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Abstract

A novel X-ray scattering technique and a dedicated apparatus have been conceived
and realized at the optics beamline BM5 at the ESRF. The apparatus permits to study the
surface roughness in-situ and in-real time via grazing incidence X-ray scattering. The
interaction of X-rays with the surface was analyzed in the framework of the first order
scalar perturbation theory expressing the surface’s attributes through the power spectral
density function. Information on the rms roughness, the correlation length, the roughness
conformity and the scaling exponents characterizing the synthesis process could be

extracted.

The potential of the method was demonstrated in two particular cases: thin film
deposition by magnetron sputtering and surface etching by ion beam bombardment.
Finally, the experimental results obtained were discussed in the light of the present

models of film growth and ion interaction with solids.



Introduction

Any real surface is marked by the presence of roughness. On a macroscopic level
the concept of surface roughness should be familiar to anyone. Most of the light we see is
light scattered diffusely from rough surfaces. For instance, objects that are observed
under conditions which differ from the specular one are visible. Roughness also induce
friction, when one body moves relative to another body with which it is in contact, and

this allows, for example, to have grip between shoes and the ground for walking.

A wide variety of surfaces and interface present in nature, possess the characteristic
of roughness and can be associated with the fractal concept defined by Mandelbrot [1] in
terms of fractional Brownian motion. Many surfaces appear as a self-affine instead of a
pure fractal surface. This is often the case of surfaces that are of interest in technology,
e.g., in X-ray optics, microelectronics or EUV lithography, when dealing with spatial scale
ranging from several m up to the atomic scale. The concept of self-affine surface has
been created to describe a surface that is in-between that of a pure fractal, an object
showing the same morphology at different observation scales, and a non-fractal object. In
mathematical terms, this is an object that rescales anisotropically at different spatial

coordinates (lateral and vertical).

Roughness is a measure of the topographic relief of a surface around a mean plane
conventionally taken as zero level. For synthetic surfaces, roughness, and its stochastic
nature, arises from the manufacturing process. These processes may involve deposition,
grinding, polishing, and etching techniques. At the atomic scale the morphology of a
surface is still rough. At this scale, roughness is caused by the action of a stochastic
process while the surface morphology is governed by the interplay between several
relaxation mechanisms: the dynamics of surface roughening due to the random arrival of
particles and smoothing due to material transport induced by surface relaxation [2]. In the
analysis of roughness and of the relaxation mechanism that generates it, the fractal
concept is powerful because it enables to describe the morphology of a surface with a

limited number of statistical parameters. For instance, when dealing with surface scatter



measurements: three statistical parameters are sufficient to describe both the surface

topography and the distribution of the scattered radiation.

For any surface, the study of roughness presents both fundamental and practical
interests. In the case of coated surfaces, from a fundamental point of view, roughness is
related to the kinetics that controls film deposition and therefore studying the roughness
evolution may bring insights on the growth mechanisms. Technologically, the study of
roughness is important since roughness determines the ultimate performance of the

reflective optical elements used, for example, in X-ray optics or EUV lithography.

This thesis is a contribution to the development of hard X-ray optics for
synchrotron radiation sources. Almost any application of synchrotron radiation requires
optical elements to condition the X-ray beam. The short wavelength in use and the source
characteristics (flux exceeding 1013 ph/sec and beam divergence below few prad) impose
unprecedented specifications for the reflecting surfaces, which have to satisfy
requirements on smoothness and figure finish at the atomic scale, to fully exploit the
beam properties. Nowadays, there are three classes of reflective optics used in the
conditioning of synchrotron radiation beams, namely grazing incidence mirrors, crystals
and multilayers. To optimize the surfacing of these elements, a metrology with accuracy at
the atomic spatial scale is needed. This is the primary motivation of this thesis. The
objective of the project is to realize a real-time on-line roughness-measuring instrument

for surfaces and thin films to be used in synchrotron radiation applications.

Presently, the techniques of investigation of roughness can be divided in two main
categories: (i) Scanning Probe Technigues such as stylus profilometry, optical interferometry,
Scanning Tunneling Microscopy and Atomic Force Microscopy. (i) Scattering Techniques,
energy and angular dispersive. As the sensitivity and accuracy of each technique are only
satisfactory within limited lateral spatial bandwidth and vertical heights, the combination
of several instruments and measurements is essential for a full description of the
morphology of a surface. Among these techniques, X-ray reflectometry is widely accepted
as a routine characterization for determining thin-film properties such as density,
thickness and surface roughness. For these characteristics, X-ray reflectometry was

chosen to provide a representative description of the surface analyzed during this work.

The experimental work achieved was performed at the bending magnet beamline
BMO5 at the European Synchrotron Radiation Facility.

Keeping in mind that the performance of a reflective-based imaging device is
eventually related to the various imperfections of the mirrors surfaces, Chapter 1 will
present an overview on the general manufacturing issues of the X-ray optics for
synchrotron radiation sources. Several reflective optical elements commonly used in

synchrotron radiation beamline will be presented together with an overview of the



manufacturing technologies currently employed. Layer coating, figuring, and polishing
processes will be discussed and compared with more recent approaches. As the main tool
of investigation of this thesis is the scattering of X-rays from surfaces, Chapters 2 and 3
will review the physical and mathematical concepts underlying the scattering phenomenon
in the case of a single surface (substrate) and particularly when a film is grown on it. The
main roughness parameters and the statistical tools commonly used to describe a surface
are presented first. Those parameters are linked to the theory of scattering from a rough
surface in Chapter 3 using the first order scalar Perturbation Theory. Emphasis will finally
be given to the concept of time-resolved reflectometry showing the potential of the

method in contrast to other "post-process" characterization techniques.

The main practical tasks were to design, implement and characterize an apparatus
and a technique to perform time-resolved studies on thin films. These are extensively
described in Chapter 4. Chapter 5 presents the most representative results obtained
experimentally, thus demonstrating the performance of the instrument in terms of spatial
and temporal sampling. The comparison of some of these measurements with results
obtained with an atomic force microscope complements the findings. On the basis of the
experimental observations, a more detailed description of the physics underlying the
growth process will then be given. The experimental results are presented in the context
of an eventual use of this method for manufacturing mirrors. Emphasis is given to the
"real time" advantage of the method for surface roughness optimization. The other
important part of this thesis concerns the study in situ of ion beam etching of thin films
and of silicon substrates. This is discussed in Chapter 6. The intriguing formation of

ripples observed during the experiments is also presented and discussed.



Chapter 1 Hard X-ray optics

Modern synchrotron radiation (SR) sources such as the Advanced Photon source
(APS-USA), the European Synchrotron Radiation Facility (ESRF-France) and the Super
Photon ring (SPring-8-Japan), deliver photon beams of unprecedented intensity and
quality. The size of the source is of the order of a few tens of microns FWHM and the X-
ray beam divergence is well below the milliradian. As an example, at the beamline ID01 of
the ESRF, the beam divergence is of 0.208 x 0.009 mrad?> and the flux after
monochromatization in the order of 10'3 ph/sec. The available photon energy range for
these machines spans from few tenths of kilo electron Volts (keV) to several hundreds of
keV. The associated wavelength range is 100 A - 0.1 A.

Surfaces almost ideally figured and finished are needed to reflect efficiently X-rays
between 0.1 keV and 100 keV through total external reflection from mirrors and Bragg
reflection from multilayers (ML) and crystals. Unfortunately, the finite quality of real
mirrors will partially spoil the exceptional brilliance of the available photon beam. Local
deviations from the ideal reflecting surface, called figure slope errors, should be kept in
the 1 prad rms range over the whole mirror length (~1 meter) and micro roughness
should be in the few A rms range. As traditional mechanical polishing techniques have
remarkably evolved over the last few years, these requirements can nowadays be achieved
over a relatively wide range of materials. However, this is still a remarkable challenge,
especially when a full exploitation of the partial coherence of the source is needed, e.g., in
phase contrast imaging, X-ray fluctuation spectroscopy or X-ray interferometry

applications.

The large variety of SR optical elements can be categorized in 4 families: crystal
monochromators, grazing incidence mirror reflectors (focusing or not, with or without
coating), compound refractive lenses and Fresnel zone plates. For all of them the surface
imperfections give rise to diffuse scattering which degrade their optical performance.
However, in this thesis only the reflective optics is presented. Additional information
concerning the other optical components have been recently reviewed by Dhez (see [3]

and reference therein).



1.1 X-ray optics with grazing incidence mirror and multilayer reflectors

1.1.1 ‘Total reflection mirrors

Grazing incidence X-ray mirrors are nowadays widely used as energy low pass
filters, focusing and imaging devices. Usually, the mirrors of a reflective optics are made
of a super-polished light material substrate, such as Si, SiC or glass, coated with either a
high-density (high-Z) metal, a few tens of nanometer thick, or with a multilayer (ML)
coating. When coated with ML, reflective mirrors can be used as an energy band pass
filter or as a low-resolution high-flux monochromator as compared to single crystals.
Here, thanks to the small grazing angle, the thermal load per surface unit is reduced, as it

is spread over a large area keeping a spectral purity AE/E in the order of few percent.

The grazing incidence mirror exploits the phenomenon of total external reflection
(TER). As for any electromagnetic wave and material, the reflectivity of a photon beam
shining onto a material increases as the grazing angle of incidence gets smaller. However,
for sufficiently short wavelengths, typically less than a few nanometers, an abrupt increase
in reflectivity, known as total external reflection, occurs when the grazing angle of
incidence becomes smaller than a value known as the critical angle, see, e.g., Figure 1-1.
This is because the refractive index of materials is slightly smaller than unity for short
wavelengths. In other words, passing from air (n= 1) to the reflecting material (n < 1), it
is possible to totally reflect the beam if the incident angle @ (angle between the sutface of
the sample and the incident beam) is small enough. This occurs when the incident angle is
smaller than the critical angle 6., given by the Snell/Descartes law,
cos(f,,.) =n =1— 4. Since n, in the X-ray domain, is very close to unity, this angle is

very small and a Taylor approximation in 6., yields
0., =~ 26 (1.1)

At the same time the constant O is related to the bulk density of the reflecting

material according to the following equation:

§ = ;—ST)\ZNM f (1.2).

The quantities in (1.2) are, 7 the classical electron radius, 4 the wavelength of the
radiation in use, N, the atomic density of the material and fis the atomic scattering factor.
Formula (1.2) suggests that the best candidate materials to achieve the widest reflection

band pass in the X-ray are high-density materials, such as Pt, Au, Ir and W.



To understand the TER phenomenon! in a simple way we can imagine the
reflection phenomenon considering X-ray photons as particles and associate to the
reflecting material a critical momentum perpendicular to the surface plane. The critical
momentum can be written as .. ~ /7, where n, = N, f; is the effective electronic
density. Particles with a perpendicular projection of the momentum higher than this
critical momentum will penetrate while others will be reflected. Notice that the defined
momentum does not explicitly depend on the photon energy. However, as the optical
constant (and in turns #) depends on the X-ray energy, 6, is expected to change as well. A
practical equation can be written to relate the value of the critical angle of TER and X-ray

energy in use:

ElkeV]x 0,.[deg| ~ 4.4 - keV - deg (1.3)
Eq. 1.3 is valid in the absence of absorption edges and for high-Z materials.

As the penetration depth is small in TER condition, the mirror reflectivity can be
further tailored by coating a bare substrate of density pu» with a material with a different
density, Puyer. Let us limit ourselves to the case of ey > Pgup - In this case the critical

angle is increased by a factor \/Pjyer / Psup - This is a consequence of the relation that

exists between density and critical angle. Figure 1-2 shows the reflectivity curve of a
silicon mirror coated with three different materials and assuming ideally smooth
interfaces. As one can see, the critical angle of TER can be further increased by a factor 2-
3 if the coating is done with a high-density material. The reflectivity is less than 100%
because of absorption, which is greater for high-Z materials. To account for it, one must
describe the film using a complex refractive index. Due to the finite thickness of the
coating layer, interference effects may be present. These effects appear as oscillations on
the reflectivity curve above the TER region and are called Kiessig fringes, after the name

of the scientist who first discovered and explained this effect [4].

Let us discuss the reflectivity of a tungsten mirror at different energies (Figure 1-1)
and grazing angle of incidence (Figure 1-2) of an X-ray beam. As one can see, to achieve
an efficient reflection (TER) over a wide energy range one needs to reduce dramatically

the angle of incidence. In this region the mirror behaves as a low pass filter.

From the above consideration, one can understand why normal incidence mirrors

cannot be used in the X-ray domain as efficiently as in the visible light region: the region

! This effect can be understood with the analogy with the launch of a stone onto the surface of a lake: the
stone will only bounce at the water surface if the momentum projection is short enough, i.e., if the stone is thrown at

sufficiently grazing angle.



of angles and energy where reflection occurs efficiently is indeed limited to grazing angle

only?.

— ;.= 0.125°

— 6,=0.25°

— 6, =05
einc= 1

Reflectivity

W [50 nm] /Si

D

Energy [keV]

Figure 1-1: Reflectivity of a tungsten-coated silicon mirror at different glancing angles of incidence.

o— 1
[ Absorption
0.8
>
S 0.6 —
©
R — Gj
&J 0.4 — Cu, thickness = 20 nm
= Pt, thickness = 20 nm
0.2

| | | | |
0.0 0.2 0.4 0.6 0.8
Grazing angle [deg]
Figure 1-2: Reflectivity versus angle of a silicon substrate coated with materials of different density, namely

82, Cu and Pt. The curves are caleulated using a radiation wavelength of 0.1 nm.

2 Strictly speaking, using mirrors coated with short period ML, the use of normal incidence is technologically

possible and can effectively used up to about 200 eV. This conditions are typical in EUV lithography.
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1.1.2 The X-ray total external reflection phenomena

The first X-ray experiment on TER from flat and smooth surfaces was reported by
Compton in 1923 [5]. The TER phenomenon was only discovered about 30 years after
the discovery of the X-rays (Roentgen). His discovery has been one of the most
important scientific events of this century as it opened up many new areas of modern
science. Within a few years, this discovery was awarded the Nobel Prize, a clear

confirmation of its importance.

It was found that the beam could be reflected by the surfaces of a polished glass
and of silver inclined by angles of several minutes of arc at ~8 keV (Cu-Ko ). By studying
the spectrum of the reflected beam, the critical glancing angle was found to be

approximately proportional to the wavelength (see Eq. (1.3)).
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Figure 1-3: The apparatus used by Compton for studying the total reflection of X-rays (taken from his
Nobel lecturée®).

For X-rays whose wavelength is one half of an Angstrém, the critical glancing angle
from crown glass was found to be about 4.5 minutes of arc (0.075 deg), implying a
reflective index differing from unity by less than one part in a million. The experimental
difficulties encountered before the Compton discovery were due to the fact that the
polarizability & for common materials at X-ray wavelengths is extremely small, typically
10->+10-, thus generating deviations from the direction of the incoming beam that were

very small and difficult to be recorded with the equipment available at that time.

Furthermore, for X-rays, the refractive index of a material n is slightly less than
unity. This means that concave rather than convex lenses and very large radius of
curvature would have to be used for an X-ray beam to converge. Recently [0], this
possibility was proved technologically realizable by stacking behind each other several

concave lenses in linear array of a low-Z material to form a compound refractive lens

(CRL).
1.1.3 Mirror coatings: thin films and multilayers

In SR radiation optics mirrors are frequently coated with the materials that help
matching the requirements of a specific application, e.g., in terms of reflection within a
given range of angles or energy. As previously stated, the most common way to achieve
efficient reflection at grazing incidence is to use, either mirrors coated with a high-Z

material, e.g., Ir, Pt or Au, or multilayer-coated mirrors.

Total external reflection can provide usable grazing angles up to a few tens of keV
(see Figure 1-1). However, above this energy range total external reflection would occur at

very small angles and long mirrors would be needed to allow a usable acceptance. This

3 http://nobelprize.org/physics/laureates /1927 /compton-lecture.html
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would lead to tighter constrains in terms mirror alighment and handling. An interesting
solution was pioneered by Spiller in the seventies for extreme ultraviolet region (EUV)[7].
He understood first that, by layering two materials with dissimilar densities, a spacer made
of a low-Z material and a high-Z as a “reflector”, it was possible to fabricate a 2d crystal-
like structure capable of diffracting an X-ray beam with an excellent efficiency. Since then,
metallic multilayers have been successfully employed for a variety of applications from the

EUYV to the hard X-ray range, where substitute solutions are rare.

As first explained by Spiller 7], the use of synthetic multilayers instead of a single
layer can finally lead to the largest angles of incidence accessible with a synthetic structure.
Here, the reflection occurs due to the Bragg reflection phenomenon, ie., the waves

partially reflected at each interface add in phase when constructive interferences occur.

The reflectivity curves for three material systems, namely a Si substrate, a Si coated
with a W layer and a periodic ML, are shown for illustration in Figure 1-4, at a grazing
angle 6,,=0.25°. The curves show that, by stacking together two materials with dissimilar
densities, one can access regions where the reflectivity for a single material would be
negligibly small. Figure 1-5 shows the dependence of the reflectivity on the number of
layers present in the stack. The ML structure is the same in the three cases. The saturation
occurs for different number of bi-layers due to the variation of the absorption with the X-
ray energy. As one would expect, absorption becomes less effective when the radiation

energy increase.

As shown in Figure 1.4 the reflectivity is sharply peaked around angles fulfilling the
Bragg condition as for perfect crystals. The reflectivity of a ML can be further tailored
through an a-periodic design of the stack. With such a variation of the periods along the

stack the ML can be employed as a wide band reflector in the angle or the energy ranges.
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Figure 14: Reflectivity versus energy for grazing incidence mirrors for different systems: Si substrate,
substrate coated with Pt, 50 nm thick and with a periodic W/ Si multilayer. The curves are simulated
assuming smooth interfaces. The multilayer comprises 500 bi-layers with thicknesses Ts;/=1nm and Ty
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Figure 1-5: Variation of the reflectivity of a multilayer as the number of bi-layer is varied along the stack
at three different energies.

The general principle of these structures can be easily understood by discussing the
reflection in the energy domain. This is schematically shown in Figure 1-6: if a white
beam is illuminating such a mirror shorter wavelengths will penetrate deeper into the
structure while others will be reflected by the upper layers. If the bi-layer periodicity is
varied continuously, the Bragg law will be fulfilled locally along the stack with the results
that many Bragg peaks will overlap over the energy range and result in wide band-pass

reflection.
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Figure 1-6: Principle of production of a broadband reflection using a multilayer with variable d-spacing.
A white X-ray beam is partially reflected at the various interfaces.

Figure 1-7 shows the reflectivity versus energy of several layered materials systems.
Two of them are multilayer mirrors with a different layer distribution along the stack and
assuming ideally smooth surfaces. The sharp Bragg peak corresponds to a periodic
multilayer with constant spacing while the wide peak represents the spectral response of
an aperiodic ML. The latter case cotresponds to the combination [Si/W] with N=1000
periods for which the thickness of each bi-layer period is varied according to the
following power law:

a

R

(1.4

To obtain a wide reflection band the Si layer thickness was varied using the
following parameters a=42.18, b=0.24 and ¢=0.25 which lead to a variation of the
thickness from 4.0 nm to 0.75 nm. The W layer was varied using a=42.19, b=1.11 and
c¢=0.25, i.e., varied from 3.50 to 0.75 nm. Notice that the oscillations are nothing but the
effect induced by a smooth variation of the film thickness along the stack. It has been
shown that[8], with local random variations of film thickness modulated by the function
defined in Eq. (1.4), these oscillation can be reduced. These multilayer structures are now
becoming popular in SR applications because of the large flexibility in contrast to the use

of traditional crystals and mirrors.
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Figure 1-7: Reflectivity versus energy for grazing incidence mirror coated with different materials systems.
The aperiodic multilayer structure was calculated using the “a b ¢* model parameters which are in given in

the text and a grazing angle 6=0.25°.

The design of a multilayer can be done for the reflection to occur within well-
defined spectral range and shape of the reflectivity curve. Moreover, ML can be routinely
grown on any kind of shaped substrate, using techniques such as sputtering, evaporation
and ion beam assisted depositions. However, the fabrication of short periods ML and the
mastering of more complex structures such as aperiodic ML, requires the availability of a
dedicated metrology capable of accuracy at the picometer spatial scale. The testing
method should be fast enough to allow a short deposition-testing loop to improve the
performance of the coating. These were the two important requirements that motivated
the work carried out during this thesis: the development of an X-ray scattering technique
and the realization of an apparatus for real-time on-line roughness measurements on

surfaces and thin films.

The ultimate efficiency of a reflecting ML mirror is eventually determined by the
absorption of the spacer material and by the surface errors (figure and finish). The former
is minimized by employing low-Z materials. The latter requires highly specialized

technological procedures to polish the surface at the desired level (see section 1.4).

The effect of interfacial roughness on the ML mirror reflectivity is illustrated in
Figure 1-8. The figure shows the reflectivity of a ML coating for different interfacial
roughness values, 0 nm, 0.2 nm and 0.4 nm. The effect of roughness is much pronounced
at larger angles, up to one order of magnitude when the roughness is varied from 0.2 nm
to 0.4 nm. This example shows once more the importance of reducing roughness when

high mirror acceptance, and in turn, flux or throughput are needed.
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Figure 1-8: Reflectivity of a multilayer mirror [W(1.5)/89(1.5)] versus grazing angle for three different

interfacial roughness values.

The advances in film thickness measurements are generally important in the
advanced technological processes implicated in the fabrication of layered devices. When
tabricating ML mirrors, the individual layer thickness must be tailored for the boundaries
to be close to the correct positions. The positioning of the absorber material (high-Z)
should be in correspondence with the nodes of the wave field produced by superposition
of incident and reflected field and spacer material (low-Z) in the remaining space. For the
required exact period thickness control, a sputtering rate monitor with a sensitivity better
than 0.001 nm is usually needed (1 pm). This sensitivity is not readily available by any
commercial methods applicable for sputtering. Several techniques can be used as an in

situ thickness monitor. The quartz microbalance is probably the most widely used since it is

rather cheap and easy to use in comparison with the others. This is a resonance-frequency
method that is based on the property of quartz, i.e., on the change in the resonance
trequency with the change of mass. In principle, the thickness measurements performed
with a quartz microbalance require knowledge of the film density and viscoelastic
properties. The latter depend on the material and crystal structure or molecular
arrangement in the film. The major drawback of this method is its sensitivity to thermal
drift which may occur during deposition and can provide relative errors up to 20 %. In-

sitn_tracking ellipsometry, is an optical method based on the measure of the changes in

polarization of a monochromatic light , usually in the visible range, reflected from matter.
The changes are related to the film thickness, the angle of incidence, the wavelength and
the optical constants through an optical model of the film (accounting for film
inhomogeneities, film structure and roughness). Therefore, the suitability of the method
for a specific case depends on the validity of the model used. In-situ reflectivity is a method

that will be discussed extensively throughout this thesis work
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1.1.4 Specifications for hard X-ray mirrors

Current (third-generation) SR sources deliver photon beams with high brilliance and
moderate coherence. Full exploitation of coherence and brilliance preservation have
required the use of grazing-incidence mirrors typically 1 m long or more, with surface
figure errors below 3 Urad rms and surface micro-roughness errors less than 0.3 nm rms.
These requirements, along with others concerning high heat loading and ultra-high
vacuum-compatibility materials, have imposed stringent specifications for the mirror
manufacturing process. Successful collaborations between synchrotron radiation beamline
scientists and mirror vendors have resulted in the production of mirrors with a quality
that is sufficient to meet the challenges of third-generation beamlines. Special fabrication
tools were created, in particular, the long trace profiler (LTP) [9]. They were developed to
measure surface figure and curvature of long aspheres. Standard commercial instruments

were adapted to evaluate the figure and finish of these large optics.

The impressive improvement of micro roughness and slope error of mirrors used at
ESRF over the last 10 years is shown in Figure 1-9[10]. The best achieved values at
present settle at 0.07 nm and 0.15 - 0.17 prad, for mirrors with a perfect area with a
length of 160 mm and 400 mm, respectively. Typical figure errors obtained currently on
SR mirrors are of the order of 2 firad or less, depending on the mirror material, size and

shape.
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Figure 1-9 Improvement of micro roughness and slope error of mirrors used at ESRE over the last 10
years. The best-achieved and measured values settle at rms values of 0.07 nm and 0.15 -0.17microrad,

respectively, measured over a length of a perfect mirror area of 160 nm and 400mm.

Despite the remarkable results achieved technologically, the production of a high
quality figured mirror remains a challenge. Only two techniques, namely differential
deposition[11] and Elastic Emission Machining [12], are presently being developed for
figuring and polishing elliptical mirrors to x-ray quality surface roughness. In these cases,
only few test models have been produced and alternative solutions are still wanted. These
optical devices are of interest for imaging applications and when X-ray focusing is needed.

These issues shall be discussed in the next two sections.

1.2 Imaging reflective optics

When using grazing incidence mirrors, two reflecting surfaces are at least necessary
to produce an extended image without residual aberrations. One can understand that by
considering an ellipsoidal reflector. In this case, one can only focus a point source. Notice
that this is not the case for an extended source. This is because the magnification of an
image changes along the surface of the ellipsoid. The rays reflected closest to the source
are demagnified while the ones reflected closest to the focus are magnified. For a
reflecting surface working at grazing incidence the magnification changes linearly with the

position, and only a short section should be used. This situation does not occur in normal
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incidence optics for which the magnification changes only slightly. In geometrical optics

the requirements for constant magnification can be expressed by the .Abbe sine condition:

. /
S,m—(u,) =% = constant (1.5)
sin(u') y
where # and #’ are the aperture angles of rays on the side of the object and image,
and y’/y is the magnification. This condition defines for each optical system the shape of
the effective surface as the intersection between the input ray and its corresponding

output ray.

There are three different configurations for objectives, which are potentially suitable
for grazing incidence imaging systems. These are called (i) Kirkpatrick-Baez (KB) type (ii)
Wolter types and (iii) focusing collimator or "Lobster-eye" systems. All these configurations

can fulfill the previous conditions and generate a constant magnification.

Among them the KB system is the imaging device the first most used in SR
applications. Kirkpatrick and Baez obtained the first two-dimensional images ever
obtained in a laboratory with grazing incidence reflection[13]. At that time they used two
Pt coated cylindrical mirrors to image simple objects with a resolution of 1-2 Um over a
field of view (FOV) of about 10 Um. The KB systems used today utilize two successive
reflections to focus a source in two dimensions. They combine two elliptically shaped
mirrors rotated 90° from each other, and having a common focus at a distance F. A
representation for such a system is given in Figure 1-10. The main concept is the
following: sagittal rays, weakly focused by the first mirror, become the tangential rays for

the second and vice versa.

Figure 1-10: Kirkpatrick-Baez focusing system.
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The focusing properties of such a mirror are described by the Coddington

equations, that is:

For tangential rays

1 1 1 2
4= =

p T4 T T Rsn(6) (1.6

and for sagittal rays:

1 1 1 2sin(6)

poq R,

where p is the source object distance, ¢ is the distance of the tangential line focus

(1.7)

from the mirror pole and R; and R; are the mirrors radii of curvature in the two

orthogonal directions (meridional and sagittal).

If the mitror is spherical (R, = Ry), the two focal lengths differ by a very large
factor and the mirror is clearly a poor image-forming device. In 1929 [14] Jentzsch
pointed out that a toroidal mirror having a sagittal radius Rs smaller than the meridional
radius R: by a factor 02 would bring the two set of rays at the common focus. Therefore,
the ideal shape for KB mirror, to reduce astigmatism, is the toroidal one [15]. If so, only
two mirrors could be used to image an extended source. However, because of
technological difficulties in manufacturing such a mirror, and because the focusing along
the sagittal rays is very weak, the mirrors are often prepared flat along this direction, i.e.,
with R, = 00. Here, an extended source could be imaged with minimum aberrations
only if two pairs of crossed mirrors are used (i.e. four reflections)[16]. In this case
aspheric surfaces are needed to remove the coma aberration completely and to ensure a

good image quality.

When ML mirrors are employed two additional constraints must be added to the
design, which is dictated by the choice of the d-spacing of the multilayer (if periodic). The

requirement to achieve a certain magnification M is given by the following relation:

ol G
—=|1-—||M—-—|M 1.8
RQdQ U U ( )

where di and dz are the multilayer periods, #; is the distance between the object and
the first mirror and s is the distance between mirrors centers. The ML periods should also

fulfill the following relation for the Bragg angles 61 and 02:
2d; sin (6, ) = 2dysin(6y) = nA (1.9

We see that the mirrors must be specifically tailored to achieve a specific value of M.
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For extreme focusing, the Kirkpatrick-Baez has proven recently to give the best
focusing results (~90 nm, ESRF). This result was obtained with a KB coated with a MLL

to filter the incoming white beam.

W

y
g

Figure 1-12: Wolter type mirror proposed for the fourth-generation SR sources, external diameter ¢~.01
m (left), the Free Electron Laser. Wolter 1 mirror shells for Chandra mission (NASA), ¢~1 m
(center). Artistic impression of the ambitions project XEUS (ESA), the X-ray telescope having ¢~10
m will be linked at 50 m with another detectors satellite with the helps of an auto-tracking system (yellow
box).

Wolter types and Lobster eyes [17] have been often proposed for hard X-ray
telescopes (HXRT) as they can easily achieve a large effective area. An interesting
application of the Wolter geometry has been also proposed for SR application and for the
next FEL source, at the Linac Coherent Ligth Source (LCLS)*. With a replication
technology derived from the experience accumulated over many years in HXR
astronomy, miniature Wolter type mirrors have been realized for SR application as
focusing or collimator devices. The operating principle is the following: X-rays enter on
one end, undergo a single reflection at the interior surface, and exit at the other end with a
different direction of travel. The optics is composed of truncated paraboloidal or
ellipsoidal shells of revolution depending whether they are used as collimator or as

focusing devices. Other authors have proposed the use of Wolter type mirrors for

4 http://www-sstl.slac.stanford.edu/lcls /Icls x-ray-optics fotos01.html
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imaging purposes and, in particular, to image extended objects at SR sources[18]. In this

case, as for the KB system, two reflections are needed to fulfill the .Abbe sine condition.

These optical devices are made of layers with materials deposited onto a
supersmooth mandrel[19, 20]. When the mandrel is separated from the mirror shell, for
example by thermal dilatation, the innermost layer replicates the mandrel smoothness and
serves as the reflecting surface. One of the advantages of using this type of optics is that
their cylindrical geometry is adapted to sustain high heat load, as it will be the case for
FEL source. Moreover, it can image extended sources without residual aberration. By
nesting several confocal mirrors shells it is possible to obtain a largest effective area. This
feature is fully exploited when designing an X-ray telescope whose scope is to collect
extremely weak flux or to image an extended source such as rest of a Supernova. Their
major drawback is that the slope errors induced by the replication process are often too

large to be used as optics for advanced SR applications.

Typical optics systems fabricated have a length of approximately 10 cm, a large end
diameter of 3-4 cm and a small end diameter of 2-3 cm. A photograph of a large-diameter
mandrel and its associated replicated optic is shown in Figure 1-12 (left). On the same
figure, similar Wolter type mirrors for HXR astronomy are shown for comparison

purpose.

Note that, while the KB geometry was first introduced for X-ray telescopes, the
Wolter type mirrors were first designed for microscopy purpose. The rever