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Abstract

Soft x-ray microscopy is a powerful technique for natural-contrast, high-resolution imag-
ing of organic materials. This Thesis describes new instrumentational and new image-
processing methods to improve the image quality of the compact x-ray microscope at the
Biomedical & X-Ray Physics division at KTH. The microscope is based on a laser-plasma
source combined with different condenser optics, either multilayer mirrors or zone plates.
Imaging is performed by micro zone plates. The microscope works in the water window
(λ = 2.3-4.4 nm), where the attenuation lengths of oxygen and carbon differ strongly, pro-
viding high natural contrast for carbon-containing specimens in an aqueous environment.

By optimizing the properties of the laser-plasma source and fabricating multilayer
mirrors with high, uniform reflectivity, the performance of the microscope’s illumination
system could be improved and exposure times decreased significantly to about 2 min for
imaging dry samples and 5 min for imaging wet samples. For imaging of wet samples, a
wet-specimen chamber was developed, which is vacuum-compatible. Since it is horizontally
mounted in the microscope, it offers advantages for investigations in polymer and soil
science.

To improve the quality of images taken by the compact x-ray microscope an image-
restoration algorithm was developed. Denoising is performed by a filtering algorithm based
on the discrete wavelet transform. This algorithm shows advantages compared to Fourier-
based algorithms, since the filtering of spatial frequencies is done locally. An improvement
in exposure time by a factor of about 2 could be realized without loss of image information.

To stimulate experiments on functional imaging in x-ray microscopy an image-analysis
algorithm for identifying colloidal-gold particles was developed. This algorithm is based
on a combination of a threshold with respect to the local absorption and a shape discrim-
ination, realized by fitting a Gaussian profile to the potential particles. The algorithm
was evaluated and optimized on images taken by the transmission x-ray microscope at
BESSY II. The size-selective identification and localization of single gold particles down
to a diameter of 50 nm was demonstrated.
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Chapter 1

Introduction

Microscopy has a long history. The first microscope was probably built by Hans
and Zacharias Jansen around 1600. Robert Hooke studied various objects with his
microscope and published his results in "Micrographia" in 1664 [1]. In the 1670s
Anton van Leeuwenhoek made some of the most important discoveries in biology.
He investigated among others bacteria, sperm cells, and blood cells. In the 19th
century several scientific and technical innovations made microscopes better and
easier to handle, which led to microscopy becoming more and more popular among
scientists [2]. Today, microscopy is one of the most important tools in science.

In microscopy two things are important: contrast and resolution. To enhance
contrast in light microscopy there exist two main classes of techniques. One class of
techniques is the visualization of specimen properties that are usually invisible by
optical means. To these methods belong among others phase-contrast imaging [3]
and differential interference contrast [4]. The other group of techniques changes the
specimen properties, so that the specimen shows different transmission behavior or
becomes fluorescent. The resolution in a conventional far-field microscope is limited
by the imaging wavelength. For visible bright-field microscopy the best resolution
is about 0.44 times the employed wavelength [5]. With advanced illumination and
imaging methods in fluorescence microscopy the actual resolution limit for visible
microscopy today lies at about 45 nm [6,7]. Other microscopy techniques with better
resolution have been developed in the 20th century, e. g., electron microscopy [8],
x-ray microscopy [9], scanning tunneling microscopy [10], and its derivative atomic
force microscopy [11].

Wilhelm Conrad Röntgen announced in 1895 the discovery of a "new kind of
rays" [12], which he called x-rays. The electromagnetic spectrum for x-rays is
commonly divided into three different wavelength intervals (cf. Fig. 1.1): extreme-
ultraviolet radiation with wavelengths between 5 nm and 40 nm (about 250 eV to
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2 CHAPTER 1. INTRODUCTION

30 eV), soft x-rays between 0.3 nm and 5 nm (about 4 keV and 250 eV), and hard
x-rays below 0.3 nm (above 4 keV) [13].

1 nm0.1 nm 10 nm

Wavelength

100 eV1 keV10 keV

Photon Energy

Soft X-Rays

Hard X-Rays Extreme Ultraviolet

Figure 1.1. Electromagnetic spectrum of the x-ray and extreme-ultraviolet wavelength
region.

This radiation has properties which offer wide use. X-rays penetrate material
and thereby make internal structures visible. The contrast mechanisms in imaging
with x-rays are based on inner-shell excitations and are thereby different from
contrast of other microscopy techniques. The wavelength is short and, thus, imaging
with very high resolution is potentially possible.

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 mode. Unfortunately
these microscopes are located at synchrotron facilities which makes them difficult
to access. The recent development of laboratory-scale sources opened the field for
compact x-ray microscopes, potentially making x-ray microscopy more available to
research.

This Thesis concerns improvements of the image quality and imaging capabil-
ity of the compact x-ray microscope at the Biomedical & X-Ray Physics division
at KTH. With improved laser-plasma sources and optimized condenser optics the
performance of the microscope has been pushed to new qualities. New image-
processing algorithms improve image quality and stimulate further experiments on
functional imaging in x-ray microscopy.



Chapter 2

X-Ray Microscopy

In the following Sections the special properties of x-rays with regard to soft x-ray
microscopy will be described briefly, followed by a general introduction to x-ray
microscopy including a short historical overview.

2.1 Interaction between x-rays and matter

For microscopy the optical properties of matter are of importance. One parameter
to describe these properties is the refractive index n. In the x-ray regime it is
commonly written as

n = 1 − δ − iβ , (2.1)

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 material, the imaginary part accounts for absorption. For soft x-
rays the refractive index of most materials is close to unity, which strongly influences
the characteristics of optical elements, as will be discussed further in Sect. 3.2. The
refractive index can be calculated from the atomic properties of a material by [13]

n = 1 − nareλ
2

2π
(f1 + if2) , (2.2)

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. Atomic scattering factors f of different elements can be
calculated by analytical models [13]. Henke and colleagues tabulated the values of
the atomic scattering factors in the x-ray region for the elements [15].

X-rays can interact with matter in different ways. The three types of photon–
matter interaction are attenuation due to photoelectric absorption, elastic scatter-

3



4 CHAPTER 2. X-RAY MICROSCOPY

ing, and inelastic scattering. The cross sections for these individual processes are
a measure of the probability for the processes to occur. Figure 2.1 shows the cross
sections for carbon as a function of photon energy. For soft x-rays the dominating
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Figure 2.1. Cross sections for the different types of photon–matter interaction for car-
bon. In the soft x-ray regime (250 eV - 4 keV) the dominating process is photoelectrical
absorption. For higher energies (above ∼20 keV) scattering processes become dominating.
(Data from Ref. [15].)

attenuation process is photoelectrical absorption and its cross section σabs can be
calculated with help of the atomic properties,

σabs = 2λ re f2 , (2.3)

where f2 is the imaginary part of the atomic scattering factor. The cross section
for elastic scattering σel is much smaller,

σel =
8
3
πr2e

(
f2
1 + f2

2

)
. (2.4)

The cross section for inelastic, or Compton scattering, σCompton, is even smaller
than that for elastic scattering. Elastic and inelastic scattering can therefore be
neglected for soft x-rays. Thus, in soft x-ray microscopy on thick specimens one
can expect to be free of haze due to scattered photons. For higher energies (above
∼20 keV) scattering becomes the dominating process.
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Soft x-ray microscopy uses mainly absorption contrast. When x-rays travel
through a material of thickness t, the intensity I will be attenuated according to
the Beer-Lambert law

I(t) = I0 e
−µt , (2.5)

where I0 is the incident intensity. µ is the linear absorption coefficient, which
depends on the wavelength λ and the imaginary part of the refractive index of the
material (Eq. 2.1),

µ =
4πβ
λ

. (2.6)

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 a thickness t,
depending on the real part of the refractive index (Eq. 2.1),

φ(t) =
2πδ
λ

t , (2.7)

making also phase-contrast imaging in x-ray microscopy possible.

2.2 History of x-ray microscopy

Microscopy has been employed in research since the 17th century. One major draw-
back showed to be the limitation in resolution by the wavelength. The diffraction-
limited resolution for far-field microscopy is according to the Rayleigh criterion

∆s = 0.61
λ

NA
, (2.8)

where ∆s is the minimum resolved distance between two points, when imaging with
a wavelength λ and employing an objective with a numerical aperture NA.

The short wavelengths of x-rays combined with their long penetration depth
seemed promising for microscopy. Unfortunately the refractive index of most mate-
rials is close to unity, which makes the fabrication of proper optics difficult. Since
refractive optics hardly can be used due to the high absorption in the soft x-ray
wavelength regime, other solutions had to be found. In 1923 Compton investigated
the properties of grazing-incidence reflection of x-rays [16]. This led to the first
x-ray microscope ever, with grazing-incidence optics, working at wavelengths be-
tween 1 Å and 10 Å, built by Kirkpatrick & Baez in 1949 [17]. A few years later
Baez proposed to use Fresnel zone plates, circular gratings, as focusing elements
for soft x-rays and extreme-ultraviolet radiation [18]. However, first in the 1960s
it was possible to manufacture zone plates with suitably small structure sizes by
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holographic methods [19]. In 1976 the first transmission soft x-ray microscope us-
ing zone plates both as illumination elements and as imaging elements was built
at the synchrotron DESY in Hamburg, Germany [9]. The principle arrangement of
this microscope is shown in Fig. 2.2. Since then the field of soft x-ray microscopy

Condenser
zone plate

Specimen

Micro
zone plate
objective

Image

Monochromator
pinhole

Figure 2.2. Principle arrangement of the first soft x-ray microscope, using diffractive
optics as condenser and objective.

has expanded and the major water-window microscopes today are located at the
Advanced 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. An extended overview over 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 [20–27].

2.3 Properties of soft x-ray microscopy

In transmission x-ray microscopy the theoretical resolution is determined according
to the Rayleigh criterion (Eq. 2.8), but practically the resolution is limited by
the properties of the optical elements. The most commonly used imaging optical
elements are micro zone plates, circular gratings, which will be described in more
detail in Sect. 3.2. For such optics the outermost zone width δrN determines the
achievable resolution,

∆s = 1.22 δrN . (2.9)

Today the smallest outermost zone width fabricated is about 15 nm, demonstrating
the imaging of 15.1-nm half-period test objects [28]. Electron microscopes have
much better resolution than x-ray microscopes (sub-nanometer) [29]. However,
the penetration depth of electrons is in most materials limited to a few hundred
nanometers due to scattering processes. Thus, only very thin samples can be im-
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aged. X-rays have a much higher penetration depth, allowing the investigation of
thicker samples (a few micrometers).

Absorption of x-rays in the specimen during imaging leads to ionization of the
material, causing radiation damage by breaking chemical bonds. Therefore the
radiation dose as a function of photon density has to be minimized. To reduce
the dose and the structural damage of the specimens, two major preventive means
are possible: Micro zone plates with high efficiency have to be fabricated and the
structures of the specimens have to be stabilized. The stabilization can be achieved
by different techniques: chemical fixation and dehydration, chemical fixation in
an aqueous environment, and cryogenic fixation in a natural environment. The
first two fixation methods can change the internal structure of cells, whereas cryo
fixation allows the stabilization of specimens in the hydrated state close to the
initial living state [30].
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Figure 2.3. Attenuation lengths of water and a typical protein [31] in the soft x-ray
wavelength region.

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
carbon absorption edges (cf. Fig. 2.3). The attenuation lengths of oxygen and
carbon differ strongly in this wavelength region, therefore providing high natural
contrast for carbon-containing biological specimens in an aqueous environment.
Besides absorption-based imaging also phase-sensitive imaging has been employed
in x-ray microscopy. Zernike phase contrast imaging of biological specimens in
the water window has the advantages of a higher image contrast and a reduced
radiation dose compared to absorption contrast [32, 33]. Differential interference
contrast imaging was demonstrated for hard x-ray microscopy at 4 keV [34].

The main x-ray sources for x-ray microscopes are electron storage rings, syn-
chrotrons. The generation of x-rays is based on the emission of radiation by
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accelerated relativistic electrons in magnetic fields. Detailed information about the
theory, the properties, and the operation of synchrotrons can be found in Refs. [13]
and [35].

To enable soft x-ray microscopy on a laboratory scale, compact sources, e. g.,
x-ray lasers [36] or, more common, plasma-based sources, e. g., laser-plasma sources
[37] and discharge sources [38], have been developed. For water-window compact
transmission microscopes different condenser arrangements in combination with
these sources are used. Elliptical grazing-incidence mirrors were employed as con-
denser for a discharge source [39]. Elliptical or spherical multilayer mirrors have
been combined with laser-plasma sources [40,41]. A condenser zone plate was used
both with discharge and laser-plasma sources ([42], Paper 5). The imaging in these
microscopes is performed by micro zone plates. A compact microscope based on a
laser-plasma source combined with Wolter systems both for illumination and imag-
ing has also been constructed [43,44]. Additionally, other imaging modes in compact
water-window microscopy have been employed, e. g., contact microscopy [45] and
scanning microscopy [46].



Chapter 3

Compact Soft X-Ray Microscopy

This Chapter gives an introduction to the major components of compact soft x-ray
microscopy. The basic properties of suitable laboratory-scale sources and optics are
reviewed.

3.1 Plasma-based sources

3.1.1 Laser-plasma sources

When a high-intensity pulsed laser beam is focused onto a target material, a hot,
dense plasma is generated [47]. The principle is shown in Fig. 3.1. The target
material is heated due to the energy being transferred from the photons of the laser
light to the free electrons in the plasma. This hot, dense plasma is short-lived, and
it expands and cools down rapidly. During a short period the temperature of the
plasma is sufficient to emit x-rays. The radiation within the plasma has a spectral
distribution which basically depends on the temperature T (black-body radiation),
with the peak of the spectrum at

λ =
2.898 · 10−3 [Km]

T
. (3.1)

The emitted radiation consists of a broad spectral continuum of bremsstrahlung
(due to free-electron–ion encounters) and narrow line emission from bound–bound
transitions in atoms or ions of various charge states. For high-Z material brems-
strahlung dominates, with few characteristic emission lines. For low-Z targets the
line emission is dominating over the bremsstrahlung.

The source properties of importance for x-ray microscopy can be summarized
in the term brightness. Spectral brightness is defined as the number of photons per
time unit, source area, solid angle, and spectral band width. The size of the source

9
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Target

Laser beam Plasma

Figure 3.1. Principle of a laser-plasma source. A laser beam is focused on the target
material. In the focus a hot, dense plasma is created.

can be changed by the laser pulse length or the focus size. The average brightness
increases with increased repetition rate of the laser. The target material deter-
mines the spectral output of the x-ray emission. The emission spectrum depends
furthermore on the properties of the laser, e. g., pulse energy and pulse length.

However, the plasma emits in addition to the x-rays also debris, i. e., atoms, ions,
and clusters, which can damage sensitive components of the illumination system.
Different target systems show different debris characteristics. The target systems
for compact x-ray microscopes can roughly be divided into two groups: solid targets
and liquid-jet targets. The working principle is the same for both types, as described
above. Liquid-jet targets show advantages compared to solid bulk targets. The
debris emission from liquid targets is significantly lower [48]. Furthermore, liquid-
jet targets are regenerative, allowing long-term high-repetition rate operation.

3.1.2 Discharge sources

Another type of plasma-based sources are pinch-plasma sources, where the plasma
is created by an electrical discharge through a target material. For soft x-ray and
extreme-ultraviolet radiation sources the target is a low-pressure gas. A high cur-
rent is driven through the gaseous target. This current creates a low temperature
plasma. Simultaneously the current induces a magnetic field which compresses
the plasma, thereby increasing the plasma density and temperature. The emission
characteristic is similar to that of laser-based plasma sources. Gas discharge plas-
mas are mostly used as sources for the extreme-ultraviolet wavelength region. A
detailed description of these sources can be found in, e. g., Ref. [49].

3.2 X-ray optics

Since the refractive index in the soft x-ray region is close to unity and absorption
is high, refractive lenses would need a very small radius of curvature in order to
refract sufficiently and have to be extremely thin due to the high absorption, two
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incompatible demands. Therefore focusing optics for soft x-rays are based on re-
flection or diffraction. Refractive optics are often used for hard x-rays due to the
lower absorption for higher energies [50, 51]. In the following Sections the basic
concepts of reflective and diffractive optics for soft x-ray microscopy are presented.
Detailed descriptions can be found in, e. g., Refs. [13, 14, 52].

3.2.1 Grazing-incidence mirrors

Reflectivity at a surface at normal incidence for soft x-rays is very small due to
the refractive index n of the surface material being close to unity. The reflectivity
calculated according to the Fresnel formula [53] is

R =
∣∣∣∣n− nvac

n+ nvac

∣∣∣∣
2

, (3.2)

where n is the complex refractive index. Since the refractive index for vacuum nvac

is equal to 1, the reflectivity R for near-normal incidence of soft x-rays is as small
as 10−3 to 10−5. However, for incident rays coming at a small grazing angle θ
(cf. Fig. 3.2), a high reflectivity close to unity can be obtained. Since the refractive
index of the material is close to and slightly less than that of vacuum, total external
reflection can occur under these conditions. The critical angle θc for total external

�

Incident
radiation

Reflected
radiation

Figure 3.2. Grazing incidence reflection.

reflection can be calculated by Snell’s law, assuming negligible absorption (n ≈ 1−δ)
[13, 14]:

sin(90° − θc) = 1 − δ . (3.3)

For small δ the small-angle approximation gives

θc =
√

2δ . (3.4)

Thus, the critical angle depends both on the material and the wavelength. For
grazing angles larger than θc only a part of the radiation is reflected. Data for
different mirror materials and different grazing angles can be found on the CXRO
homepage [54].
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The major drawback of optics based on grazing-incidence reflection are the
significant aberrations, namely astigmatism, spherical aberration, and coma. To
reduce aberrations, aspheric reflectors or compound systems are used. The two
main compound systems are the Kirkpatrick-Baez arrangement [55] and the Wolter
systems [56]. In soft x-ray microscopy these type of reflective optics have been used
both as condenser mirrors and as imaging optics, see, e. g., Refs. [17] and [43, 44].

3.2.2 Multilayer mirrors

To overcome the problem of the small reflectivity at near-normal incidence, a mul-
tilayer coating is a good solution. Multilayer coatings consist of two or more al-
ternating thin layers of different materials. The idea behind multilayers originates
from the scattering properties of electromagnetic radiation at boundaries with dif-
ferent refractive indices [13, 52]. Since the scattered soft x-ray intensity at normal
incidence is very low, the specularly scattered radiation from a number of inter-
faces must therefore interfere constructively. This principle is shown in Fig. 3.3.
The stack of bilayers forms an artificial crystal, and Bragg’s law can be used to
calculate the reflection behavior for incident radiation with a wavelength λ

mλ = 2Λ sin θ , (3.5)

where Λ is the thickness of the bilayer, and θ is the grazing angle. For first-order
diffraction and normal incidence the bilayer thickness Λ has to be half of the to be
reflected wavelength.

�

Substrate

�

H

L

Figure 3.3. Working principle of a multilayer stack. 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.



3.2. X-RAY OPTICS 13

When optimizing multilayers many parameters have to be taken into account.
A simple approach for the choice of materials is the Fresnel equation for ideal
normal-incidence reflection Ri at an interface between two materials,

Ri =
∣∣∣∣n2 − n1

n2 + n1

∣∣∣∣
2

, (3.6)

where n1 and n2 are the complex refractive indices of the two materials. Since the
refractive index decrement δ and the extinction coefficient β in the refractive index
(Eq. 2.1) are small, Eq. 3.6 can be approximated by

Ri ≈ ∆δ2 + ∆β2

4
, (3.7)

where ∆δ and ∆β are the differences in the real and the imaginary part of the
refractive index. The reflected intensity is maximized if ∆δ is chosen as large as
possible. For ∆β the relation is more complicated since β determines the absorp-
tion (cf. Eq. 2.6). The materials are preferably chosen so that the absorption index
of one of the materials is low. Moreover, the materials have to fulfill mechani-
cal, physical, and chemical conditions. They must be depositable and easily form
smooth boundaries, which have to be both chemically and physically stable, i. e., no
chemical reactions at the interfaces are allowed and diffusion of material through
the interfaces should be negligible. Since it is impossible to manufacture ideal in-
terfaces, the interface between two layers gets a certain width σ larger than zero.
The concept of interface width includes two different physical aspects: interfacial
roughness and intermixing/interdiffusion. Real surfaces are a combination of these
two aspects. The reflectivity at such a surface is reduced compared to the ideal
reflectivity Ri as calculated by the Fresnel formula in Eq. 3.6. For normal incidence
the reduced reflectivity for a wavelength λ can be written as [14]

R = Ri e
−(4π σ

λ )2

. (3.8)

In Fig. 3.4 the influence of the interface width is shown for a stack of Cr/Sc bilayers,
optimized for λ = 3.374 nm.

The optimum number of bilayers in a multilayer stack depends on the balance
between the superposition of the reflected amplitude and the absorption of the mate-
rials. For the optimization of multilayers and choice of materials, calculations can be
performed with different programs, e. g., IMD [57], or on the CXRO homepage [54].

In the soft x-ray wavelength region it is difficult to find high performance multi-
layer mirrors since the differences in the refractive indices are small and the number
of interfering reflections must therefore be large. A trade-off with the strong ab-
sorption of most materials has to be found. Another problem when manufacturing
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Figure 3.4. Reflectivity of a stack of Cr/Sc bilayers, optimized for λ = 3.374 nm at
normal incidence. Simulation was done with IMD [57]. The diagram shows clearly the
decrease in reflectivity for increasing interface width.

multilayers is the roughness of the substrates and the interface widths between the
single layers. As shown in Fig. 3.4 these properties affect the obtained reflectivity
significantly.

Over the last years the reflectivity for normal-incidence water-window multi-
layers has been improved from a few to tens of percent. The improvement of
different multilayers is listed on the CXRO homepage [58]. Established materials
for the water-window wavelengths above 3 nm are multilayer stacks of W/B4C bi-
layers with a demonstrated reflectivity of at least 1.9% at λ = 3.4 nm [58] or Cr/Sc
bilayers, which were pioneered by Salashchenko and colleagues [59]. For Cr/Sc a
reflectivity of 14.8% at λ = 3.11 nm was demonstrated [60]. With a dc-magnetron
sputtering with tailored ion assistance 5.5% reflectivity was achieved at the for com-
pact x-ray microscopy interesting carbon emission line λ = 3.374 nm [61]. Recently
multilayers have been manufactured for the shorter wavelengths in the water win-
dow, e. g., Cr/Ti with 17% reflectivity at λ = 2.73 nm or Cr/V with 9% reflectivity
at λ = 2.42 nm [62]. These reflectivities were obtained on small substrates. The
major task for the fabrication of multilayer condensers is the control of the layer
thickness over a large area to obtain a uniform reflectivity over the whole condenser
area. Since the incidence angle of x-rays varies over the condenser area, the best
uniformity might be obtained by a graded multilayer stack, where the thickness is
optimized for the corresponding incidence angle.
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3.2.3 Zone plates

Already in 1875 Soret described the focusing effects of circular diffraction gratings
for visible light [63]. These circular diffraction gratings with radially increasing line
density are called Fresnel zone plates (cf. Fig. 3.5.a). The optical paths for rays
through adjacent zones differ by λ/2. Rays through transmitting zones interfere
constructively in the focal point of the mth diffraction order. The zone plate has
the properties of a positive lens.

rN

�rN

r1

a)

f

f+n /2�

f+(n+2) /2�

rn

rn+2

b)

Figure 3.5. Schematic of a Fresnel zone plate. a) The transparent and opaque zones
with decreasing width are shown. The width of the outermost zone (δrN) determines the
Rayleigh resolution of the zone plate. b) The optical path lengths for the first diffraction
order of parallel incoming rays through two transmitting zones are shown.

From Fig. 3.5.b the relation between the wavelength λ, the radius of the nth

zone rn, and the first-order focal length f can be found as

r2n = nfλ+
(
nλ

2

)2

, (3.9)

which in the soft x-ray regime, where in most cases nλ� f , can be simplified to

r2n ≈ nfλ . (3.10)

For a line-to-space ratio of 1:1, where all zones have the same area, the width δrn
of the nth zone can be calculated by

δrn =
rn
2n

. (3.11)

For a zone plate with N zones, focusing in the first order, the characteristic optical
parameters are focal length f , numerical aperture NA, and depth of focus DOF
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(cf. Ref. [64]):

f =
4N (δrN)2

λ
, (3.12)

NA =
λ

2δrN
, (3.13)

DOF = ±2 (δrN)2

λ
. (3.14)

The resolution of a zone plate under ideal conditions is determined by the out-
ermost zone width δrN,

∆s = 1.22 δrN . (3.15)

Ideally, zone plates have no on-axis aberrations or distortion. Off-axis aberrations
occur in imaging of extended objects, and are discussed in detail in Ref. [65]. These
aberrations can be neglected for most x-ray microscope applications. However, it
should be noted that during the fabrication process defects can be introduced, which
cause on-axis aberrations. These defects are ellipticity, radial displacement of the
zones, and nonconcentricity of the zones. Ellipticity is the difference in two perpen-
dicular radii of the zone plate and causes astigmatism. The radial displacement is
a measure of the displacement of the outermost zone and introduces spherical aber-
rations. Nonconcentricity, describing the shift of the zones’ centers, causes coma.
If the fabrication tolerances for these effects are less than about two times the
outermost zone width δrN the arising aberrations can be neglected [66]. Chromatic
aberration will be severe unless the illumination is monochromatic, since the focal
length depends on the wavelength (cf. Eq. 3.12). To avoid chromatic aberrations
the following condition for a zone plate with N zones must be fulfilled:

∆λ
λ

≤ 1
N

, (3.16)

where ∆λ is spectral bandwidth of the illumination. Hence for a typical zone plate
with several hundred zones, the relative spectral bandwidth of the illuminating
radiation has to be less than 1%.

An important aspect in x-ray microscopy is the efficiency of the zone plates.
One way to reduce radiation damage is the fabrication of high-efficiency zone plates.
The diffraction efficiency ηm is defined as the diffracted intensity in the mth order
compared to the incident intensity. For an ideal absorption zone plate the efficiency
ηm for the individual diffraction orders m can be calculated by [14]

ηm =
1
4
,

1
π2

,
1

9π2
, . . . ,

1
m2π2

(3.17)

for m = 0 , ±1 , ±3 . . .
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When adding the efficiency of all diffraction orders, the overall efficiency is 50%, the
remaining intensity is absorbed in the opaque zones. Only about 10% of the incident
radiation is diffracted into the first order. The efficiency can be increased by using so
called phase zone plates. Instead of a zone plate with absorbing and transmitting
zones, all zones introduce a certain phase shift to the incident radiation. The
simplest type was proposed by Lord Rayleigh already in 1888 [67]. The opaque
zones of a transmission zone plate are replaced by zones introducing an optical path
difference of λ/2 compared to the transparent zones. Thereby the superimposed
amplitudes increase up to a factor of 2 and the intensity up a factor of 4. The
necessary thickness t to obtain the phase shift of π can be calculated by Eq. 2.7,
assuming that the absorption in the zone is negligible,

t =
λ

2δ
. (3.18)

For real zone plates the maximum obtainable diffraction efficiency depends on the
choice of material and the properties of the zones, since absorption and phase shift
are not independent of each other. The most critical parameters are the zone
height and the zone-plate material. A good summary of the different influences
on the efficiency can be found in Refs. [68] and [69]. For the soft x-ray regime
nickel has proven to be the best zone-plate material. It allows high efficiency with
relatively moderate zone heights. For a high-resolution nickel phase zone plate with
an outermost zone width of 20 nm and a zone height of about 170 nm a diffraction
efficiency in the first order of 9.2% at λ = 2.4 nm has been obtained [70].





Chapter 4

Microscope Performance

A compact soft x-ray microscope based on a liquid-jet laser-plasma source was
built in 1999 [71] and improved during the following years [72]. The laser-plasma
source uses a methanol jet as target. As condenser a spherical multilayer mirror
is employed and the high-resolution imaging is performed by a zone plate. This
vertical microscope operates at a wavelength of λ = 3.374 nm. During the last
years a new compact microscope has been constructed, which can operate at two
different wavelengths, λ = 2.478 nm and 3.374 nm. For λ = 2.478 nm a liquid-
nitrogen jet is used as target for the laser-plasma source and a condenser zone plate
is employed. The performance of this horizontal microscope at λ = 2.478 nm is
described in detail in Paper 5.

Both microscope arrangements can be divided into two different systems: the
illumination system and the imaging system. The illumination system consists of
the source module and the condenser arrangement. The imaging system is com-
posed of three subsystems: sample stage, imaging optics, and image detector. The
vertical x-ray microscope, based on a methanol-jet laser-plasma source combined
with a multilayer condenser is shown in Fig. 4.1. The experimental arrangement of
the compact x-ray microscope with a condenser zone plate is similar to the principle
shown in Fig. 2.2.

In the following sections all systems and subsystems of the compact x-ray micro-
scopes will be described.

4.1 Illumination system

4.1.1 Liquid-jet laser-plasma source

In the compact x-ray microscopes a liquid-jet laser-plasma source provides radia-
tion in the water window. Two different target materials are used: methanol and
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Figure 4.1. Experimental arrangement of the vertical compact x-ray microscope. The
illumination system consists of the source and a condenser. The source is a laser-plasma
source with a methanol jet as target. As condenser a spherical multilayer mirror is used.
A zone plate is employed as microscope objective, which images the specimens onto the
x-ray-sensitive CCD detector. (Photograph from Ref. [72].)

liquid nitrogen. The basic concepts of laser-plasma-based sources can be found in
Sect. 3.1. The methanol-jet and liquid-nitrogen-jet source are described in Paper 2
and Ref. [73], respectively. Here only the technical properties of the sources will be
presented.

The laser employed in the experiments is a frequency-doubled Nd:YAG (λ =
532 nm) with a repetition rate of 100 Hz, a pulse length of 3 ns, and a pulse energy
of about 115 mJ. The laser is focused onto the liquid jet to a full width at half
maximum (FWHM) of ∼15 µm, resulting in an intensity of 2.2 · 1013 W/cm2, to
create the plasma [73]. The liquid-jet target is delivered to the focal spot by a
fused-silica capillary nozzle with an orifice diameter of 10-20 µm [74].
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Methanol target

The emission lines of methanol in the water-window wavelength region are shown in
Fig. 4.2. The wavelength used for imaging with the x-ray microscope is the strong
hydrogen-like carbon Kα-line at λ = 3.374 nm with a line width λ/∆λ>500 [75].
For the 3.374-nm line the FWHM of the source is about 25 µm. The photon flux of
the source at this wavelength is about 5 · 1011 photons/(pulse×sr×line). 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, mak-
ing regular nozzle changes necessary, and on the condenser optics, thereby slowly
reducing their reflectivity.
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Figure 4.2. Water-window emission spectra of the liquid targets. On the left the emission
spectrum of methanol is shown. The emission spectrum of the liquid-nitrogen target in
the lower wavelength region of the water window is shown on the right. (The emission
line at λ = 2.490 nm is not resolved. Data from Ref. [73].)

Liquid-nitrogen target

The water-window emission spectrum of the liquid-nitrogen source is shown in
Fig. 4.2. In the x-ray microscope the strong hydrogen-like nitrogen Kα-line at
λ = 2.478 nm is employed. For this line, with λ/∆λ>500 [75], the photon flux is
about 8 · 1011 photons/(pulse×sr×line). The FWHM of the source is about 20 µm.
Since nitrogen is relatively inert, debris deposition from the liquid-nitrogen source
is negligible.

4.1.2 Condenser arrangements

For the compact x-ray microscopes two different types of condensers are used: multi-
layer mirrors and zone plates. The basic theory for these optics can be found in
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Section 3.2. In the compact microscopes the illumination of the sample is done
by imaging the source onto the sample plane, so called critical illumination. The
major requirements for the illumination arrangements are to provide a high photon
flux and a uniform illumination in the sample plane, and to match the numerical
aperture of the micro zone plate employed as objective. Since the background
illumination is much stronger than the by the specimens diffracted radiation a
hollow-cone illumination is used. In the following the properties of the different
condenser systems will be described with regard to these requirements.

Multilayer mirrors as condenser optics

For the methanol source with the emission line at λ = 3.374 nm a spherical multi-
layer mirror is employed as condenser. The principle illumination arrangement is
shown in Fig. 4.3.

Spherical
multilayer
mirror

Laser-
plasma
source

Central stop

Sample
plane

Figure 4.3. Illumination system with a spherical multilayer mirror as condenser optics.

The present arrangement allows variation in numerical aperture (NA) and mag-
nification, while the distance between source and sample plane is kept constant for
all configurations. In Table 4.1 the illumination configurations for both microscopes
are presented. The grazing angle (Fig. 3.2) in all configurations varies between 88.4°
and 89.5°, i. e., very close to normal incidence. To avoid direct light from the source
and to obtain hollow-cone illumination, a central stop is placed between source
and sample plane, close to the source (cf. Fig. 4.3). Consequently only a part of
the mirror is used to collect the in 4π sr emitted radiation from the source. The
collected solid angle of all configurations varies between 0.027 sr and 0.033 sr. To
prevent the reflection of green laser light onto the sample plane, a titanium filter is
placed in front of the sample plane. The transmission of the filter with a 300-nm
thickness is 50% at λ = 3.374 nm.
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Microscope Multilayer Distance Numerical
setup mirror source-sample

Magnification
aperture

W/B4 1.87 0.059
vertical

Cr/Sc
230 mm

1.85 0.058
W/B4 1.65 0.064

horizontal
Cr/Sc

180 mm
1.64 0.063

Table 4.1. Illumination configurations with a spherical multilayer mirror as condenser
for both compact x-ray microscopes. Details about the multilayer mirrors can be found
in Tab. 4.2.

For critical illumination the NA of the illumination should ideally be equal or
larger than the NA of the zone plate objective. In this case the resolution capacity
of the micro zone plate can be completely utilized. This condition is fulfilled for all
configurations presented in Tab. 4.1, since the NA of the imaging zone plate is in
most cases 0.058 or less.

Another important parameter of the illumination is its uniformity,

uniformity =
Imax − Imin

Imax + Imin
, (4.1)

where Imax is the maximum intensity and Imin is the minimum intensity of illumi-
nation in the field of view. When the methanol source with its diameter of about
25 µm is imaged onto the sample plane with a magnification larger than unity, a
good uniformity of the illumination can be obtained. Assuming a diameter of 20 µm
for the field of view, the uniformity varies between 9% and 12% for the different
configurations. However, only the central part of the source is imaged inside the
field of view and up to 90% of the radiation can be outside the field of view and
thereby lost, as shown in Fig. 4.4.

Number of Substrate properties Reflectivity
bilayers diameter radius of curvature theoretical experimental

W/B4 200 58 mm 343 mm 9% 0.3%
Cr/Sc 300 58 mm 350 mm 39% 3.0%

Table 4.2. Properties of the multilayer mirrors used as condenser optics for the methanol-
jet laser-plasma source.

Two different types of multilayer coatings are used: W/B4C and Cr/Sc. The
properties of the multilayer mirrors are summarized in Tab. 4.2. The W/B4C
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Figure 4.4. Illumination in the sample plane for the methanol-target source. The full
width at half maximum of the source is 25µm and the magnification of the illumination
system is 1.85. In the upper left an image of the source is shown. The scale bar corresponds
to 20 µm in the sample plane. In the upper right the central part of the source is shown
with the size of the field of view marked by a circle. The lower left shows a profile through
the source. On the lower right the part of the profile in the field of view is shown. The
intensity drops at the edges of the field of view to about 84% of the maximum value,
resulting in an uniformity of about 9%.

multilayer mirrors, described in detail in Ref. [41], consist of 200 bilayers of W
and B4C on SiO2 substrates. The multilayer period matches the source wavelength
λ = 3.374 nm. The theoretical reflectivity of these W/B4C multilayers is 9%, the
mirrors show an average reflectivity of about 0.3%. The Cr/Sc multilayer mirrors,
as described in Paper 4, are built of 300 bilayers on SiO2 substrates. The theoret-
ical reflectivity is 39%. Experimentally, the mirrors show a uniform reflectivity of
about 3%. The difference between the theoretical and the experimental reflectiv-
ity is mainly due to substrate roughness and an interface width larger than zero
(cf. Sect. 3.2.2).
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To achieve a high reflectivity for a given material combination the number of
bilayers has to be large. A higher number of bilayers corresponds to a narrower
spectral bandwidth of the reflected radiation. The bandwidth was determined to
be λ/∆λ ≈ 80 for the W/B4C mirrors and λ/∆λ ≈ 240 for the Cr/Sc mirrors. The
multilayer mirror therefore works as a monochromator in the illumination system,
matching the selected emission line of the source.

The illumination efficiency can be calculated by taking all of the above de-
scribed characteristics - collected solid angle, filter transmission, losses due to
the source magnification, and mirror reflectivity - into account. For the illumi-
nation system with a multilayer mirror as condenser the illumination efficiency is
low, resulting in an average brightness in the field of view of about 2.5 ·104 to
3.5·105 photons/(s×µm2).

Zone plates as condenser optics

The compact microscope working with a liquid-nitrogen source at λ = 2.478 nm has
a zone plate as condenser since there still exist no normal-incidence multilayer mir-
rors on sufficiently large substrates for wavelengths below 3 nm due to the advanced
fabrication requirements to obtain a uniform high reflectivity over a large area. The
principle illumination arrangement is shown in Fig. 4.5. The condenser zone plate

Laser-
plasma
source

Sample
plane

Condenser
zone plate

Pinhole

Figure 4.5. Illumination setup with a zone plate as condenser optics.

(CZP) [76] is used in the first diffraction order (see Sect. 3.2), and the source is
imaged 1:1 onto the sample plane. The first-order focal length of the CZP for
λ = 2.478 nm is 90 mm. To obtain hollow-cone illumination, the central part of the
zone plate is opaque. The resulting solid collection angle is about 1.5 · 10−4 sr. The
numerical aperture (NA) for this illumination setup is 0.012. Thus, the NA of the
illumination does not match the NA of the imaging micro zone plate, which results
in partially coherent illumination. The field of view depends on the imaging optics
and is about 12 µm in diameter for most applications. The uniformity (Eq. 4.1)
in this field of view is about 19%. The efficiency of the CZP was determined to
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be 7.6% [77]. To protect the CZP from the scattered laser light from the plasma a
chromium filter with a thickness of 250 nm (transmission of 52% at λ = 2.478 nm) is
used. The losses of radiation due to the size of the field of view are about 75%. The
resulting average brightness in the field of view is about 1 · 105 photons/(s×µm2).

Monochromaticity of the illumination. As shown in Fig. 4.2 nitrogen has
other emission lines close to the emission line at λ = 2.478 nm, which can not easily
be filtered by the chromium filter. Thus, the illumination is polychromatic, which
may cause chromatic aberrations in the imaging system. In Sect. 3.2, Eq. 3.12 the
relation between focal length f and wavelength λ for a zone plate is given as

f λ = constant . (4.2)

Since the object distance l between source and CZP is the same for all wavelengths
(here: l = 2f2.478 = 180 mm), the image distance l′i will vary depending on the
wavelength as

l′i = f2.478

(
λi

λ2.478
− 1

2

)−1

, (4.3)

where the index 2.478 is for λ = 2.478 nm and i stands for an arbitrary wave-
length. This equation is valid if the 2.478-nm source is imaged 1:1 onto the sample
plane. Other lines in the emission spectrum are at λ = 2.490 nm and λ = 2.879 nm
(cf. Fig. 4.2). For λ = 2.478 nm the source will be imaged at a distance of 180 mm
from the CZP. For λ = 2.490 nm and λ = 2.879 nm the image distances are 178.3 mm
and 135.9 mm, respectively. Due to large separation between l′2.478, l′2.490, and l′2.879
and the hollow-cone illumination a pinhole mounted close to the sample plane blocks
the light of the unwanted wavelengths easily. The polychromaticity of the illumi-
nation system therefore causes no chromatic aberrations or random background in
the imaging system.

4.2 Imaging system

Sample stage

In both compact microscopes the specimen is supported by a silicon nitride win-
dow. The thickness of this window is usually 50 nm or 100 nm, corresponding to a
transmission between 62% and 80%, depending on the wavelength and thickness.
The window is centered on a silicon wafer, which is assembled in a frame, which
then is mounted on the sample stage.

In the vertical microscope shown in Fig. 4.1 the sample stage, on which also the
micro zone plate (MZP) is mounted, is in a small vacuum chamber. The sample
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holder is aligned with respect to the MZP outside the chamber in a light microscope.
The time to change the sample is therefore determined by the time needed to
pump and vent the sample chamber. To make the sample change easier and faster,
in the new, horizontal microscope the sample stage is in a helium atmosphere at
atmospheric pressure. A light microscope, which is brought into the setup, is used
to align the sample with respect to the MZP.

Imaging optics

Micro zone plates are employed as objectives. They are manufactured in nickel
on a silicon nitride membrane employing a nano-lithography technique [78]. Out-
ermost zone widths down to 25 nm were achieved [79]. MZPs with different focal
lengths (485 µm - 1.5 mm @ λ = 2.478 nm) are used in the microscopy experiments,
depending on the experimentally required resolution and field of view. With a di-
ameter of 58 µm, the numerical aperture (NA) of the imaging optics with a focal
length of 500 µm is 0.058, compared to the illumination NA of 0.058-0.065 for the
condenser mirror and 0.012 for the condenser zone plate. Due to the mismatch of
the NA in the latter arrangment, the maximum resolution can not be achieved.
The magnification of the imaging system can be varied between 500× and 1300×.
The distance between the sample plane and the MZP in all these configurations is
about the size of the focal length.

As stated in Sect. 3.2, MZPs show chromatic aberrations. For the MZPs used
in the x-ray microscopes the number of zones is 450 or larger. In combination with
the illumination system, which selects one single emission line with a line width of
about λ/∆λ ≥ 500, chromatic aberrations can be neglected (Eq. 3.16).

Image detector

As detector for soft x-rays a cooled back-illuminated charge-coupled device (CCD)
is used. The quantum efficiency of this type of detector in the wavelength range
of 2-20 nm is typically about 0.6 [80]. For the compact x-ray microscopes, two
different CCD cameras were employed. One has a chip with 1024 × 1024 pixels
with a pixel size of 24 × 24 µm2. For high-resolution experiments a CCD camera
with 2048 × 2048 pixels with a pixel size of 13 × 13 µm2 is used. When imaging
with 1000× magnification onto the CCD camera with 24 × 24 µm2 pixel size, the
exposure time for the compact microscope working at λ = 3.374 nm using a Cr/Sc
multilayer condenser is less than two minutes for ∼1000 photons/pixel, providing a
good signal-to-noise ratio.
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4.3 Imaging of wet specimen

Biological investigations with the compact x-ray microscope have been performed
on dried cells (COS7 and MX1 cell lines). Dehydration of the cells was done by
a series of ethanol-water washes. However, it is difficult to tell how this dehydra-
tion procedure affects the inner structures of the cells. Preparation methods to
dehydrate the specimens can have effects on their chemical properties, therefore
investigations are advantageously performed with the specimens in a liquid. This
is especially valid in, e. g., polymer science, where the structure often is determined
by hydration forces [81]. Also in environmental and soil science it is preferable to
keep the specimens in their natural aqueous environment [82].

Wet-specimen chambers have been developed for transmission x-ray microscopy
[83–85] and scanning x-ray microscopy [86]. A wet-specimen chamber for a com-
pact x-ray microscope was developed by Rudolph and colleagues [39]. In all these
microscopes the wet-specimen chamber is mounted at atmospheric pressure, which
does not require an advanced sealing against liquid losses. To support the speci-
mens silicon or silicon nitride windows or polymer films are used. By removing the
residual liquid the thickness of the specimen layer can be controlled.

Since in the vertical compact microscope based on the methanol-jet source
(cf. Fig. 4.1) the sample is mounted in a vacuum chamber a wet-specimen chamber
must be vacuum compatible. This wet-specimen chamber is described in Paper 6.
The small working distances of the zone plate objectives (a few hundred microme-
ters) made the design of the wet-specimen chamber demanding. In Fig. 4.6 a draw-
ing of the wet-specimen chamber is shown. This design allows working distances

Metal shim

Silicon nitride

windows

O-ring

Filling hole

Figure 4.6. Drawing of the vacuum-compatible wet-specimen chamber for the vertical
compact x-ray microscope. (To show the main features the dimensions are not in scale.)

as small as 350 µm. Against liquid losses in vacuum a sealing is done mechanically
by O-rings combined with a sealing with bio-compatible glue. As specimen sup-
port silicon nitride windows are employed. The liquid losses are negligible when
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keeping the wet-specimen chamber in a vacuum of about 10−4 mbar for hours. Ex-
periments demonstrating the working principle of the wet-specimen chamber have
been performed with a lipid solution.

A potential advantage of this microscope arrangement is the horizontal mount-
ing of the sample. Thus, no additional gravitational forces are applied on the spec-
imens. Also the slow sedimentation of larger particles or macromolecule aggregates
out of the field of view can be avoided when performing long-time experiments.

In the horizontal compact microscope wet specimens are supported by two sili-
con nitride windows, which are mounted vertically onto the sample stage. Since
the sample is mounted in helium atmosphere at atmospheric pressure no vacuum
sealing is necessary. First demonstration experiments with COS7 cells grown on
silicon nitride windows have been done, as described in Paper 5.





Chapter 5

Image Analysis for Soft X-Ray
Microscopy

Digital image processing has numerous applications: One is the improvement of
the image quality, which eases the interpretation of the image content. Secondly,
the automization of image analysis, and thirdly image data compression. The book
by Gonzales & Woods [87] gives a good overview over the different fields of digital
image processing.

For microscopy the improvement of image quality is of major interest. Depend-
ing on the problem, also automatized image analysis is attractive. The following
Sections give an introduction to the topics of Paper 1 and Paper 3. These papers
are concerned with image improvement by denoising and automatized localization
of gold particles, respectively.

5.1 Improving the image quality

Image restoration, i. e., the improvement of image quality, in microscopy has a long
tradition. The two main goals are the improvement of contrast by enhancing the
signal-to-noise ratio and the improvement of resolution. Different image restoration
methods have been developed and improved over the years. However, although a
lot of work has been done for microscopy in general, only a few attempts have
been made in the field of soft x-ray microscopy. More common in x-ray microscopy
is to change the quality of the images by experimental conditions. The contrast,
e. g., can be enhanced by the right choice of the wavelength. If radiation damage
is no problem, the achieved signal-to-noise ratio can be high. The main factor to
improve resolution is still the manufacturing of zone plates with smaller outermost
zone widths (see Sect. 2.3). A major contribution to improve image quality by

31
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digital image processing has been done by Sibarita [88] and colleagues [89–91] for
images taken by the transmission x-ray microscope at BESSY [84]. A deconvolu-
tion algorithm in combination with noise suppression in the Fourier domain was
applied. The contrast for structure sizes close to the resolution limit could thereby
be enhanced significantly.

Compared to synchrotron-based microscopes the compact soft x-ray microscopes
produce images with a lower signal-to-noise ratio when the exposure times are
acceptable. A denoising algorithm is one means to improve image quality. Since
the images contain information on different size scales, this has to be taken into
consideration by the noise-filtering method. Denoising procedures based on the
wavelet transform show intrinsic advantages compared to Fourier-based methods.

5.1.1 Wavelet-based image denoising

When denoising images which contain structures of different sizes, it proves advan-
tageous to treat the different spatial frequencies with regard to their position in the
signal. In wavelet analysis a scale parameter based on the local spatial frequency
is used rather than the global spatial frequency of the Fourier transform. Thus, a
signal can be analyzed both in a position- and scale-dependent way.

A general introduction to wavelets and wavelet analysis is given by the book
by Daubechies [92]. References [93] and [94] give a detailed introduction into the
use of wavelet transforms in signal processing. Wavelet-based signal processing
has been applied to a variety of one-, two-, and three-dimensional data, see, e. g.,
Refs. [95–97].

In the following, an introduction to the basic concepts is given. The continuous
wavelet transform (CWT) is a way to localize the spectral components of a signal,
since position and frequency information are given simultaneously. The CWT of a
signal I(x) at a position x is defined as ( ∗ denotes the complex conjugate)

Ψψ
I (t, s) =

∫
I(x)ψ∗

t,s(x)dx , (5.1)

where ψt,s(x) =
1√|s| ψ

(
x− t

s

)
. (5.2)

The transformed signal Ψψ
I (t, s) is a function of two variables: the translation t

and the scale s. Scale is defined as the inverse of the spatial frequency. The
transforming function ψ(x) is called mother wavelet. The position of the mother
wavelet is determined by the translation and its width by the scale. The CWT is
computed by changing the width of the analysing window ψ, shifting this window
in position, multiplying with the signal, and integrating over all positions.
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Since the CWT is reversible, the original signal can be reconstructed by

I(x) = cψ

∫
s

∫
t

Ψψ
I (t, s)ψt,s(x)dt ds , (5.3)

where cψ is a constant which depends on the shape of the mother wavelet in the
spatial domain of the signal. The mother wavelet can be chosen from a variety of
functions.

To implement the CWT, it has to be discretized. Both the scale parameter s
and the translation t are discretized on a changing grid to preserve the resolution
properties,

s = sjo with so > 1 ; j ε IN ,

t = ksjo to with to > 0 ; k ε IN .
(5.4)

The continuous wavelet function (Eq. 5.2) can now be written with j and k as new
parameters,

ψj,k(x) = s−j/2o ψ(s−jo x− kto) . (5.5)

The CWT (Eq. 5.1) and the reverse CWT (Eq. 5.3) of the discrete signal I(n)
become

Ψψj,k

I =
∑
n

I(n)ψ∗
j,k(n) , (5.6)

I(n) = cψj,k

∑
j

∑
k

Ψψj,k

I ψj,k(n) . (5.7)

The discretized CWT shows the same good position resolution at high spatial fre-
quencies and good spatial-frequency resolution at low spatial frequencies as the
CWT.

The idea behind wavelet denoising is to perform a multiscale analysis of the
signal. The basic scheme for multiscale analysis consists of repeated applications
of two conjugate scaling transformations on the discrete signal I: I −→ L · I and
I −→ H · I, where L is a low-pass filter and H a high-pass filter. The latter is
formally defined as H · I = I − L · I. The repeated application of L allows one
to work on coarser and coarser resolution, whereas H allows to keep track of in-
formation when passing from one scale to another. A method to implement this
scheme is the wavelet transform. The discrete wavelet transform (DWT) is usu-
ally sampled on a dyadic grid (so = 2, to = 1 in Eq. 5.4). The DWT decomposes
the signal into a coarse approximation and detail information. In that way the
signal is analyzed at different spatial frequencies with different resolutions. The
decomposition is done by a successive low- and high-pass filtering of the signal in
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Figure 5.1. Flow chart for the decompositon of a discrete signal I(n) by wavelet filtering.
The signal is low- and high-pass filtered, L(n) and H(n), respectively, and thereafter
subsampled by a factor 2 (⇓ 2). The high-pass filtered and subsampled signal gives a
vector of wavelet coefficients hj of the corresponding decomposition level j.

the spatial domain. A flow-chart of the decomposition is shown in Fig. 5.1. In the
first step the digital signal I(n) is low- and high-pass filtered. Thereafter follows a
subsampling by a factor 2 since half of the numbers of samples are now redundant.
Subsampling by a factor 2 means to drop every other sample of the signal. The
high-pass filtered and subsampled signal corresponds to the vector of wavelet coef-
ficients of this decomposition level. The low-pass filtered and subsampled signal is
decomposed furthermore. Reconstruction of the signal is done by a concatenation
of all wavelet coefficients starting from the last level of decomposition. The major
difference of this procedure to the Fourier transform is that the spatial localization
of the spatial frequencies is not lost.

The denoising of a signal is performed according to the wavelet shrinkage method
of Donoho & Johnstone [98]. Here a threshold value T > 0 for the wavelet coeffi-
cients of one decomposition level is chosen and the vector of wavelet coefficients hj
of this level is replaced with its estimate

h̃j(n|T ) = 0 if |hj | ≤ T ,

h̃j(n|T ) = hj(n) − sgn(hj)T if |hj | > T .
(5.8)

The image is reconstructed as described above, employing the new wavelet coeffi-
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cients h̃j .
For the images taken by the vertical compact x-ray microscope based on a

methanol-jet source (cf. Chapt. 4) the denoising is performed with the SURE
(Stein’s unbiased risk estimate) wavelet shrinkage procedure described by Donoho
& Johnstone in Ref. [99]. A detailed description of the denoising algorithm can
be found in Paper 1. First the DWT is applied to the image as described above.
After applying a threshold to the first two levels of decomposition (cf. Eq. 5.8),
the reverse DWT produces the denoised image. The SURE method to choose the
threshold value is adapted to Poisson noise, which dominates in x-ray microscope
images. With this denoising procedure the exposure time could be improved by a
factor of about 2 while keeping the signal-to-noise ratio constant.

5.2 Towards functional imaging

To understand processes in cell biology, it is valuable to know the location of the
molecules, mostly proteins, which are responsible for these processes [100]. To
enable the localization, proteins are labeled with markers. Immunolabeling is a
method to attach a marker to a protein and is often performed in two steps: First,
a primary antibody binds to the protein to be investigated, a secondary antibody
with the attached marker binds to the primary antibody. The marker can then be
detected by a microscope equipped for the detection of this specific marker. Since
the introduction of colloidal gold as a marker for electron microscopy in 1971 by
Faulk & Taylor [101], these markers are widely used both in electron microscopy
and light microscopy [102,103]. To study different proteins simultaneously, double-
labeling experiments are performed where different proteins are labeled with dif-
ferent markers. In electron microscopy double-labeling experiments with colloidal
gold as marker are based on both element-selective and size-selective detection
methods [102,104].

To increase the visibility of the colloidal-gold markers a silver intensification
was introduced [105,106]. This technique provides an additional amplification step.
Silver enhancement is based on the photochemical process commonly used in pho-
tographic films where silver ions are reduced to metallic silver. Gold acts as an
catalyst in this reaction, metallic silver is deposited on the gold particles increasing
thereby the particle size from a few to a few tens of nanometers.

5.2.1 Colloidal gold in x-ray microscopy

Colloidal gold with subsequent silver enhancement has been used as label in different
fields of soft x-ray microscopy. The first experiments date back to the beginning
of the 1990s, where surface proteins were labeled with silver-enhanced colloidal



36 CHAPTER 5. IMAGE ANALYSIS FOR SOFT X-RAY MICROSCOPY

gold for imaging by contact x-ray microscopy [107]. Other experiments had the
purpose of investigating proteins located in the nuclei with transmission x-ray mi-
croscopy [108,109] or to visualize the low-contrast microtubule network of cells [110].
The images with the labeled proteins were compared to images of unlabeled speci-
mens or to images taken with other microscopy techniques, e. g., light microscopy,
confocal microscopy, or electron microscopy. The immunolabeling with gold was
mainly performed to enhance the contrast in these experiments. An accurate lo-
calization of single proteins was not done. In scanning x-ray microscopy, Chapman
and colleagues investigated dark-field imaging of gold-labeled cells [111]. In the
dark-field image only the signal of the gold particles is detected and in combina-
tion with the bright-field image a localization of the gold particles within 60 nm
is possible [112]. Recently x-ray tomography experiments have been performed,
where specimens were labeled with silver-enhanced colloidal gold and additional
gold particles of 100-nm size were used as fiducial markers [113,114].

In transmission x-ray microscopy, the above mentioned techniques do not allow
the determination of the exact location of the proteins. Thus size-selective double-
labeling experiments would be difficult to perform.

5.2.2 Localization of gold particles in x-ray microscopy images

To stimulate further experiments on functional imaging in transmission x-ray mi-
croscopy an image-analysis algorithm to localize single gold particles was developed.
This algorithm is based both on intensity information and size information, as de-
scribed in detail in Paper 3. To develop and evaluate the algorithm, images of
samples containing diatoms and gold particles of different sizes (40-100 nm) were
recorded at the transmission x-ray microscope at BESSY II [115]. Diatoms as cell-
like specimens were used in order to have a number of durable samples, even if the
identification of gold particles was more demanding in this background structure
than, e. g., in a cell. The input parameters for the algorithm are the nominal size
of the gold particles, as given by the manufacturer, and the average absorption
for these particles, which can be calculated with help of the previously determined
contrast of gold particles in the employed microscope. The principle steps in the
algorithm are the application of a threshold followed by two perpendicular one-
dimensional Gaussian fits to the pre-identified regions of interest. The Gaussian
fits are the crucial step for a shape discrimination and thereby cause the size selec-
tivity of the algorithm.

We showed that the image-analysis algorithm performs very well for larger par-
ticle diameters with a high signal-to-noise ratio. For smaller particles, a high
signal-to-noise ratio and a particle diameter of at least five pixels are necessary
to separate the particles from the background structure. The algorithm proved
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to be size-selective for 50-nm and 80-nm gold particles, which can be utilized in
double-labeling experiments. The diameters of the used gold particles should in
this case differ sufficiently as should their average absorption value. Similar results
as for the BESSY-II images were obtained when the algorithm was applied to im-
ages recorded by the compact x-ray microscope based on a liquid-nitrogen source.
For silver-enhanced colloidal-gold markers it is possible to use the image-analysis
algorithm, if the water-window wavelength in the experiment is below a wavelength
λ ≈ 3 nm. For longer wavelengths the attenuation length of silver increases signifi-
cantly, and, thus, the signal-to-noise ratio for small silver particles decreases.

The algorithm may be applied for accurate localization of proteins labeled with
gold particles. Silver enhancement may be necessary to obtain particles with resolv-
able sizes. For x-ray tomography these silver-enhanced gold particles can be used
simultaneously as fiducial markers. Due to the size sensitivity of the algorithm,
double-labeling experiments comparable to those done with electron microscopy
are feasible.





Chapter 6

Summary of the Original Work

This Thesis is based on the articles listed below. The author has been the main
responsible for Papers 1, 3, 4, and 6. The programming of the algorithm in Paper 1
was done by the second author J. Boutet de Monvel. In Paper 4 the author did not
participate in the development of the fabrication process of the Cr/Sc multilayers.
This work was done by the second author S. Yulin. In the other papers the author
has been active in the planning and performing of the experiments and the evalu-
ation of the results.

Paper 1 describes an image-restoration method for compact soft x-ray microscopy
images. The image restoration, namely denoising, is based on multiscale analysis
implemented with the wavelet transform. With this method the exposure times
can be reduced by a factor of 2 at constant signal-to-noise ratio.

Paper 2 reports on the experiments done to spatially characterize the liquid-jet
laser-plasma source. The targets in these experiments were a methanol and an
ethanol jet. Characterization of the source parameters was done for different laser
energies, different pulse lengths, and different jet diameters.

Paper 3 describes an image-analysis algorithm to identify 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. The
algorithm was furthermore successfully tested on images taken by the compact soft
x-ray microscope based on a liquid-nitrogen source.

Paper 4 presents the development of large-diameter spherical Cr/Sc multilayer
mirrors, suitable as condenser in the compact x-ray microscope. The mirrors ope-
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rate at λ = 3.374 nm and show an average reflectivity of 3% with good uniformity.
Thus, exposure time in the compact x-ray microscope was improved by a factor of
10.

Paper 5 presents the instrumentation and performance of a sub-30 nm resolu-
tion compact x-ray microscope based on a liquid-nitrogen laser-plasma source.
The microscope works in the lower wavelength region of the water window, at
λ = 2.478 nm. First applications, e. g., imaging of test samples for the gold-
identification algorithm and of wet specimens, were performed.

Paper 6 describes the wet-specimen chamber which was developed for the vertical
compact microscope working at λ = 3.374 nm. Since in this microscope the sample
is mounted in vacuum, the wet-specimen chamber had to be vacuum compatible.
This was achieved by a combined mechanical sealing and glueing. The working
principle was demonstrated by imaging lipid solution. The horizontal mount of the
wet-specimen chamber makes it especially appropriate for investigations in polymer
and soil science.
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