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Abstract

This thesis describes the development of a sub-60-nm full-period resolution compact soft
x-ray microscope operating in the water-window region (2.3-4.4 nm). Soft x-ray water-
window microscopy is a powerful technique for high-resolution imaging of organic materials
exploiting the natural contrast mechanism between carbon and oxygen, cf. Sect. 4.1. The
thesis discusses the components of, as well as the integration of the microscope, including
liquid-jet laser-plasma x-ray sources, optics, simulations, and image-processing tools.

Liquid-jet-target laser-plasma sources for generation of soft x-rays and extreme-ultraviolet
radiation are compact sources with high brightness. The work focused on improved target
stability, decreased debris, and accurate source characterization. For x-ray microscopy
applications a liquid-jet target delivery system allowing cryogenic liquids was developed.
Source characterization was performed for two different liquid-jet targets: Methanol and
liquid nitrogen. For extreme-ultraviolet lithography applications, the potential use of a
liquid-tin-jet laser-plasma source was explored including conversion efficiency and debris
measurements.

High quality optics are essential in the development of compact x-ray microscopes. For
soft x-ray wavelengths, zone plates and multilayer mirrors are used to focus or redirect
radiation. This thesis describes the development and characterization of a condenser zone
plate suitable for use in a compact soft x-ray microscope operating at λ = 2.478 nm. It
also investigates the possibility to perform differential interference contrast microscopy in
the water window using a single diffractive optical element. An arrangement for rapid
and accurate determination of absolute and local diffraction efficiency of soft x-ray zone
plates using a compact laser-plasma source has been developed. The instrument is used
to characterize the zone plates fabricated at the Biomedical & X-Ray Physics division at
KTH. Through a collaboration with the Fraunhofer-Institut in Jena, Germany, a large-
diameter spherical Cr/Sc multilayer mirror, suitable as condenser in the compact x-ray
microscope, was developed and characterized. The mirror is designed for λ = 3.374 nm
and shows a high, and uniform reflectivity of 3%. This increases the photon flux by an
order of magnitude compared to the W/B4C mirrors previously used.

The thesis describes the development of a compact soft x-ray microscope with sub-60-nm
full-period resolution. It can operate at two different wavelengths in the water window
using the soft x-ray laser-plasma sources combined with the condenser optics described
above. Imaging is performed by zone plate objectives. The microscope is capable of imag-
ing hydrated biological samples with thicknesses up to ∼10 µm. Improvements made to the
mechanical design has turned it into a user friendly instrument allowing daily operation.
A numerical method was developed to study the effects of partially coherent illumina-
tion on 2D imaging. To stimulate experiments on functional imaging in x-ray microscopy
an image-analysis algorithm for identifying colloidal-gold particles was developed. Size-
selective identification and localization of single gold particles down to a diameter of 50
nm was demonstrated.

v





List of papers

Note: P. A. C. Takman changed his name from P. A. C. Jansson in 2005.

Paper 1 P. A. C. Jansson, B. A. M. Hansson, O. Hemberg, M. Otendal, A. Holmberg,
J. de Groot, and H. M. Hertz, Liquid-tin-jet laser-plasma extreme ultraviolet
generation, Appl. Phys. Lett. 84, 2256–2258 (2004).

Paper 2 U. Vogt, R. Frueke, T. Wilhein, H. Stollberg, P. A. C. Jansson, and H. M.
Hertz, High-resolution spatial characterization of laser produced plasmas at
soft x-ray wavelengths, Appl. Phys. B 78, 53–58 (2004).

Paper 3 P. A. C. Jansson, U. Vogt, and H. M. Hertz, Liquid-nitrogen-jet laser-plasma
source for compact soft x-ray microscopy, Rev. Sci. Instrum. 76, 043503
(2005).

Paper 4 S. Rehbein, A. Holmberg, G. A. Johansson, P. A. C. Jansson, and H. M.
Hertz, Fabrication and characterization of a condenser zone plate for com-
pact x-ray microscopy, J. Vac. Sci. Technol., B 22, 1118–1122 (2004).

Paper 5 U. Vogt, M. Lindblom, P. A. C. Jansson, T. T. Tuohimaa, A. Holmberg,
H. M. Hertz, M. Wieland, and T. Wilhein, Single-optical-element soft-x-ray
interferometry with a laser-plasma x-ray source, Opt. Lett. 30, 2167–2169
(2005).

Paper 6 M. Bertilson, P. A. C. Takman, U. Vogt, A. Holmberg, and H. M. Hertz, Lab-
oratory arrangement for soft x-ray zone-plate efficiency measurements, Rev.
Sci. Instrum. 78, 026103 (2007).

vii



viii

Paper 7 H. Stollberg, S. Yulin, P. A. C. Takman, and H. M. Hertz, High-reflectivity
Cr/Sc multilayer condenser for compact soft x-ray microscopy, Rev. Sci. In-
strum. 77, 123101-1 (2006).

Paper 8 O. von Hofsten, P. A. C. Takman, and U. Vogt, Simulation of partially co-
herent image formation in a compact soft x-ray microscope, In press: Ultra-
microscopy (2007).

Paper 9 H. Stollberg, P. Guttmann, P. A. C. Takman, and H. M. Hertz, Size-selective
colloidal-gold localization in transmission x-ray microscopy, J. Microsc. 225,
80–87 (2007).

Paper 10 P. A. C. Takman, U. Vogt, and H. M. Hertz, Towards compact x-ray mi-
croscopy with liquid-nitrogen-jet laser-plasma source, Proc. 8th Int. Conf.
X-ray Microscopy, IPAP Conf. Series 7, 12-14, Himeji (2006).

Paper 11 P. A. C. Takman, H. Stollberg, G. A. Johansson, A. Holmberg, M. Lindblom,
and H. M. Hertz, High-resolution compact x-ray microscopy, Accepted by J.
Microsc. (2007).



Contents

Abstract v

List of papers vii

Contents ix

1 Introduction 1

2 Soft x-ray sources 5
2.1 Synchrotron radiation . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Free-electron lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Laser-plasma sources . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4 Discharge-plasma sources . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 X-ray lasers and high-harmonic generation . . . . . . . . . . . . . . . 14

3 Soft x-ray optics 15
3.1 Reflective optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Grazing-incidence mirrors . . . . . . . . . . . . . . . . . . . . 16
3.1.2 Multilayer mirrors . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2 Diffractive optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2.1 Gratings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2.2 Zone plates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2.3 Computer-generated holograms . . . . . . . . . . . . . . . . . 24

4 X-ray microscopy 25
4.1 Resolution and contrast . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Radiation damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Synchrotron-based x-ray microscopy . . . . . . . . . . . . . . . . . . 28

5 Compact soft x-ray microscopy 31
5.1 Illumination system . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

ix



x CONTENTS

5.1.1 Liquid-jet laser-plasma source . . . . . . . . . . . . . . . . . . 33
5.1.2 Condenser arrangements . . . . . . . . . . . . . . . . . . . . . 35

5.2 Imaging system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.2.1 Sample stage . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.2.2 Imaging optics . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.2.3 Image detector . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.3 Performance of the compact soft x-ray microscope . . . . . . . . . . 39
5.4 Future development . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.4.1 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.4.2 Exposure time . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.4.3 Phase imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.5 Towards functional imaging . . . . . . . . . . . . . . . . . . . . . . . 42

6 Summary of papers 45

Acknowledgements 49

Bibliography 51



Chapter 1

Introduction

Microscopy has a long history and it is impossible to say who really invented
the compound microscope. About 1590, two Dutch spectacle makers, Zaccharias
Janssen and his son Hans, while experimenting with several lenses in a tube, dis-
covered that objects close to the last lens appeared greatly magnified. That was the
forerunner of both the compound microscope and the telescope. In 1609, Galileo
Galilei heard of these early experiments, worked out the principles of lenses, and
made a much better instrument with a focusing device. Anton van Leeuwenhoek
(1632-1723), is generally credited with bringing the microscope to the attention of
biologists, although his instruments were simply powerful magnifying glasses. He
started as an apprentice in a dry goods store where magnifying glasses were used
to count the threads in cloth. He taught himself new methods for grinding and
polishing tiny lenses of great curvature which gave magnifications up to 270×. He
was the first to observe and describe bacteria, yeast, the teeming life in a drop of
water, and the circulation of "blood corpuscles" in capillaries. During his life he
used his lenses to make pioneering studies on an extraordinary variety of things,
and reported his findings in over a hundred letters to the Royal Society of Eng-
land and the French Academy. Another great contributor to microscopy is Robert
Hooke, who is sometimes credited with inventing the compound light microscope.
It consisted of an eyepiece, a field lens and an objective. He studied various ob-
jects using his microscope and published the first book on microscopy in 1664 [1]
entitled "Micrographia", which is believed to have inspired van Leeuwenhoek in
his work. In the late 19th century the theoretical foundations of light microscopy
were established by Ernst Abbe [2, 3], who together with Carl Zeiss constructed
the first diffraction-limited microscope in 1886. This and several other scientific
and technical innovations that made microscopes better and easier to handle made
microscopy more and more popular among scientists [4].
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2 CHAPTER 1. INTRODUCTION

In microscopy two parameters are important: resolution and contrast. The resolu-
tion, i.e., the ability to distinguish physical details, is limited by the imaging wave-
length in a conventional far-field microscope. The best achievable resolution for a
visible-light bright-field microscope, using immersion objectives, is about 0.44 times
the employed wavelength [5]. With the invention of the confocal microscope the
depth resolution was greatly enhanced which enabled optical sectioning and 3-D re-
construction of thick specimens [6]. By using advanced illumination and non-linear
imaging methods from fluorescence microscopy the resolution limit for visible-light
microscopy today has been pushed to ∼ 45 nm [7,8].

The desire to study structures smaller than visible-light microscopy can resolve mo-
tivated scientists to use a different "illumination" with a shorter wavelength. The
first electron microscope, invented in 1931 by Knoll and Ruska [9], used high-energy
electrons with a de Broglie wavelength much shorter than the wavelength of visible
light. This provided a theoretical resolution comparable to the size of single atoms.
The electron microscope has since then developed into an important instrument
for biology and material science research. Transmission and scanning electron mi-
croscopy are the two main approaches for imaging, but the possibility to perform
localized x-ray and electron spectroscopy have become increasingly important. An-
other successful approach for studying surface structures with atomic resolution is a
branch of microscopy called scanning probe microscopy (SPM). SPM was founded
with the invention of the scanning tunneling microscope in 1981 [10]. Although
limited to the surface of a sample these instruments have become very popular and
can, besides the main field of material science, also be used for examination of wet
biological samples.

The contrast mechanism originally used in visible-light microscopy was natural ab-
sorption contrast. However, many interesting biological specimens lack sufficient
absorption contrast to be studied successfully. To enhance contrast in optical mi-
croscopy there exist two main classes of techniques. One class of techniques shows
differences in refractive index as difference in contrast. These methods include,
among others, phase-contrast imaging [11] and differential interference contrast [12].
The other group of techniques changes the specimen properties, so that the spec-
imen shows increased absorption or becomes fluorescent, e.g., immunofluorescence
microscopy; a very successful method for functional studies in cell biology. However,
staining may also introduce artifacts, apparent structural details that are caused by
the processing of the specimen and are, thus, not a legitimate feature of the speci-
men. Today, microscopy has developed into a wide research field with a multitude
of applications and the microscope is considered to be one of the most important
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tools in science.

In 1895 Wilhelm Conrad Röntgen announced the discovery of x-rays [13], a part of
the electromagnetic spectrum with a wavelength much shorter than visible light.
The x-ray region is commonly divided into three different wavelength intervals (cf.
Fig. 1.1): extreme-ultraviolet radiation with wavelengths between 5 nm and 40 nm
(from about 250 eV to 30 eV), soft x-rays between 0.3 nm and 5 nm (from about
4 keV to 250 eV), and hard x-rays below 0.3 nm (above 4 keV) [14].

1nm0.1 nm 10 nm

Wavelength

100 eV1 keV10 keV

Photon Energy

Soft X-rays

Hard X-Rays Extreme Ultraviolet

Figure 1.1. Electromagnetic spectrum for x-rays showing the hard x-ray, soft x-ray and
extreme-ultraviolet wavelength regions.

This radiation has properties which offer a wide range of applications in medicine,
biology, material science and astronomy. X-rays penetrate most matter and thereby
make internal structures visible. The contrast mechanisms in imaging with x-rays
are based on inner-shell electron excitations which distinguishes it from other mi-
croscopy techniques. The wavelength is short, and a soft x-ray microscope could
therefore potentially perform imaging with very high resolution.

Although suggestions on utilizing x-rays for microscopy came shortly after their
discovery, the lack of suitable sources and optics inhibited development until the
1970s [15]. Over the last decades microscopes have been developed for the x-ray
wavelength region. Today there exist a number of x-ray microscopes, both for soft
and hard x-rays, using different imaging modes, e.g., full-field or scanning [16].
Unfortunately these microscopes are located at synchrotron facilities, which make
them less accessible than if they were available in every lab. The recent develop-
ment of laboratory-scale sources opened the field for compact x-ray microscopes,
potentially making x-ray microscopy more available for researchers.

This thesis concerns the development of liquid-jet laser-plasma x-ray sources, op-
tics, simulations, and image-processing tools, used in the construction of a reliable,
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user friendly, high-resolution compact soft x-ray microscope at the Biomedical &
X-Ray Physics division at KTH. With improved laser-plasma sources, condenser
optics, and instrumentation, the performance of the compact microscope has been
pushed to a new level. High-quality images with sub 60-nm resolution can now be
acquired with exposure times below 5 minutes. Chapter 2 gives a review on soft x-
ray sources with a special emphasis on laser-plasma sources. Chapter 3 introduces
the optical elements that are commonly used in the soft x-ray range. Chapter 4
gives an overview of the history and characteristics of x-ray microscopy. Chapter 5
describes the compact soft x-ray microscope including a characterization of the per-
formance, and finally provides an outlook for the future.



Chapter 2

Soft x-ray sources

There are few natural x-ray sources, which means that x-rays must be generated
artificially. The first person to accomplish this was Wilhelm Conrad Röntgen who
discovered x-rays in 1895 while exploring the effects of high voltage electrical dis-
charges in evacuated glass tubes [13]. His discovery of the electron-impact hard
x-ray source had an enormous impact on, e.g., diagnostic radiography and crystal-
lography. However, the utilization of the soft x-ray and EUV spectral ranges oc-
curred much later, primarily due to technical challenges. The development within
this spectral regions was impeded not only by the lack of suitable sources and optics
but also by the requirement of performing the experiments in vacuum, as well as
by insensitive detectors.

Several aspects are important when considering soft x-ray sources: Average out-
put power, source size and emitted spectrum. Light sources in general are com-
pared by their radiance [W/(sr×m2)] or spectral radiance [W/(sr×m2×BW)], de-
fined as the radiance divided by bandwidth. Researchers within the field of x-ray
sources have developed their own units and terminology concerning sources. Spec-
tral brilliance or spectral brightness is often used [14]. This unit is defined as
[photons/(s×sr×µm2×BW)]. For pulsed sources it is more convenient to use the
number of photons per pulse instead of photons per second and for line-emitting
sources, the bandwidth of one line is often chosen.

Today, there exist a number of soft x-ray sources, and the development of these and
new ones, is quite intense. This chapter gives a short description of each of these
sources with special emphasis on laser-produced plasma sources, as these are of
special interest for the development of a compact soft x-ray microscope. However,
electron impact sources have been omitted since they generate very few photons in
the soft x-ray region and are thus of limited use for soft x-ray applications.

5



6 CHAPTER 2. SOFT X-RAY SOURCES

2.1 Synchrotron radiation

The acceleration of charged particles result in emission of electromagnetic radia-
tion [14]. This is the physical principle behind synchrotron radiation. Historically,
synchrotron radiation was first observed as energy loss in electron storage rings
used for particle collision experiments in nuclear physics [17]. This section gives a
very brief introduction to some of the properties of synchrotron radiation sources.
A more detailed description together with theory and applications can be found in
Refs. [14, 18,19].

Synchrotron storage rings maintain an electron beam at a constant kinetic en-
ergy on the order of 109 eV. Modern (third-generation) facilities are semi-circular
with bending magnets placed in the corners of adjacent straight sections. Differ-
ent types of magnetic structures, so called insertion devices, can be placed in the
straight sections to manipulate the electron-beam path to generate radiation with
different characteristics. Figure 2.1 shows the three primary methods for generating
synchrotron radiation.

Bending magnet

radiation

Photons

hω

Wiggler

radiation

Photons

hω

Undulator

radiation

Photons

hω

Figure 2.1. The three primary methods for generating synchrotron radiation: bending
magnets, undulators and wigglers.

When the electron beam is bent, i.e., accelerated by a bending magnet, photons
are emitted with a broadband energy spectrum. The wavelength spectrum usually
ranges from infrared to soft x-rays. The dipole radiation from the electrons will, due
to relativistic effects, be transformed into a narrow cone in the forward direction in
the laboratory reference frame. Bending-magnet radiation is characterized by the
critical photon energy, ~ωc, which is defined as the photon energy for which half
the power is emitted above and half below. This is given by

~ωc =
3e~Bγ2

2m
, (2.1)
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where e is the electron charge, ~ is Planck’s constant divided by 2π, B is the mag-
netic field and γ is the ratio of the electron mass m to its rest mass m0 given by
γ = E/m0c

2, where E is the kinetic energy of the electrons.

Insertion devices, i.e., undulators and wigglers, consist of periodic magnetic struc-
tures positioned in the straight sections between the bending magnets. These de-
vices can produce narrower photon-energy spectra and the radiation cone angle can
also be made smaller. The magnet structure forces the electrons to deviate peri-
odically from the straight path and thus the electrons will radiate photons. The
shape of these oscillations depends critically on the magnetic field strength and the
primary non-dimensional parameter characterizing the strength of these deviations
is usually referred to as the magnetic deflection parameter

K =
eB0λu

2πmc
, (2.2)

where B0 is the amplitude of the periodic magnetic field, λu is the period of the
magnetic structure and c is the speed of light in vacuum.

For K < 1, the insertion device is referred to as an undulator and is characterized
as a partially coherent, tunable, narrow bandwidth, and high spectral brightness
source. The relatively weak magnetic field enables the electrons to perform a nearly
sinusoidal motion with angular deviations being within the central radiation cone,
defined by θcen = 1/γ

√
N , where N is the number of periods in the undulator. The

spectral bandwidth of the radiation is given by

∆λ

λ
=

1
N

. (2.3)

When K À 1, the device is called a wiggler. The stronger magnetic field makes the
electron beam deviation from the straight path larger and non-sinusoidal. There-
fore, a large number of higher harmonics will emerge and especially for higher
photon energies these will merge into a continuum. Compared with bending mag-
nets and undulators, the wiggler provides higher photon energies and higher photon
fluxes.

Generally, synchrotron radiation has a very high spectral brightness due to the small
cross section of the electron beam and the narrow radiation cone created by the
relativistic effects. Furthermore, by using undulators and wigglers in combination
with monochromators the energy of the photons can be selected with a very narrow
bandwidth. The polarization from the different devices can also be tailored, which
is frequently utilized in experiments. The photon flux from a synchrotron storage
ring is not continuous, but pulsed with a pulse length of typically 10-100 ps and a
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pulse separation on the order of ns. Synchrotron radiation sources offer excellent
radiation quality and stability, but the size of these facilities as well as the price
tag make the number of available synchrotrons limited.

2.2 Free-electron lasers

Free-electron lasers (FELs) can be considered the next generation in the evolution
of synchrotron radiation sources [20, 21]. The FEL is in a sense an extension of
the undulator concept, i.e., it consists of a periodic magnetic structure in which
a high-energy beam of electrons are propagating. In an undulator the electrons
radiate independently, which means that the x-ray flux will be proportional to the
number of electrons. However, with a very long undulator and a carefully prepared
electron beam, an effect arises that is known as the FEL instability. It introduces
correlations between the electrons, and opens the possibility of greatly enhanced
peak x-ray brightness. This instability produces exponential growth of the inten-
sity of the emitted radiation at a particular wavelength. The radiation field that
initiates the instability can be either spontaneous radiation from the undulator or
an external seeding field. In the case of FEL action arising from spontaneous ra-
diation, the process is called self-amplified spontaneous emission (SASE) [22]. One
problem with SASE FELs is the lack of temporal coherence due to the noisy startup
process. To avoid this one can "seed" a FEL with a laser tuned to the resonance
of the FEL, but this requires an x-ray laser or the use of high harmonics, described
in Sect. 2.5. In this case the FEL is referred to as a FEL amplifier.

The phenomenon that creates a correlation between the electrons is known asmicro-
bunching. It can be understood by looking at the interaction of the electron beam
with the electric field produced in the undulator or by the seed laser. At the start of
the undulator, all the electrons still have the same energy. This changes, however,
when the particles interact with the radiation. The charges can absorb energy from
the radiation or relinquish energy to it.
In the undulator, each electron energy is associated with a certain "slalom course",
and for each slalom course, there is a certain forward speed. For this reason, the
absorption or release of energy causes the electrons to speed up or fall behind.
In a FEL, the speed of the electrons and the shape of the magnetic structures are
matched so that the charges fall behind by exactly one wavelength, compared to the
emitted radiation, after two curves in the undulator. This means that the charges
are then in the same situation as before, after one oscillatory cycle. In a reference
frame where only the transverse oscillatory motion of the electron can be observed,
the electron would experience an electric field traveling one wavelength during one
roundtrip for the oscillatory motion of the electron. This means that the transverse
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Figure 2.2. Comparison of average spectral brightness for various x-ray sources. The
diagram includes a typical electron impact source, the laser plasma source used in the
compact soft x-ray microscope, typical synchrotron light sources, and planned free electron
lasers. (From Ref. [23])

motion of the electron can be either in phase or out of phase with the force exerted
on the electron by the electric field. For electrons that happen to be in phase,
the force will cause them to deviate slightly more from their equilibrium position.
This means that their axial speed will be slightly reduced. Electrons being out of
phase experience an increased axial speed. This process goes on until all electrons
are shifted into areas where the average axial speed in unchanged. In this way,
the electrons move close together into small groups separated by a distance that is
exactly one wavelength of the organizing radiation. The electrons continue to emit
radiation as before, yet the result is a much more intense light, because radiation
contributions from the electrons in the micro-bunches add up coherently.

Presently, the FELs have been producing coherent radiation from the microwave re-
gion down to the extreme ultraviolet region [24], but no FEL project has yet reached
into the soft x-ray region. Figure 2.2 shows a comparison of average spectral bright-
ness for various existing sources and two future x-ray FEL projects. Today, there
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are two principal goals for future FEL development: Higher photon energies, i.e.,
shorter wavelengths, and higher peak power. There are now several planned and
ongoing FEL projects with the aim of producing soft x-rays. The result could be
a tunable, short pulsed (∼10−15 s), coherent x-ray source having a spectral bright-
ness several orders of magnitude larger than present third-generation synchrotron
sources.

2.3 Laser-plasma sources

Laser-produced plasma sources are an attractive alternative to synchrotron sources
for certain applications, since they are compact, relatively inexpensive, and have
a high brightness relative to other compact sources. Figure 2.2, in Sect. 2.2, also
shows the spectral brightness for the laser plasma source presently used in the com-
pact soft x-ray microscope described in Chapter 5. A more extensive description of
laser-plasma sources, including theoretical models, is given in Refs. [25, 26].

When the energy from a pulsed high-energy laser is focused onto a target material,
a hot dense plasma will form within a small volume. The principle is shown in
Fig. 2.3. The target material is heated by the energy transferred from the photons
of the laser light to the target material. The plasma, which consists of electrons and
highly ionized atoms, will expand rapidly and cool down due the non-equilibrium
condition. However, during a short period before the expansion has gone too far,
the temperature of the ions and electrons in the plasma will be sufficiently high to
emit x-rays. By choosing a suitable target liquid and correct plasma conditions, the
emission wavelength may be spectrally tailored with emission wavelengths ranging
from EUV to hard x-rays.

Figure 2.3. Principle of a laser-plasma source. A laser beam is focused on the target
material. In the focus a hot, dense plasma emitting photons is created.

Theoretical models have been developed to simulate the complex interactions in-
side a hot dense plasma [25, 26]. The properties of a laser-produced plasma are
determined by a complex relation between laser absorption, electron and ion tem-



2.3. LASER-PLASMA SOURCES 11

peratures, density, expansion rate, photon emission and re-absorption, and coupling
between acoustic and electromagnetic waves. From a practical point of view, these
theoretical results can be used to estimate appropriate laser parameters for the
application of interest.

The required plasma temperature, T , for a plasma emitting strongly at a wavelength
λ can be estimated using Wien’s displacement law, assuming that the emitted
spectra has black-body radiation distribution.

λ =
2.898 · 10−3 m ·K

T
(2.4)

According to the Stefan-Boltzmann radiation law, the black body would then emit
radiation with an intensity given by

I = σT 4 (2.5)

where

σ =
π2κ4

60c2~3
(2.6)

is the Stefan-Boltzmann constant, written in terms of the Boltzmann constant κ,
the speed of light c and ~, which is Planck’s constant divided by 2π.

Taking fractional absorption of the incident laser radiation, and fractional conver-
sion of absorbed light to re-radiated near-thermal emission, into account shows that
the focus spot intensity required to heat the target material must be higher than the
radiated intensity. The absorption of the incoming laser light is highly dependent
on the electron density in the plasma. Initially, during the first picoseconds of the
laser pulse, free electrons are created. A plasma is formed and rapidly heated by
inverse bremsstrahlung absorption, i.e., the energy of an incoming photon is trans-
ferred into increased kinetic energy of the free electrons. As the plasma is heated,
more free electrons will be generated and an electron density gradient will arise, see
Fig. 2.4.

The electron distribution tends to oscillate with a natural plasma frequency given
by

ωp =
(

e2ne

ε0me

)1/2

, (2.7)

where e is the electron charge, ne is the electron density, ε0 is the permeability
of vacuum and me is the electron mass. The electron oscillations are driven by
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Figure 2.4. Schematic diagram of a one-dimensional electron density profile in a laser
produced plasma. The laser energy is absorbed in the region where the electron density,
ne, is below the critical electron density, nc. (From Ref. [26])

the external electromagnetic field, i.e., the incoming laser light with frequency ω,
and propagation of the incoming radiation through the plasma can occur if the
condition ω > ωp is satisfied. When the laser light reaches the region where the
electron density gives a plasma frequency equal to the frequency of the incoming
wave (ωp = ω), the incoming laser pulse is subjected to total reflection and can not
penetrate any further into the plasma. This defines the critical electron density, nc.
In the underdense region (ne < nc), close to the critical density, most of the laser
energy is absorbed and thermal energy is conducted into the more dense regions by
the electrons.

There is no simple formula to calculate the total radiation conversion efficiency, de-
fined as the energy emitted by x-rays within the spectral range of interest divided
by the incident laser energy. However, experiments performed on gold targets show
that the conversion efficiency can be increased by using a shorter laser wavelength
for high focus intensities [26]. This effect can largely be ascribed to the increased
penetration depth of the incident radiation.

The plasma expands rapidly once it has been created and its size is determined by
a combination of the laser pulse length and the focus size. The repetition rate of
the laser determines the average brightness of the source.

The emitted spectrum from a laser-produced plasma is a complex composition from
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three contributing processes. First, non-bound electrons interacting with highly
charged ions produce a continuum of bremsstrahlung radiation. Next, recombina-
tion of free electrons and ions will also result in a continuous spectrum since it
is a free-bound process. The free-bound spectrum begins where the photon en-
ergy equals the ionization potential energy, and the shape depends on the local
kinetic energy distribution of the electrons. Finally, the radiative emission from
the bound-bound electron transitions within the excited ions will give line emis-
sion. For the plasma temperatures we operate at, a plasma of ions with low atomic
number will have nearly or fully ionized atoms and line emission will dominate the
radiated spectrum. A plasma consisting of ions with a higher atomic number will
have a blackbody-shaped spectrum with superimposed characteristic line emission.
Consequently, the emission spectrum from a laser-plasma source can be tailored by
varying the target material and plasma temperature.

In addition to x-rays, the plasma emits debris, i.e., atoms, ions, and clusters, which
can damage sensitive components in the vicinity of the source. Different target
systems show different debris characteristics. There are basically three groups of
target systems: solid targets, gas targets [27], and liquid-jet targets [28,29]. Liquid-
jet targets show advantages compared to solid bulk targets, as the debris emission
from liquid-jet targets is significantly lower. Furthermore, liquid-jet targets are
regenerative, thereby allowing long-term high-repetition rate operation. A more
technical description of the implementation of a liquid-jet target laser-plasma source
can be found in Sect. 5.1.1.

2.4 Discharge-plasma sources

Another way of producing plasmas is through an electric discharge, e.g., the pinch-
plasma source where a high-current pulse is driven through a gaseous target. The
current flowing through the low density target will initially create a low temperature
plasma. Simultaneously, the current induces a magnetic field which compresses the
plasma, thereby increasing the plasma density and temperature. This enables the
generation of x-ray photons with source emission characteristics similar to laser-
based plasmas, although discharge-plasma sources usually are bigger in size. Due to
the lower density and temperature, electrical discharge plasmas are more suitable
for EUV radiation generation [30]. One advantage of this type of source is the
rather high conversion efficiency from electrical power to emitted radiation power.
Thermal problems has made it difficult to run these sources at high power. However,
recent progress by Philips on their NovaTin® source has made it possible to deliver
200 W in-band EUV into 2π sr [31]. A general overview of electrical discharge
sources can be found in Ref. [18].
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2.5 X-ray lasers and high-harmonic generation

Light amplification by stimulated emission of radiation (LASER) has been shown
for EUV and soft x-ray wavelengths [32,33]. The most common scheme to achieve
the required population inversion for these wavelengths is through a laser-produced
plasma, cf. Sect. 2.3. However, electrical discharge excitation is also pursued al-
though mainly for the EUV region [34]. X-ray lasers have the potential to provide
a compact cost-effective partially coherent x-ray source with a spectral brightness
that is 5 to 6 orders of magnitude higher than today’s third generation synchrotron
sources [35]. Unfortunately, due to the short lifetime of the plasma and the lack of
suitable mirrors, most x-ray lasers today are running in the amplified spontaneous
emission (ASE) mode, i.e., single pass through the gain medium. Consequently, the
divergence of the emitted radiation and the coherence properties are limited by the
available length of the gain medium. Furthermore, the special types of high power
pump lasers required, in combination with poor conversion efficiency with regards
to average output power makes the use of present x-ray lasers quite limited. A
review of today’s research and development of soft x-ray lasers is found in Ref. [36]
and a general introduction to theory and experiments in Ref. [37].

Another way of producing EUV radiation and soft x-rays is through the generation
of very high odd harmonics of high-intensity femtosecond laser pulses in a gaseous
medium, see, e.g., Ref. [38]. Typically, linearly polarized laser pulses of 20-100
fs duration are focused to an intensity of 1014–1015 W/cm2 in a gas of neutral
He, Ne, Ar, or Xe. The laser intensities and pulse durations should be just below
the limit of ionizing the individual atoms. The radiation results from a strongly
non-linear interaction between the electric field of the incident laser pulse and the
individual atoms, producing phase-matched harmonics that could extend up to
several hundreds of orders. Consequently, the produced radiation is coherent and
have a small divergence, and thus, is of great interest for EUV and soft x-ray
applications. However, a lot of energy is lost in the intermediate harmonics making
the conversion efficiency into the soft x-ray range low.



Chapter 3

Soft x-ray optics

Experiments utilizing soft x-rays often involve focusing or redirecting the radiation
by using optical components such as lenses or mirrors. Refs. [14,18,19,39,40] con-
tain extensive reviews of EUV and soft x-ray optics and also some references to
hard x-ray optics. This chapter gives a short introduction to the optical compo-
nents commonly used together with soft x-rays.

In the x-ray wavelength range the refractive index is commonly written as

n = 1− δ + iβ, (3.1)

where δ is the refractive index decrement and β is the absorption or extinction
coefficient [14]. The real part of the refractive index induces a phase shift for rays
traveling through a material, and the imaginary part accounts for absorption. The
refractive index can be calculated from the atomic properties of a material by [14]

n = 1− nareλ
2

2π
(f1 − if2), (3.2)

Where na is the average density of atoms in the material, re = 2.818 · 10−15 m
is the classical electron radius, λ is the x-ray wavelength, and f = f1 − if2 is
the atomic scattering factor which shows a strong wavelength dependency for soft
x-rays. Henke [41, 42] and colleagues have compiled absorption data (f2) for all
elements from hydrogen to uranium from which they have computed and tabulated
values of f1, using the Kramers-Kronig relations [14], for photon energies from 50
eV to 30 keV.

For soft x-rays the real part of the refractive index is close to unity and the absorp-
tion is strong. Refractive lenses would thus require a very small radius of curvature

15
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in order to refract sufficiently, and they would also need to be extremely thin due to
the high absorption. These two demands are incompatible, which is why focusing
optics for soft x-rays are based on reflection or diffraction. In the following sections
the basic concepts of reflective and diffractive optics for soft x-rays are presented.

3.1 Reflective optics

Clearly, the optical characteristics of a material at x-ray wavelengths are governed
by the same classical equations that are valid for all electromagnetic radiation,
although the behavior can be very different from what is experienced at visible
wavelengths. The intensity reflectance for an electromagnetic wave incident on a
boundary between two different media (n1 and n2) is given by the Fresnel equations

R⊥ =
∣∣∣∣
n1cosφ1 − n2cosφ2

n1cosφ1 + n2cosφ2

∣∣∣∣
2

(3.3)

R‖ =
∣∣∣∣
n2cosφ1 − n1cosφ2

n2cosφ1 + n1cosφ2

∣∣∣∣
2

(3.4)

where φ1 is the angle of incidence, φ2 is the angle of refraction (given by Snell’s law
of refraction), and n is the complex refractive index. The indices ⊥ and ‖ stand
for radiation polarized perpendicular to and parallel with the plane of incidence,
respectively. For soft x-rays, δ is small and positive for most materials, i.e., the
real part of the refractive index is slightly smaller than unity, which results in a low
reflectivity except at small grazing angles (θ = (90◦ − φ1)). Figure 3.1 shows the
reflectivity versus grazing angle for radiation at λ = 3.37 nm incident from vacuum
onto a gold surface. At normal incidence the reflectivity is on the order of 10−5 for
most materials, which makes it practically impossible to use single-boundary-layer
mirrors at normal incidence in the soft x-ray region.

3.1.1 Grazing-incidence mirrors

Although the reflectivity is very low for most materials in the soft x-ray range, there
exists an important exception for radiation incident at very small grazing angles,
cf. Fig. 3.1. While visible light can experience total internal reflection, soft x-rays
can instead be subject to total external reflection. This can take place because
1 − δ < 1. By using Snell’s law of refraction and neglecting the absorption, the
critical angle [14] for this phenomenon can be calculated as

θc =
√

2δ (3.5)
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Figure 3.1. Reflectivity versus grazing angle for ⊥ and ‖ polarized λ = 3.37 nm x-rays
incident on a gold surface. (Data from Ref. [42])

Thus, the critical angle depends both on the material and the wavelength. How-
ever, due to absorption, the reflectivity will always be slightly less than unity even
for grazing angles smaller than θc. Using a concave spherical surface, total ex-
ternal reflection can be utilized to focus soft x-rays with high efficiency. Unfor-
tunately, at such grazing-incidence angles aberrations like astigmatism, spherical
aberration, and coma become severe. To reduce aberrations, compound systems,
e.g., Kirkpatrick-Baez [43] and Wolter [44] systems or aspheric reflectors can be
used. However, all grazing-incidence optics are difficult to use for high-resolution
imaging.

3.1.2 Multilayer mirrors

To increase the reflectivity at near-normal incidence, a multilayer coating can be
used. Although more complicated to fabricate, normal-incidence multilayer mir-
rors have several advantages over grazing-incidence optics, such as less aberrations,
larger collection efficiency, and easier alignment. Multilayer coatings consist of two
or more alternating thin layers of different materials. The idea behind multilayers
originates from the scattering properties of electromagnetic radiation at boundaries
with different refractive indices [14, 39]. By choosing the layer thickness in such a
way that the scattered radiation from each boundary interferes constructively, see
comment in Fig. 3.2, the total reflectivity can be increased dramatically. This prin-
ciple is shown in Fig. 3.2. The stack of bilayers acts as an artificial crystal, and
Bragg’s law can be used to calculate the reflection behavior for incident radiation
with a wavelength λ:



18 CHAPTER 3. SOFT X-RAY OPTICS

mλ = 2Λ sin θ, (3.6)

where Λ is the multilayer period (also called d-spacing), θ the grazing angle, and
m = 1, 2, 3, ... is the Bragg order number. For first-order diffraction and normal
incidence illumination with wavelength λ, the bilayer must have an optical thickness
that is λ/2.

 

Substrate

 

H L

Λ

θ

Figure 3.2. The working principle of a multilayer mirror. A bilayer with a thickness Λ

consists of one material with high (H) and one with low (L) refractive index. The radiation
reflected at each interface interferes constructively with the radiation reflected from the
other interfaces.

Multilayer design is an optimization problem where many parameters have to be
taken into account. This section briefly discusses some of them for the special case
of a normal-incidence multilayer.

A good starting point for the choice of materials is the Fresnel equations (Eqs. 3.3
and 3.4), which for normal incidence is

R =
∣∣∣∣
n2 − n1

n2 + n1

∣∣∣∣
2

. (3.7)

Using the complex refractive indices, cf. Eq. 3.1, for the two materials and the fact
that δ and β are small, Eq. 3.7 can be approximated by

R ≈ ∆δ2 + ∆β2

4
, (3.8)

where ∆δ and ∆β are the differences in the real and the imaginary part of the re-
fractive index between the two materials used. The reflected intensity is maximized
if ∆δ is chosen as large as possible. For ∆β the decision process is more complicated
since β determines the absorption which is very strong for most materials in the
soft x-ray region. The materials are preferably chosen so that the absorption, β,
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is low for one of the materials. The other material should be selected to maximize
∆β without compromising the overall multilayer reflectivity due to attenuation.
Moreover, the materials have to fulfill mechanical, physical, and chemical require-
ments. The selected materials should be possible to deposit and easily form smooth
boundaries, which have to be both chemically and physically stable, i. e., no chem-
ical reactions at the interfaces are allowed, and diffusion of material through the
interfaces should be negligible. Since it is impossible to manufacture ideal inter-
faces, the interface between two layers gets a certain width σ larger than zero. The
concept of interface width includes two different physical aspects: interface rough-
ness and intermixing/interdiffusion. Real surfaces are a combination of these two
aspects. The reflectivity at such a surface can be reduced significantly compared
to the ideal reflectivity [40].

High performance multilayer mirrors for the soft x-ray wavelength region are dif-
ficult to manufacture since the differences in the refractive indices are small and
the number of interfering reflections therefore must be large. The optimum number
of bilayers in a multilayer stack depends on a balance between the superposition
of the reflected amplitude and the absorption of the materials. Today, there are
several advanced computer programs for calculating the reflectivity of multilayer
stacks for different materials, wavelengths, and incident angles, e.g., IMD [45], or
on the CXRO homepage [42].

During the last years, the reflectivity for normal-incidence water-window multilayer
mirrors has increased by nearly an order of magnitude. The improvement of dif-
ferent multilayers are listed on the CXRO homepage [46]. Established materials
for water-window wavelengths above 3 nm are multilayer stacks of W/B4C bilayers
with a demonstrated reflectivity of at least 1.9% at λ = 3.4 nm [47] or Cr/Sc bilay-
ers, which were pioneered by Salashchenko et al. [48]. For Cr/Sc a reflectivity of
14.8% at λ = 3.11 nm was demonstrated [49]. With a DC magnetron sputtering ma-
chine with tailored ion assistance, 5.5% reflectivity was achieved at λ = 3.374 nm,
which is an interesting wavelength for compact x-ray microscopy. Recently, mul-
tilayers have been manufactured for the shorter wavelengths in the water window,
e. g., Cr/Ti with 17% reflectivity at λ = 2.73 nm or Cr/V with 9% reflectivity at
λ = 2.42 nm [50]. These reflectivities were all obtained on small substrates. The
major difficulty during fabrication of application-oriented multilayer mirrors is to
control the layer thickness over a large area, which is required to obtain a uniform
reflectivity over the whole mirror. Since the incidence angle of x-rays varies for a
spherical mirror, the best uniformity can be obtained by a graded multilayer stack,
where the thickness is optimized for the corresponding incidence angle.
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3.2 Diffractive optics

Diffractive optics utilize the wave properties of electromagnetic radiation [51]. Ref-
erences [14,39,40] cover the theory and applications of soft x-ray diffractive optics.
Diffractive optics can be used either in transmission or reflection mode. Linear
gratings are often used in spectroscopy [52] or as monochromators at synchrotron
facilities. Fresnel zone plates are used both as objectives for high resolution imag-
ing and as condenser optics for collecting light in x-ray microscopy. The following
sections describe the basic properties of gratings and zone plates.

3.2.1 Gratings

The fundamental properties of diffractive optics can be understood from studying
a diffraction grating. Figure 3.3 shows a simple diffractive grating, which is a linear
pattern consisting of alternating opaque and transparent lines with a certain grating
period d.

d

(+1)

(0)

(-1)

θ

Figure 3.3. Diffraction from a transmission grating showing only 0th and ±1st orders.
Higher orders are omitted for clarity.

Light passing through the transparent parts of the grating will spread out due
to diffraction. If the incident light is transversally coherent, light from consecu-
tive zones interfere constructively for certain deviation angles given by the grating
equation as

d(sinθ − sinθi) = mλ, (3.9)

where d is the grating period, θ the deviation angle, θi the incidence angle, m the
diffraction order, and λ the wavelength. The wavelength dependence makes diffrac-
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tion gratings well suited for spectroscopy.

The fraction of incident energy diffracted into the various orders depends on the
nature of the periodic structure, i.e., the sharpness of the profile, the line-to-space
ratio, and the complex refractive index, which affects absorption and phase shift in
the grating. For a transmission grating consisting of opaque lines of width equal to
half the grating period, the diffraction efficiency ηm is given by

ηm =





0.25 m = 0
1/m2π2 m odd
0 m even

(3.10)

The diffraction efficiency for such a grating is limited to ∼10% in the first order.
However, the efficiency can be improved significantly if the absorbing opaque lines
are replaced by a transparent phase shifting material. Ideally, this material should
give a π phase shift while having zero absorption. For such an ideal grating the first
order efficiency would be ∼40%. Since there are no materials without absorption
in the soft x-ray region, a compromise between phase-shift and absorption must be
made. The theoretical diffraction efficiency of a general grating with absorption
and phase shift included for m 6= 0 is given by

ηm =
sin2(rmπ)

(mπ)2
[
1 + e−4πβt/λ − 2e−2πβt/λcos(2πδt/λ)

]
, (3.11)

where r is the line-to-space ratio and t is the thickness of the lines [53, 54]. This
equation can be used to compare materials suitable for grating production. The
choice of material must also include fabrication aspects and long-term stability to
atmospheric exposure. Several materials have successfully been used with gold,
germanium and nickel being the most frequently used for soft x-rays. Nickel has
proven to be the best choice, as it allows for high efficiency with relatively moderate
line thickness.

3.2.2 Zone plates

Zone plates are circularly symmetric diffractive gratings with a grating period ad-
justed according to Eq. 3.9 in such a way that diffraction order m from each zone
will interfere constructively on the optical axis at a distance fm from the zone
plate. Zone plates are sometimes called Fresnel zone plates in honor of Augustin-
Jean Fresnel, although it is unclear who really discovered zone plates. Constructive
interference occurs at a distance fm from the zone plate when the optical path
length from two consecutive zones rn and rn+1 to fm differ by mλ/2, where λ is
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the radiation wavelength (cf. Fig. 3.4).

rN

∆r

t

fm+(mnλ/2)  

fm

rn

Figure 3.4. Illustration of a (Fresnel) zone plate. The zone widths are decreasing radially
in such a way that the optical path length differs by mλ/2 between two consecutive zones.

The focal length fm, for diffraction order m, is related to the radius of the nth zone
rn as

f2
m + r2

n =
(

fm +
mnλ

2

)2

, (3.12)

which in the soft x-ray regime, where in most cases mnλ ¿ fm, can be simplified
to

r2
n ∼ mnfmλ. (3.13)

It can be shown that zone plates can be treated as multi-focal lenses obeying the
lens-makers equation with focal length fm. With the diffraction efficiency being
governed by Eq. 3.11, zone plates are usually used in the +1st order. For a zone
plate with N zones, an outermost zone width ∆r = rN −rN−1, and an illumination
wavelength λ, the important optical parameters are the diameter D, the first order
focal length f = f1, the numerical aperture NA, and the depth of focus DOF [55]:
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D = 4N∆r (3.14)

f =
4N(∆r)2

λ
(3.15)

NA =
λ

2∆r
(3.16)

DOF = ±2(∆r)2

λ
(3.17)

The focal length is inversely proportional to the wavelength which makes zone plates
highly chromatic. To avoid blurring due to chromatic aberrations, the relative
spectral bandwidth of the illumination must fulfill the condition

∆λ

λ
≤ 1

N
. (3.18)

Ideally, zone plates have no other on-axis aberrations or distortion. Off-axis aberra-
tions occur in imaging of extended objects, and are discussed in detail in Ref. [56].
However, these aberrations can be neglected for most x-ray microscopy applications.
The performance of a zone plate, in terms of resolution, is mainly determined by
the accuracy of the produced pattern. The most common defects are ellipticity,
radial displacement of the zones, and nonconcentricity of the zones. Ellipticity is
the difference in two perpendicular radii of the zone plate and causes astigmatism.
Radial displacement is a measure of the misplacement of the outmost zone caused
by a linear scaling of the zone radii, which introduces spherical aberration. Noncon-
centricity, describing the shift of the zone centers, causes coma. If the fabrication
tolerances for these effects are less than about two times the outermost zone width
∆r the arising aberrations can be neglected [57]. The resolving power of a zone
plate also depends on the illumination conditions, i.e. the numerical aperture of
the condenser system [5]. For a diffraction limited objective, used together with
incoherent illumination, the resolution limit according to the Rayleigh criterion is
given by

0.61λ

NA
= 1.22∆r. (3.19)

Zone plates with outmost zone widths of 15 nm have been fabricated for soft x-rays
(see Ref [58]). These could potentially resolve periodic structures with a period
of ∼18 nm. These zone plates are manufactured utilizing techniques developed
from the manufacturing of integrated circuits within the semiconductor industry.
Patterns are generated by e-beam lithography which are transferred by reactive ion
etching and nickel electroplating [59].
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3.2.3 Computer-generated holograms

Generation of computer generated holograms is a method for designing diffractive
optical elements (DOE) that can transform the illumination wave into a wave with
a desired distribution [60]. This is powerful technique commonly used in the visible
range to produce laser intensity distributions that cannot be achieved using conven-
tional lenses and mirrors. Paper 5 in this thesis describes development and testing
of a DOE that produces two slightly shifted foci that acts as a diffractive amplitude
beam splitter and an x-ray objective simultaneously. These kind of optical elements
can potentially be used to perform differential interference contrast imaging in the
soft x-ray region.
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X-ray microscopy

The use of x-rays for microscopy purposes was suggested by Goby [61] shortly
after Röntgen’s discovery of x-rays. With the resolution in far-field microscopy be-
ing limited by the imaging wavelength, the short wavelengths of x-rays combined
with their large penetration depth seemed promising. In 1923, Compton investi-
gated the properties of grazing-incidence reflection of x-rays [62]. This led to the
first x-ray microscope ever, working at wavelengths between 1 Å and 10 Å, using
grazing-incidence optics. It was built by Kirkpatrick & Baez in 1948 [43]. Soft
x-ray microscopy in the water-window region (2.3-4.4 nm) was first proposed by
Wolter [44] in 1952. However, at that time it was not possible to experimentally
implement the idea due to lack of suitable soft x-ray sources and optics. Baez had
proposed to use Fresnel zone plates as focusing elements for soft x-rays, but it was
not until in the 1960s that technological advances made it possible to manufacture
zone plates with sufficiently small structure sizes using holographic methods. In
1976, the first transmission soft x-ray microscope using zone plates both for illumi-
nation and imaging was built at the synchrotron DESY in Hamburg, Germany [15].
The following chapter describes the special properties of soft x-ray microscopy and
explains the two most commonly used microscopy arrangements.

4.1 Resolution and contrast

Resolution and contrast are the two most important parameters when evaluating
different microscopy techniques. They are closely linked, and define how much
information that can be obtained from an imaging process. The Rayleigh resolution
criterion states that the minimum resolvable distance between two point objects,
in a far field microscope, is

25
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0.61λ

NA
, (4.1)

where λ is the wavelength and NA the numerical aperture. For soft x-rays, this
would suggest a theoretical resolution of a few nanometers provided high-numerical-
aperture optics could be fabricated. Presently, the resolution is limited to ∼30 nm
by the currently available diffractive optics [58]. Even though soft x-ray microscopy
potentially could provide higher resolution than visible light microscopes, electron
microscopes already offer much higher resolution [63]. However, the penetration
depth of electrons is limited to a few hundred nanometers in most materials due
to scattering processes. This means that only very thin samples can be imaged.
Soft x-ray microscopy is motivated by the potential for high resolution imaging of
relatively thick samples compared to electron microscopy. Furthermore, it exploits
a natural contrast mechanism described below.

X-rays interact with matter in three ways - elastic scattering, inelastic scattering,
and absorption via the photoelectric effect [40]. Elastic (or coherent) scattering is a
process where reemission of radiation occurs at the same frequency as the incident
radiation. Elastic scattering from free electrons is called Thomson scattering, while
elastic scattering from bound electrons is called Rayleigh scattering. Inelastic, in-
coherent or Compton scattering occurs when the scattering causes an electron to
be ejected from the atom, thereby transferring a small fraction of the incident x-ray
energy to the electron. In the soft x-ray regime incoherent scattering is negligible,
and the coherent scattering cross section is less than 1% of the absorption cross
section. Thus, the dominating process is photoelectric absorption, although coher-
ent scattering is important in phase-contrast imaging.

When x-rays travel through a material of thickness t, the intensity I will be atten-
uated according to the Beer-Lambert law

I(t) = I0e
−µt, (4.2)

where I0 is the incident intensity and µ is the linear absorption coefficient, which
depends on the wavelength λ and the imaginary part of the refractive index β for
the material (cf. Eq. 3.1),

µ =
4πβ

λ
. (4.3)

Soft x-ray microscopy is mostly performed in the so-called water window, i.e., the
wavelength interval between 2.3 nm and 4.4 nm, determined by the oxygen and the
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carbon absorption edges. The attenuation lengths, 1/µ, for oxygen and carbon dif-
fer strongly in this wavelength region, cf. Fig. 4.1. This provides a natural contrast
mechanism for carbon-containing biological specimens in an aqueous environment.
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Figure 4.1. The attenuation length for soft x-rays in water and a typical protein [64] as
a function of wavelength. The spectral range between the carbon and oxygen absorption
edges is called the water window and offers a natural contrast mechanism for biological
materials.

Even if absorption is the major contrast mechanism for soft x-ray microscopy, there
is a non-negligible phase shift φ for rays passing through matter of thickness t,

φ(t) =
2πδ

λ
t, (4.4)

where δ is the real part of the refractive index, which makes phase-contrast imag-
ing possible. Zernike phase contrast imaging of biological specimens in the water
window has the advantage of a higher image contrast and a reduced radiation dose
compared to absorption contrast [65]. Differential interference contrast (DIC), in-
troduced to visible-light microscopy by Nomarski [12, 66], has been demonstrated
for hard x-ray microscopy at 4 keV [67] and for soft x-rays at 430 eV as described
in Paper 5.

4.2 Radiation damage

Soft x-ray photons have sufficient energy to ionize atoms and thereby break chemical
bonds, a process which can lead to morphological changes in the specimen. Sayre
and his co-authors have performed model calculations of minimum soft x-ray dose
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as a function feature resolution, d, and specimen thickness [64, 68]. The required
minimum dose to the specimen is a rapidly increasing function of resolving power,
varying approximately as d−4. Although these calculations are highly idealized,
the results can be used to give an estimate of the resolution attainable before the
onset of significant radiation damage. A soft x-ray transmission microscope with
high resolution delivers a large radiation dose to the sample, typically 105 to 108

Gy, during exposure. However, unfixed hydrated cells show structural alterations
already at a dose of ∼ 104 Gy [69]. There exist two approaches to reduce the
problem with radiation damage. One of them involves techniques that increase the
resistance to radiation damage. Biological samples that have been fixated chemi-
cally can withstand up to 106 Gy [70] and cryogenically fixated samples can endure
a dose of 1010 Gy [69] without introducing any morphological changes. Another
approach is to reduce the dose required to obtain high quality image by using scan-
ning microscopy, cf. Sec. 4.3, or phase contrast imaging techniques that enhance
image contrast.

4.3 Synchrotron-based x-ray microscopy

Today, most soft x-ray microscopes in operation are based on synchrotron sources.
This section gives a brief explanation of the two major operation modes and the
location of the most important instruments.

Specimen

Image

Condenser

zone plate

Objective

Zone Plate

Order sorting

aperture

Figure 4.2. Typical arrangement of a high-resolution transmission x-ray microscope
(TXM).

High-resolution transmission x-ray microscopy (TXM) was pioneered by Schmal et
al. at the George-August University in Göttingen in Germany [15]. Their micro-
scope is today in operation at the BESSY II synchrotron facility in Berlin [71–74].
Figure 4.2 shows a typical TXM arrangement where soft x-rays from a synchrotron
radiation source illuminate the sample by means of a condenser zone plate. A cen-



4.3. SYNCHROTRON-BASED X-RAY MICROSCOPY 29

tral stop in front of the condenser zone plate creates the hollow cone illumination
required for zone plate imaging. An order-sorting aperture placed close to the sam-
ple location sorts out the first diffraction order from the condenser zone plate and
acts as a monchromator. A micro zone plate then images the sample onto a thinned
back-illuminated CCD detector.

Scanning soft x-ray microscopy was pioneered by Kirz et al. at SUNY Stony Brook
and Brookhaven National Laboratory in USA [16, 75–77]. Such microscopes use
spatially coherent x-rays to illuminate a zone plate lens, which forms a first order
focal spot at the sample plane with a spot size limited by the resolution of the
zone plate. A central stop in front of the zone plate together with an order-sorting
aperture before the sample block all diffraction orders except the first. The radi-
ation transmitted through the sample is then detected by a fast x-ray detector as
the sample is raster scanned past the focal spot. Since there are no optical compo-
nents between sample and detector the losses are minimal and the radiation dose is
lower than in a TXM. Furthermore, the scanning microscope can be used in several
detection modes, e.g., X-ray Absorption Near Edge Structure (XANES), which is
an important method to image molecular or elemental distribution in a sample [78].

The major water-window microscopes currently in operation are located at the Ad-
vanced Light Source in Berkeley, USA, at BESSY II in Berlin, Germany, at the
National Synchrotron Light Source in New York, USA, and at ASTRID in Aarhus,
Denmark. Applications for these microscopes cover a wide range of topics, e.g., cell
biology, colloidal physics, magnetic materials and material science. An extended
overview of the development of different microscopes and their applications can be
found in the proceedings of the x-ray microscopy conference series from 1983 until
today [79–86].

The limited accessibility to synchrotron-based microscopes has reduced the impact
of x-ray microscopy as an important tool for user-motivated research. This has mo-
tivated the development of compact soft x-ray microscopes operating in the water
window. The next chapter summarizes previous efforts and describes the develop-
ment of a reliable, user friendly, high-resolution compact soft x-ray microscope with
the ability to operate at two different wavelengths.





Chapter 5

Compact soft x-ray microscopy

Although the actual microscope is very compact for synchrotron based arrange-
ments, the x-ray source certainly is not. This means that users have to bring
their samples to the synchrotron radiation facility to do experiments, which in
many cases is neither convenient nor possible. Therefore, compact soft x-ray mi-
croscopes that could be placed in the biological or material science laboratories
are needed. Previous work on compact transmission x-ray microscopy in the water
window has been based on laboratory-scale laser-plasma or pinch-plasma sources.
Nakayama et al. combined a carbon-tape-target laser plasma with an elliptical
condenser mirror and a zone plate, performing λ = 3.37 nm imaging of dry test
objects [87, 88]. The magnification was 500× and periods down to 180 nm were
resolved. The debris emission from the plasma and the non-regenerative character
of the carbon-tape target resulted in a system with a limited operability. Rudolph
et al. used a low-repetition-rate pinch-plasma source, operating at λ = 2.48 nm,
together with an elliptical condenser mirror and zone plate optics, demonstrating
dry and wet imaging [89]. The low repetition rate and the instability of the source
made operation of the system difficult; still 100-150 nm features were detectable
for dry objects with low signal-to-noise ratio. This microscope did not isolate the
λ = 2.48 nm line from the λ = 2.49 nm line resulting in a large effective line
width which caused chromatic aberrations in the zone-plate image, thereby lim-
iting the extendability towards high-resolution x-ray microscopy. Berglund et al.
demonstrated a λ = 3.37 nm vertical microscope in 1999 [90] which was improved
during the following years [91]. It employed a normal-incidence spherical multilayer
condenser mirror and zone plate optics obtaining a resolution of 100 nm. This mi-
croscope used a minimum-debris regenerative liquid-jet laser-plasma source [92]. A
different approach was recently demonstrated by Hoshino et al. where a broad-
band solid-tantalum-target laser-plasma source in combination with Wolter-type
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grazing-incidence mirrors used both as condenser and objective resulted in an es-
timated resolution of 100 nm [93]. Kyong et al. combined an elliptical condenser
mirror and zone plate optics for λ = 2.88 nm microscopy, claiming 50 nm resolu-
tion [94]. Scanning microscopy with a laser-plasma source operating at 3.37 nm
using a Mylar® target was demonstrated by Michette et al. with the capability of
resolving structures with a period of ∼400 nm [95].

Figure 5.1. Experimental arrangement of the horizontal compact x-ray microscope.

During the last years, an improved compact full-field soft x-ray transmission mi-
croscope with a horizontal design has been built, see Fig. 5.1. The microscope
is described in detail in Paper 11. It has the ability to operate at two different
wavelengths, λ = 2.478 nm and λ = 3.374 nm. The λ = 2.478 nm operation mode
utilizes a liquid-nitrogen-jet laser-plasma source (Paper 3) combined with a zone
plate condenser (Paper 4) to provide sample illumination. The second operation
mode uses a methanol jet laser-plasma source (Paper 2) combined with a spherical
multilayer condenser mirror (Paper 7) that provides λ = 3.374 nm illumination.
Use of the shorter wavelength enables studies of hydrated samples with thicknesses
up to ∼10 µm, whereas the longer wavelength is useful when studying samples with
thicknesses ∼2 µm. The microscope features a sample holder mounted in a helium
atmosphere allowing imaging of both dry and wet specimens. Its design permits fast
sample switching, and features a visible-light microscope for accurate pre-alignment
of the sample. The microscope has a modular design that allows easy modification
of the arrangement. It can be divided into two main systems: The illumination
system and the imaging system. The illumination system consists of the source
module and the condenser arrangement. The imaging system is composed of three
subsystems: Sample stage, imaging optics, and image detector. In the following
sections all systems and subsystems of the compact soft x-ray microscope will be
described.
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5.1 Illumination system

5.1.1 Liquid-jet laser-plasma source

The compact x-ray microscope uses a liquid-jet laser-plasma source to provide ra-
diation in the water window. An introduction to laser-plasma sources is found in
Sect. 2.3, whereas this section focuses on the liquid-jet laser-plasma target concept
and the technical properties of the sources used in the microscope.

The x-ray flux stability from a laser-plasma source depends strongly on how well the
laser can be focused onto the target material. A successful method for continuously
delivering new target material to the laser focus is through the liquid-jet or the
liquid-droplet concept [28,29,96,97], see Fig. 5.2.

Liquid-jet laser plasma Liquid-droplet laser plasma

Nozzle
High-intensity laser pulse

Target liquid

Figure 5.2. Laser pulses from a pulsed high-power laser is focused onto a target material
which is delivered in the form of a liquid jet or as droplets.

The target material is delivered by a ∼20 µm diameter nozzle orifice. When using
droplets, a piezo-electric crystal vibrates the nozzle at a frequency that generates
a stable train of equally sized and spaced droplets, which can be synchronized to
the laser pulses [96]. Liquid-jet targets are presently used in the microscope, thus,
eliminating the need for temporal synchronization of the laser. By matching the
diameter of the laser focus to the jet diameter, almost all target material is highly
ionized. This minimizes emission of debris in the form of clusters and fragments of
target material [92].

The emission spectrum from a laser-plasma source depends on the laser pulse en-
ergy, the pulse length, the focus intensity, and the target material. Presently, a
frequency-doubled Nd:YAG (λ = 532 nm) laser is used to heat the target material.
The laser delivers 3 ns pulses at a frequency of 100 Hz with pulse energies up to
200 mJ. The laser is focused onto the liquid jet to a full width at half maximum
(FWHM) of 15 µm, resulting in an intensity ∼4 · 1013 W/cm2, thereby creating
a plasma. For soft x-ray microscopy in the water window, the emission lines from
hydrogen- and helium-like carbon and nitrogen ions are of particular interest. The
bandwidth of these emission lines is typically λ/∆λ > 500 [98].
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Methanol target

The water-window emission spectrum of a methanol laser-plasma source is shown
in Fig. 5.3 (left). For methanol, the wavelength used for microscopy is the strong
hydrogen-like carbon Kα emission line at λ = 3.374 nm [97]. The source size is
about 25 µm (FWHM) and the photon flux is ∼5 · 1011 photons/(pulse×sr×line).
The intensity profile is slightly asymmetrical which is also observed for the nitrogen
source. Although the debris emission of the source is very low compared to solid
targets, the plasma still emits atomic and ionic debris, which slowly deposits on the
nozzle tip, making regular nozzle changes necessary. Furthermore, carbon is also
deposited on the condenser optics which slowly reduces its reflectivity. Paper 2 gives
a more thorough description of how the methanol source has been characterized.
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Figure 5.3. Emission spectra from the laser-plasma sources. To the left, the emission
spectrum from the methanol target is shown. The emission spectrum from the liquid-
nitrogen target is shown to the right.

Liquid-nitrogen target

Figure 5.3 (right) shows a water-window emission spectrum of a liquid-nitrogen
laser-plasma source. A liquid-nitrogen laser plasma emits strongly at λ = 2.478 nm
and λ = 2.879 nm, making nitrogen an attractive laser-plasma target for soft x-ray
microscopy in the lower part of the water window [99]. For microscopy purposes,
the strong hydrogen-like nitrogen Kα emission line at λ = 2.478 nm is used. The
photon flux is ∼1012 photons/(pulse×sr×line). The source intensity profile has a
FWHM ∼20 µm. However, the full width at 10% of maximum reaches out to ∼100
µm with an intensity profile that is slightly asymmetric in the direction of the laser
focus. This effect is believed to be caused by heating of the nitrogen vapor present in
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the vicinity of the liquid jet. Nitrogen benefits from being relatively inert, thereby
minimizing damage of and deposition on sensitive x-ray optics due to debris. Paper
3 gives a full description of the liquid-nitrogen source characterization.

5.1.2 Condenser arrangements

The condenser arrangement is a critical component in a compact soft x-ray micro-
scope. It should provide high photon flux, a uniform illumination of the sample
plane, and ideally also match the numerical aperture of the objective zone plate.
Although the laser-plasma sources described above produce a high photon flux, the
emitted photons are almost uniformly distributed into a 4π sr solid angle. Due to
photon-economic reasons, the condenser arrangements operate using critical illu-
mination, i.e., the source is imaged directly onto the sample. This means that the
source profile affects the sample illumination profile. Furthermore, when working
with zone plate objectives one must use a hollow-cone illumination since only a
fraction of the illumination is diffracted into the first order image. Presently, the
compact x-ray microscope uses two different types of condenser arrangements: a
normal incidence multilayer mirror for the λ = 3.374 nm source and a zone plate
for the λ = 2.478 nm source. The basic theory for these optical elements can be
found in Chapter 3.

Multilayer mirror condenser

When using the methanol source, operating at λ = 3.374 nm, a normal-incidence
spherical multilayer mirror is used as condenser. Figure 5.4 illustrates the illumina-
tion arrangement, where the laser-plasma source is imaged onto the sample plane
using a multilayer mirror.

Specimen

Laser-plasma source

Spherical

multilayer

mirror

Central stop

Filter

Figure 5.4. Illumination system where a spherical multilayer mirror is used as condenser
optics.
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Direct light from the source onto the sample is avoided by placing a central stop
between the source and the sample plane, a stop which at the same time creates
the required hollow-cone illumination. Consequently, only a part of the mirror is
used to collect radiation from the source. The diameter of the central stop together
with the focal length and magnification of the objective determines the field of view
for the microscope. The mirror also reflects green laser light which makes align-
ment very easy. However, during experiments this light must be prevented from
reaching the sample plane, which is done by placing a 300 nm thick titanium filter
in front of the sample plane. The transmission of the filter is ∼50% at λ = 3.374 nm.

The multilayer stack consist of 300 bilayers of Cr/Sc deposited on a spherical SiO2

substrate with a multilayer period optimized for λ = 3.374 nm. Theoretically, a
reflectivity of 39% is possible. However, experimentally, the mirrors show a uniform
reflectivity of ∼3%. The difference between theory and practice is mainly due to
substrate roughness and layer interdiffusion, as described in Paper 7. The large
number of bilayers gives the mirror a narrow spectral bandwidth of λ/∆λ ≈ 240.
Therefore, the multilayer mirror together with the titanium filter act as a monochro-
mator for the illumination system. The mirror substrate has a radius of curvature
of 350 mm and a diameter of 58 mm. It images the source using a source-to-sample
distance of 180 mm which gives a source magnification of 1.64× and a numerical
aperture of ∼0.063 for the illumination.

The quality of the illumination in a microscope is an important parameter. The
illumination uniformity is defined as

U =
Imax − Imin

Imax + Imin
, (5.1)

where Imax is the maximum intensity and Imin is the minimum intensity of the illu-
mination within the field of view. Using a typical objective, the methanol source to-
gether with the multilayer mirror condenser gives a good uniformity, ∼12%, within
a field-of-view with a diameter of 20 µm. However, this way of producing a uniform
illumination comes at the cost of losing a large fraction of the source radiation
which is imaged outside the field of view.

Taking source brightness, collected solid angle, mirror reflectivity, filter transmis-
sion, vacuum window transmission, and source magnification into account the ar-
rangement gives an average illumination, in the sample plane, of∼2 · 106 photons/(s×µm2)
within the field of view. This is an improvement by a factor of ten compared to
the arrangement demonstrated by Berglund et al. in 1999, which used a W/B4C
multilayer mirror described in Ref. [100].
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Zone plate condenser

The nitrogen source, operating at λ = 2.478 nm, is used together with a condenser
zone plate, described in detail in Paper 4. A zone plate is chosen since no multilayer
mirrors have shown the required reflectivity and the necessary uniformity on suffi-
ciently large substrates at this wavelength. Figure 5.5 illustrates the illumination
arrangement, where the source is imaged onto the sample plane through a pinhole
placed close to the sample.

Specimen
Laser-plasma

source

Zone plate

Central stop

Order sorting

aperture

Filter

Figure 5.5. Illumination system where a zone plate is used as condenser optics.

A hollow-cone illumination is obtained by placing a central stop (CS) in the central
part of the condenser zone plate (CZP). The field of view is determined by the
diameter of the CS together with the focal length and magnification of the objec-
tive. The CZP is protected from scattered laser light by a chromium filter, which
is placed before the CZP. It has a thickness of 300 nm and a transmission of ∼46%
at λ = 2.478 nm. The CZP in combination with the CS and the pinhole in front
of the sample plane act as a soft x-ray monochromator, selecting the λ = 2.478 nm
emission line from the plasma.

The CZP has a diameter of 4.53 mm, an outermost zone width of 49 nm, and a
focal length of 90 mm (λ = 2.478 nm) in the first diffraction order. The absolute
diffraction efficiency has been measured to 7.6%, using the arrangement described
in Paper 6. The sample is critically illuminated by 1:1 imaging of the source with a
source-to-condenser distance of 180 mm. This means that the numerical aperture
of the illumination is 0.013.

Using a typical objective, the nitrogen source together with the CZP gives a uni-
formity of ∼19% within a field-of-view with a diameter of 12 µm. Taking source
brightness, collected solid angle, zone plate efficiency, filter transmission, vacuum
window transmission, and source magnification into account the arrangement gives
an average illumination of ∼1 · 105 photons/(s×µm2) within this field of view. Al-
though a multilayer mirror condenser has the potential for a much larger collection
angle and numerical aperture, the condenser zone plate benefits from being able to
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operate over a wide range of wavelengths within the water window.

5.2 Imaging system

5.2.1 Sample stage

The specimen is supported by a thin silicon nitride membrane centered on a silicon
wafer, which is placed in a sample holder held in place by a magnetic kinematic
mount. The thickness of the membrane is either 50 nm or 100 nm, which corre-
sponds to transmissions between 62% and 80%, depending on the thickness and
wavelength used. The sample holder is mounted in a helium atmosphere separated
from the illumination-system vacuum by a silicon nitride membrane, and from the
imaging-system vacuum by the objective zone plate membrane. A visible-light mi-
croscope with 20× magnification is used for accurate pre-alignment of the sample
with respect to the zone plate objective. The design enables fast sample switch-
ing and since the sample is kept at atmospheric pressure, a wet-specimen chamber
can easily be obtained by clamping the specimen between two silicon nitride mem-
branes. Wet-specimen imaging is advantageous in, e.g., polymer science, where the
structure is often determined by the hydration forces [101]. Also the environmen-
tal and soil sciences benefit from keeping the specimens in their natural aqueous
environment [102].

5.2.2 Imaging optics

High-resolution imaging is performed with phase zone plates made of nickel. They
are fabricated utilizing a tri-level nanostructuring process described in Ref. [59].
The patterns are generated by e-beam lithography and transferred by reactive ion
etching and nickel electroplating. Presently, outermost zone widths down to 25 nm
have been achieved [103]. Table 5.1 gives the important parameters for the three
objective zone plates that have been used during the characterization of the micro-
scope.
The coherence factor, m, is defined as

m =
NAc

NAo
, (5.2)

where NAc is the numerical aperture of the condenser system and NAo is the nu-
merical aperture of the imaging objective. For coherent imaging in which a plane
wave illuminates the sample, NAc and m are zero. For incoherent imaging, in which
the angular illumination of the sample is large relative to the acceptance angle of
the objective, m approaches unity or larger. The coherence factor influences the
resolution limit of an imaging system. Ideally, the coherence factor should be equal
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Outermost Number Diameter Focal length Numerical aperture
zone width of zones f2.48/f3.37 NA2.48/NA3.37

[nm] [µm] [µm]
25 550 54.5 546/400 0.050/0.068
30 500 58 682/500 0.043/0.058
50 380 75 1500/1101 0.025/0.034

Table 5.1. Optical parameters for the objective zone plates used in the microscope

to or greater than unity. For the multilayer condenser system this condition is sat-
isfied for the objectives in Table 5.1. However, when using the zone plate condenser
the value of m ranges from 0.26 to 0.52. Following the theory outlined by Goodman
for a partially coherent illumination system, Ref. [104], the diffraction-limited res-
olution would be ∼40 nm when imaging a sinusoidal object using the 25 nm zone
plate at λ = 2.478 nm. This should be compared with the incoherent case where
the diffraction limit is 25 nm. Image transfer in a partially coherent illumination
system is a complex process. Paper 8 describes this process and how it can be
simulated.

As stated in Sect. 3.2.2, zone plates are highly chromatic. For the zone plates used
in the x-ray microscope the number of zones are ≤ 550. In combination with the
illumination system, which selects only one single emission line with a λ/∆λ ≥ 500,
chromatic aberrations can be neglected, see Eq. 3.18.

5.2.3 Image detector

The image detector used in the microscope is a cooled, thinned, back-illuminated
charge-coupled device (CCD). It has 2048×2048 pixels with a pixel size of 13×13 µm2.
The quantum efficiency for this type of detector is typically 0.6 in this wavelength
range [105]. By adjusting the distance between the detector and the objective zone
plate, the magnification can be varied. Presently, the microscope has been operated
with magnifications ranging from 700× to 2000×.

5.3 Performance of the compact soft x-ray microscope

As stated in Sec. 4.1, the two most important parameters in microscopy are res-
olution and contrast. It is therefore important to characterize the performance of
the compact soft x-ray microscope. This is done by imaging various test structures,
e.g., gratings, with known shapes and absorptions. Paper 11 describes a perfor-
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mance characterization of the microscope when operating at λ = 2.478 nm. The
test structures, which are made of nickel, are fabricated using the same process as
for the zone plates. The contrast transfer function (CTF) describes the response of
an optical system to an object decomposed into square waves. It is defined as the
image contrast divided by the object contrast, as a function of spatial frequency.
Figure 5.6 shows the CTF for the microscope when operating at λ = 2.478 nm. It
indicates that the microscope can perform imaging with sub 60-nm resolution. Pa-
per 11 also demonstrates the applicability for user-motivated research by imaging
both dehydrated and hydrated biological specimens.
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Figure 5.6. Contrast transfer function for gratings with periods from 200 nm to 60 nm.

5.4 Future development

5.4.1 Instrumentation

The modular design of the microscope makes adaptation to new applications easy.
Of special interest to cell biology is a sample module allowing cryogenic fixation
of the sample [69, 106]. This reduces radiation damage of the specimen, thereby
enabling x-ray tomography for 3D imaging [107]. Such an upgrade would involve a
redesign of the condenser module and the sample stage.

5.4.2 Exposure time

Exposure time is one of the main issues for the practical usefulness of the micro-
scope. Presently, the typical image acquisition time is 2 to 5 minutes, which would
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make data collection for tomography very time consuming. Fortunately, the laser-
plasma target delivery system allows operation at much higher repetition rates [108]
than the present 100 Hz. A new kHz laser with pulse energies similar to the present
laser will increase the average power and the expected x-ray flux by nearly an order
of magnitude. However, it remains to be seen if the increased average power will
introduce problems with jet instability that potentially could be caused by radiative
heating of the nozzle. Further reduction of the exposure time for the λ = 2.478 nm
arrangement will be made possible by a new generation of condenser zone plates.
By increasing the outer diameter of the zone plate we expect to be able to increase
the effective area by a factor of 5, corresponding to an outer zone width of 33
nm. However, the smaller outermost zone width also reduces the attainable plat-
ing height of the structures which reduces the diffraction efficiency. The reduction
could to some extent be alleviated by recent improvements in the overall pattern
quality. Together these two improvements would result in exposure times of the
order of 3-30 seconds, which is similar to synchrotron-based microscopes.

5.4.3 Phase imaging

Phase contrast imaging techniques, cf. Sect. 4.1, can be used to enhance image
contrast, which means that the radiation dose can be reduced compared to im-
ages obtained using absorption contrast. Zernike phase contrast imaging has been
demonstrated at synchrotrons for biological specimens in the water window [65].
However, this technique requires the introduction of a phase ring which absorbs a
large fraction of the incoming photons. This would further increase the exposure
times, which makes this technique unsuitable for present compact soft x-ray micro-
scopes. Paper 5 describes a single diffractive optical element, cf. Sect. 3.2.3, that
produces two slightly shifted foci. This optical element act as a diffractive ampli-
tude beam splitter and an x-ray objective simultaneously. A promising application
is to perform differential interference contrast microscopy in the water window us-
ing these optical elements in the compact soft x-ray microscope. In fact, differential
interference contrast microscopy was recently reported using a single optical ele-
ment for hard x-rays [67, 109] and for soft x-rays, cf. Paper 5. These objectives
has the same diffraction efficiency, cf. Sect. 3.2.1, as a normal zone plate but could
provide interferometric contrast enhancement. This makes them suitable for use in
compact x-ray microscopes. The method for simulating imaging formation process
using partially coherent illumination, described in Paper 8, is a valuable tool which
has been extended to simulate a compact differential interference contrast micro-
scope. It is now used to evaluate and compare the imaging properties of different
zone plate designs.
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5.5 Towards functional imaging

To understand functions in cell biology, it is valuable to know the location of
the molecules, mostly proteins, which are responsible for the cell molecular pro-
cesses [110]. Localization is made possible by labeling the proteins with markers.
Attaching a marker to a protein can be done, e.g., by immunolabeling, a process
often carried out in two steps: First, a primary antibody binds to the protein to be
investigated. Thereafter, a secondary antibody with the attached marker binds to
the primary antibody. The marker can then be detected by a microscope suitable
for the detection of the specific marker. In confocal light microscopy, immuno-
labeling using fluorescent markers is a commonly used method that has found a
number of applications in biological studies. For electron microscopy, colloidal gold
markers was introduced in 1971 by Faulk & Taylor [111]. These markers have
been widely used in electron microscopy and light microscopy [112, 113]. Studies
of different proteins simultaneously is made possible by using double-labeling tech-
niques, where different proteins are labeled with different markers. Double-labeling
experiments using electron microscopy have been based on both element-selective
and size-selective detection methods [112,114]. Silver enhancement of colloidal-gold
markers is a technique that can be used to increase the marker visibility [115,116].
The technique is based on the photochemical process commonly used in photo-
graphic films where silver ions are reduced to metallic silver. Metallic silver is
deposited on the gold particles, which acts as a catalyst in this reaction, thereby
increasing the particle size from a few to a few tens of nanometers.

Colloidal gold with subsequent silver enhancement has also been used as label in
different fields of soft x-ray microscopy. In early experiments, surface proteins
labeled with silver-enhanced colloidal gold were imaged using contact x-ray mi-
croscopy [117]. Other experiments had the purpose of investigating proteins lo-
cated in the nuclei with transmission x-ray microscopy [118, 119], or to visualize
the low-contrast microtubule network of cells [120]. During these experiments the
immunolabeling was mainly used to enhance image contrast, without aiming for ac-
curate localization of single proteins. In scanning x-ray microscopy, localization of
gold particles was performed by combining dark-field images, where only signal from
gold particles is detected, with bright-field images of gold-labeled cells [121, 122].
Recent x-ray tomography experiments have used specimens labeled with silver-
enhanced colloidal gold with additional 100-nm sized gold particles used as fiducial
markers [107, 123]. However, in transmission x-ray microscopy, these teqniques do
not allow determination of the exact location of the proteins, making it hard to
perform size-selective double-labeling experiments.
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To stimulate further experiments on functional imaging in transmission x-ray mi-
croscopy an image-analysis algorithm with the ability to size selectively localize
single gold particles was developed. The algorithm was developed and evaluated
using x-ray transmission images of diatoms stained with gold particles of different
sizes. These images were recorded using both the compact x-ray microscope de-
scribed here and the x-ray microscope at BESSY II [74]. Paper 9 describes the
method in detail. In summary, the algorithm proved to be size-selective for 50-nm
and 80-nm gold particles. It may thus be applied for accurate localization of pro-
teins labeled with gold particles. Silver enhancement may be necessary to obtain
particles with resolvable sizes. For x-ray tomography, these silver-enhanced gold
particles can be used simultaneously as fiducial markers. The size sensitivity of the
algorithm makes it feasible to perform double-labeling experiments comparable to
those done with electron microscopy.





Chapter 6

Summary of papers

This thesis is based on the following eleven papers. With the exception of Paper 1,
they are all related to the development of a compact soft x-ray microscope. The
author has had the main responsibility for Papers 1, 3, 10, and 11. In Papers 2, 4,
and 6 the author has been actively involved in the planning, preparation and per-
forming of the experiments but not in the fabrication of the optical components.
For Papers 5, 7, 8, and 9 the author’s main responsibility was to facilitate mea-
surements using the soft x-ray sources described in Papers 2 and 3. Simulations,
multilayer fabrication and image processing were done by others.

Paper 1 reports on the first liquid-tin-jet laser-plasma EUV source. The conversion
efficiency (CE) is measured as a function of laser pulse energy and power density. A
maximum CE of 2.5% into 2π×sr×2%BW at 13.5 nm is reported. Quantitative de-
bris measurements as well as maximum repetition rate estimates are also presented.

Paper 2 describes experiments done to spatially characterize a liquid-jet laser-
plasma source operating at λ =3.37 nm, suitable for compact soft x-ray microscopy.
The target materials used in these experiments were methanol and ethanol. Char-
acterization of the source parameters was done for different laser energies, different
pulse lengths, and different jet diameters.

Paper 3 presents a liquid-nitrogen-jet laser-plasma source with sufficient bright-
ness, uniformity, stability, and reliability to be suitable for compact soft x-ray
microscopy at 2.478 nm wavelength. The source is quantitatively characterized by
calibrated slit-grating spectroscopy and zone-plate imaging. The absolute photon
number in the major spectral lines is ∼1012 photons/(pulse×sr×line). The source
diameter is ∼20 µm (FWHM) and the spatial stability is better than ±2 µm.
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Paper 4 describes the fabrication and characterization of a condenser zone plate
suitable for compact laser-plasma-based soft x-ray microscopy operating at 2.478 nm
wavelength. The focal length of the condenser is 90 mm, and it has a diameter of
4.53 mm and an outermost zone width of 49 nm. Incoherent source conditions
relaxes fabrication tolerances and a high grove diffraction efficiency of 11% was
achieved for λ = 2.879 nm.

Paper 5 reports on a compact interferometer for the soft x-ray range that is suit-
able for operation with laser-plasma sources. It consist of a single diffractive optical
element that produces two focal spots. The light from these two secondary sources
forms the interference pattern. The diffractive optical element can simultaneously
be used as an imaging optic, enabling differential interference contrast microscopy.

Paper 6 presents a laboratory-scale arrangement for rapid and accurate determina-
tion of the absolute and local efficiency of soft x-ray zone plates. By simultaneously
comparing the +1st diffraction-order photon flux with the flux in a calibrated refer-
ence signal, source fluctuations are eliminated. The performance of the method is
demonstrated by measurements on zone plate objectives made of nickel. The instru-
ment can provide rapid feedback to the fabrication process for future improvements.

Paper 7 describes the development of a large-diameter spherical Cr/Sc multilayer
mirror, suitable as condenser in the compact x-ray microscope. The mirror ope-
rates at λ = 3.374 nm and shows an average reflectivity of 3% with good uniformity.
Thus, the exposure time in the compact x-ray microscope was reduced by a factor
of 10 compared to imaging with the W/B4C mirrors previously used.

Paper 8 reports on a numerical method for simulating two-dimensional images in
a compact soft x-ray microscope using partially coherent illumination. The numer-
ical model is valid when the condenser can be considered as a secondary incoherent
source. The results are compared with images acquired from a compact soft x-ray
microscope showing qualitative agreement.

Paper 9 describes an image-analysis algorithm for identification of single gold
particles in x-ray microscope images. The size-sensitive algorithm was developed
and evaluated with images taken at the transmission x-ray microscope at BESSY II
in Berlin. Furthermore, the algorithm was successfully tested on images taken with
the compact soft x-ray microscope described in this thesis.
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Paper 10 reports on source properties and design considerations for a compact
x-ray microscope operating at 2.478 nm wavelength. The microscope will use a
liquid-nitrogen-jet laser-plasma source in combination with a zone plate condenser
for sample illumination. Calculations including source parameters as well as char-
acteristics of available x-ray optics indicate that high-quality microscope images
can be obtained with exposure times in the range of a few minutes.

Paper 11 presents the instrumentation and performance of a sub-60 nm resolu-
tion compact x-ray microscope based on a liquid-nitrogen-jet laser-plasma source.
The microscope operates in the lower wavelength region of the water window, at
λ = 2.478 nm. High-quality images can be acquired with exposure times below 5
minutes. The performance of the microscope is demonstrated using both dry and
wet samples.
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