots.

Figure 4.27: Forbidden line at 
1710 eV, 490 laser pulses accu
mulated. Both the data and the 
fit used to subtract the wing of 
the Kcx emission (broken line) 
are shown. The inset shows the 
result o f the Kcx-wing subtrac
tion, together with the Gaus
sian fit.

Figure 4.28.: Forbidden line discriminated against the proton cutoff energy (left) and against 
the laser intensity (right). In both cases, the proton cutoff energy /  laser intensity o f the 
accumulated shots is plotted in the same color as the spectra beneath the graph.
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proton energy cutoff [MeV] intensity

Figure 4.29.: Forbidden line intensity discriminated against the proton cutoff energy (left) 
and against the laser intensity (right). The different symbols refer to a different number 
o f shots per spectrum, which are indicated in the left graph. The inset in the right graph 
features an extended abscissa. The dotted lines denote the value o f the overall average.

intensity and 1/17 of the L-hole satellite intensity. It is also discriminated against both 
the proton cutoff energy, as well as the laser intensity. For each of these spectra, the 
K a wing is fitted and subtracted. The resulting spectra are shown in figure 4.28 divided 
into three classes (163 shots per spectrum). First of all, the line is clearly present in 
all spectra, the intensity of the line is changing. This is shown in more detail in figure 
4.29. The intensity is determined as the sum of the photons in the energy range of 
the line after subtraction of the K a wing. The variation of the forbidden line’s photon 
number with both the proton cutoff and the intensity is quite similar to that of the 
L-hole satellite (see figure 4.26).

Although the statistic is not that good, there are indications for a changing line shape. 
To quantify this, the above shown spectra were fitted with a Gaussian. This was also 
done for different numbers of discriminated classes (3,4 and 5). When discriminated 
against the laser intensity, the line shows both a variation of it’s width as well as it’s 
position. This is indicated in figure 4.30, where these parameters are plotted against the 
average laser intensity of the accumulated shots. The line width is increasing by a factor 
of 2 with increasing laser intensity, while the position decreases by ~  2 eV. Both can be 
an indication for different field strengths, since in the simulations, the forbidden line is 
also shifting with increasing field strengths [139], but this should be subject to further 
evaluation. Also when discriminated against the proton cutoff energy, these parameters 
are not constant, but the trend is not as clear as for the discrimination against the laser 
intensity. This is depicted in figure 4.31.
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Figure 4.30.: Variation o f the forbidden line width (left) and peak position (right), as deduced 
from a Gaussian fit, with laser intensity (note the broken abscissa). The different symbols 
refer to a different number o f shots per spectrum, which are indicated in the left graph. The 
gray area marks the values obtained by the accumulation o f all 490 shots.

proton cutoff energy [MeV]

Figure 4.31.: The same as figure 4.30, but discriminated against the proton cutoff energy.
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4.4. Summary

In this section, the various results of this chapter are summarized, and some conclusions 
are given. First of all, a spectrometer with single photon detection was developed, al
lowing to record background free X-ray emission spectra with an efficiency of the order 
of 10-5 in an laser-plasma environment with electron temperatures in the MeV range. 
Two different measurement campaigns with different laser conditions, i.e. different pre
pulse conditions, lead to considerably different results. In the case of a strong prepulse, 
the spectrum from the rear side of a 6 pm thick foil contains a large contribution from 
continuum radiation from the front side plasma, which makes the detection of the envis
aged low-intensity forbidden transition impossible. The use of thicker foils reduced this 
background, allowing for the recording of spectra with high dynamics, but the forbidden 
lines were also not detected. This is in line with the detection of no or only very weak 
(<  0.2 MeV) proton signals. Nevertheless it was possible to detect small changes in the 
K a line profile that correlate with the detection of a proton signal.

In the second measurement campaign with better prepulse conditions, a satellite at 
1710 eV was detected. This is the calculated energy of the Ll-K transition of a silicon 
ion with an additional hole in the L-shell. It should be noted that there is also another 
mechanism reported in the literature, which accounts for low energy satellites in K-shell 
spectra. This is the radiative decay of an electron into the K-hole accompanied by the 
simultaneous excitation of another electron. This additional electron can be exited to 
the continuum, often called ’’ radiative Auger effect” , giving continuous photon energies 
below the difference of K a line energy and L-shell binding energy, which is 1640 eV for 
silicon. [140] There are also experimental reports on satellites above this limit, measured 
after ion bombardment excitation. [141,142] In these papers, three satellites at 1716 eV, 
1690 eV and 1669 eV are reported and interpreted as transitions that occur when one 
electron from the 2s shell is filling the Is hole and the other electron from the 2s shell 
filling a hole in the 2p shell. The different satellites originate from ions with different 
numbers of initial L-holes. The satellite at 1716 eV requires four additional L-holes. The 
detection of only one satellite in only one of the measurement campaigns and at slightly 
different energies is a strong argument for the interpretation as the forbidden line.

The appearance of this satellite and the absence of a satellite around 1695 eV, which 
would be the Ll-K transition of ions with no hole in the L-shell, already gives a measure 
of the field strength experienced by the ions. As mentioned above, this sets a window of 
approximately 0.4 to 0.7TV /m  to the field strength experienced by the majority of the
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silicon ions. The lower threshold is given by the absence of a satellite around 1695 eV, 
the upper one by the appearance of the satellite at 1710 eV. The values of this window 
can be determined more precisely by taking the tunneling of the electron into account.

In the experiment, for every single laser pulse, also the proton spectrum was measured 
and the laser intensity on target was determined from the K a peak position on the 
detector. The obtained X-ray spectra can thus be discriminated against both the proton 
cutoff energy (which varies between 0.9 MeV and 2.4 MeV) and the laser intensity (which 
varies between 3 • 1017W /cm 2 and 4 • 1020 W /cm 2). The X-ray spectra vary with these 
two quantities as follows:

• The K a photon number is increasing up to a proton cutoff energy of 1.8 MeV by 
a factor of 2 and then saturates. Also, the width of the line is increasing up to a 
proton cutoff energy of ~  1.6 MeV by 25% and then saturates.

• The dependency of the photon number of the L-hole satellite at 1752 eV on the 
proton cutoff energy is similar to that of the K a line, yet probably the variation 
at high proton cutoff energy is larger. The line profile is constant.

• The ratio of the 1710 eV satellite photon number to the L-hole satellite photon 
number is 0.06. It is almost constant (between 0.04 and 0.075), under the variation 
of the laser intensity or proton cutoff energy. There is a distinct dependency of the 
line width and the position of the line on the laser intensity. The line is broadening 
and shifting to smaller energies with increasing laser intensity. Furthermore, when 
discriminated against the proton cutoff energy, the line width and position are not 
constant.

At this point, there are two experimental identifications of the high electric fields: first 
the exclusion argument based on the appearance /  absence of forbidden lines from dif
ferent charge states, and second the variation of the width and position of the detected 
forbidden line. As pointed out before, the picture of the TNSA field and the occurring 
field strengths on the order of <  1 T V /m  is consistently explaining the measured pro
ton cutoff energies, the detection of the forbidden line at 1710 eV and the K a photon 
numbers.
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5. General summary

The present thesis discussed several aspects of X-ray optics based on bent crystals and 
a number of applications of these optics.

First, a deeper insight into the reflection properties of elastically bent perfect crystal 
optics was gained by the consideration of all deformation effects. It was shown that 
the reflection properties depend on the lateral position on the crystal, an effect that 
was not addressed before, neither experimentally nor theoretically. To investigate this 
effect, an apparatus for the measurement of Bragg angles of bent crystals with high 
angular resolution was built. It was measured that the lattice plane distances of two- 
dimensionally bent crystals vary laterally by up to 10-4 . This effect has to be considered 
in high resolution X-ray spectroscopy and imaging with these bent crystals. It can 
explain discrepancies [143] in theoretical and experimental spectrometer resolution with 
spherically bent crystals.

Besides these principal investigations, in this thesis a number of X-ray optics were 
presented that demonstrate the application potential of bent crystal optics. This includes 
two optics that are used in the field of applications of laser-produced plasmas as high 
repeating hard X-ray sources. It was shown that an X-ray spectrometer based on full 
cylinder rings of highly oriented pyrolytic graphite is capable to record the rather weak 
single shot pulses from a high repeating laser-plasma X-ray source. This is possible 
due to the high collection efficiency of the instrument of up to 5 • 10-4 . Furthermore, 
X-ray optics based on toroidally bent crystals that make it possible to spectrally select 
a bandwidth of ~  1 eV and focus the ultrashort X-ray pulses from such a laser-plasma 
source, were designed, prepared and characterized. It was shown that these bent crystals 
provide the calculated integrated reflectivity, the predicted bandwidth and focus to spot 
sizes smaller than 60 pm.

A novel application of toroidally bent crystals was pointed out: a method for mea
surement of rocking curves with high angular and spatial resolution. This technique 
allows to map lateral strain variations that are smaller than 10-5 . A spatial resolu
tion of < 20 pm can be reached. In an application of this scheme, small real structure
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variations in strontium titanate that are connected with the material’s low temperature 
structural phase transition, were investigated.

The last part of the thesis presented an experiment in the field of spectroscopic investi
gations of laser-plasmas. X-ray line shape analysis of emission from ions exposed to high 
electric fields was carried out. An instrument was presented, that is used to record X-ray 
spectra with high dynamics of emission coming from laser-matter interactions at high 
laser intensities of up to IO20 W /cm 2. Such measurements are complicated by the small 
signal to background ratio of these experiments and is only possible by the combination 
of an efficient bent crystal optic with a single-photon sensitive two dimensional detector. 
The spectrometer allows to record the K-shell emission of silicon with a dynamics of 
better than 1000 and makes it possible to detect small changes in the spectrum caused 
by the strong electric fields of T V /m  occuring in these plasmas. This unique technique 
allows for an probe of the highly transient atomic states of ions in these strong fields.
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Zusammenfassung

In der vorliegenden Arbeit wurden verschiedene Aspekte von Röntgenoptiken, die auf 
gebogenen Kristallen basieren, und Anwendungen dieser Optiken diskutiert.

Zuerst wurden die Reflexionseigenschaften von Optiken, die auf perfekten, elastisch 
gebogenen Kristallen beruhen, eingehend untersucht, wobei alle elastischen Deforma- 
tionseffekte in Betracht gezogen wurden. Es konnte gezeigt werden, dass die Reflexion
seigenschaften lateral auf dem Kristall variieren. Das ist ein Effekt, der zuvor weder ex
perimentell noch theoretisch betrachtet wurdeUm diesen Effekt nachzuweisen, wurde ein 
Versuchsaufbau realisiert, mit dem es möglich ist, Braggwinkel an gebogenen Kristallen 
mit großer Präzision zu vermessen. Es wurde gezeigt, dass die Netzebenenabstände zwei
dimensional gebogener Kristalle lateral bis zu 10-4 variieren. Dieser Effekt spielt eine 
Rolle bei der Anwendung dieser Kristalle in der hochauflösenden Röntgenspektroskopie 
und Abbildung. Er kann die bestehenden Unstimmigkeiten zwischen experimentell 
bestimmtem und theoretisch berechnetem spektralen Auflösungsvermögen sphärischer 
Kristall-Spektrometer [143], erklären.

Neben diesen grundlegenden Untersuchungen wurden in dieser Arbeit eine Anzahl von 
Röntgenoptiken präsentiert, die das Anwendungspotenzial dieser Optiken demonstrieren. 
Dazu gehören zwei Optiken, die im Bereich der Anwendung von Laserproduzierten Plas
men als hochrepetierende Röntgenquellen benutzt werden. Es wurde gezeigt, dass es 
unter Verwendung von Vollzylinderringen aus hochorientiertem, pyrolytischen Graphit 
möglich ist, ein Spektrometer zu bauen, dass die vergleichsweise schwachen Einzelimpulse 
einer hochrepetierenden Laser-Plasma basierenden Kurzpulsröntgenquelle detektieren 
kann. Dies ist möglich durch die hohe Kollektionseflizienz von bis zu 5 • 10—4. Des 
Weiteren wurden Optiken konzipiert, hergestellt und charakterisiert, die es ermöglichen, 
die mithilfe eines solchen Laser-Plasmas erzeugten ultrakurzen Röntgenpulse spektral 
zu selektieren und für Anwendungen in einem kleinen Brennfleck mit hoher Effizient 
zur Verfügung zu stellen. Es wurde gezeigt, dass die benutzten gebogenen Kristalle die 
berechnete integrierte Reflektivität besitzen und einen Brennfleck von kleiner als 60 pm 
ermöglichen.
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Es wurde eine neuartige Anwendung torisch gebogener Kristalle vorgestellt: eine 
Methode, mit der Rockingkurven mit großer Winkel- und Ortsauflösung gemessen wer
den können. Diese Technik erlaubt es, laterale Variationen von Verspannungen in 
Kristallen, die kleiner als 10—5 sind, zu messen. Dabei kann eine räumliche Auflösung 
von besser als 20 pm erreicht werden. In einer Anwendung dieses Verfahrens wur
den kleine Realstrukturvariationen in Strontiumtitanat, die mit dessen strukturellen 
Tieftemperatur-Phasenübergang verbunden sind, untersucht.

Im letzten Teil der Arbeit wurde ein Experiment aus dem Bereich der Spektroskopie 
von lasererzeugten Plasmen vorgestellt. Röntgen-Emissionslinien von Ionen in hohen 
elektrischen wurde analysiert. Ein Spektrometer wurde vorgestellt, dass dazu eingesetzt 
wird, in einem Laserplasma Experiment bei hohen Intensitäten von bis zu 102OW /cm 2 

entstehende Röntgenstrahlung mit hoher Dynamik zu spektroskopieren. Dies wird durch 
das sehr kleine Signal zu Untergrund Verhältnis bei solchen Experimenten erschwert und 
wird erst durch die Kombination einer effizienten Kristalloptik mit einer Einzelpho
tonen sensitiven Detektion ermöglicht. Die K-Schalen Strahlung von Silizium lässt 
sich damit mit einer Dynamik von besser als 1000 registrieren. Damit ist es möglich, 
Veränderung im Spektrum zu detektieren, die von den großen elektrischen Feldstärken 
in der Größenordnung von T V /m  hervorgerufen werden, die in solchen Laserplasma Ex
perimenten auftreten. Diese einzigartige Technik erlaubt es, die nur auf sehr kurzen 
Zeitskalen existierenden, atomaren Zustände von Ionen in diesen hohen elektrischen 
Feldern zu analysieren.
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A. Torus

A torus with the two radii r and R can be parameterized by two angular coordinates 
(p, t) as follows:

( x

y

*

=  R
cos ( 
sin(f) 

0

cos (t) • cos(p) 
+ r | sin(f) • cos(p) 

sin(p)
(A .l)

The two radii of the torus, R and r are connected with the two bending radii of the 
surface, according to

Rh =  R +  r and Rv =  r.

p and t are the angles between the the vectors to the center of the crystal and the point 
(x,y,z). The origin of the coordinate system is in the center of the torus, z is in direction 
to the crystal center, x, yare the lateral directions. For the calculations, the normal 
vector at the crystal surface (directing to the torus center) is also needed. It is given by:

j(  cos (t)• cos (p)\(  cos (t)• cos1 2 (p) \
n — R - r

1
sin(t) • cos(p) 1 +  r2 sin(t) • cos2 (p)

V sin(p) / sin(p) • cos(p) J

(A.2)

The shift 50 of the reflection curve over the surface of the crystal (see section 2.1.3) 
is given as the angle between the surface normal at point (x,y) and the surface normal 
at point (0,0)d

50 =  arccos
n(p, t) ■ 0, 0)
\n(p,i)||n(0, 0)|

(A.3)

To calculate the error of a changing tilt (see section 2.1.2), i.e. the change of the 
angle between the crystal surface in the direction orthogonal to the diffraction plane, 
the angle a between the surface normal at point (x,y) and the diffraction plane has to be

1This is true, since the crystal is moved and rotated to map the reflection curves. Thus it is scanned
in (v,(ß) rather than (x,y.)



Appendix

calculated, while the diffraction plane is given by the vector towards the crystal center 
and the vector from crystal center to the point (x,y) on the crystal.2 Thus it is given 
by:

n(p,t) ■ \x(p,t) x n(0,0)
a =  arccos------------^ --------------------- -

\n{p,t)\\X(p,t) x  ra(0,0)|
(A.4)

2Same argument as above.
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B. Focussing errors of the von Hämos 
geometry

Depth broadening

A ray reflected at a depth D  below the crystal surface is displaced with respect to a ray 
reflected at the surface by ydepth along the cylinder axis. Since

tan 0  =

as it can be seen from figure B .l, equation 3.2 is obtained.

D
2/depth/2

Flat focussing error

This error occurs since the crystal is flat in the dispersion direction. It can be derived as 
follows: (for the meaning of the symbols, see figure B.2) First, yflat ~  yf. Second, yt can 
be expressed as a function of the deviation x  of the Rowland circle from the crystal:

2x
V' ~  tan©'

x can be expressed by 6/2 and the Rowland circle radius Rr .

( I)

and thus:

x — 6/2 tan e ~  6e, e =  ß/2,
Mr

(V2)2
2 R r

(II)

Figure B .l: Size 
o f the depth 
broadening.



Appendix

Figure B.2.: Size of the flat focussing error.

The Rowland circle radius is given by the distance a (source-focus) and the Bragg angle 
(a is a chord of the Rowland circle):

Rr — —4"— , a. —180 — 20, since =  sin(20). 
zsina

a can also be given in terms of the cylinder radius R:

2 R
a = ----- —

ta n ö

and thus Rr can be given as

Finally, equation I, II and III

R r —
R

R tan 0  sin(20) 

together yield:

2/flat
b2sin(20) 

4  R'

(III)

(IV)
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