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Abstract 

X-ray microscopy is a well-established technique for nanoscale imaging. Zone 
plates are used as microscope objectives and provide high resolution, approaching 
10 nm, currently limited by fabrication issues. This Thesis presents zone plate 
optics that achieve either high resolution or phase contrast in x-ray microscopy. 
The high-resolution optics use high orders of the zone plate, which alleviates the 
demands on fabrication, and the phase-contrast optics are single-element 
diffractive optical elements that produce contrast by Zernike or differential-
interference contrast methods. The advantage of phase contrast in x-ray 
microscopy is shorter exposure times, and is crucial in the hard x-ray regime. 
Microscopy in the absorption-contrast region of the water-window (2.34 - 4.37 
nm) also benefits from these optics. The development of the optics for a 
laboratory soft x-ray microscope spans from theoretical and numerical analysis of 
coherence and stray light to experimental implementation and testing. The 
laboratory microscope uses laser-produced plasma-sources in the water-window 
and is unique in its design and performance. It will be shown that the laboratory 
microscope in its current form is a user-oriented and stable instrument, and has 
been used in a number of applications. The implementation of a cryogenic sample 
stage for tomographic imaging of biological samples in their natural environment 
has enabled applications in biology, and 3D x-ray microscopy of cells was 
performed for the first time with a laboratory instrument. 
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Chapter 1 

Introduction 

The microscope is considered to be one of the most important tools in science. 
Besides the ability to visualize objects hidden to the naked eye, there is a 
fundamental connection between determining an object’s structure and finding the 
function of that object. Since the invention of strong magnifiers by Dutch glass 
makers in the late 16th century, the ability to study increasingly smaller objects has 
driven advancements in a plethora of scientific fields. One of the Dutch glass 
makers, Antonie Van Leeuwenhoek, was inspired by the findings of an English 
natural philosopher named Robert Hooke, who had published images of magnified 
objects in a book called Micrographia [1]. Van Leeuwenhoek discovered a fast and 
easy way of making lenses with short focal length, enabling the construction of 
hundreds of microscopes. He also used his microscopes to study blood flow and 
spermatozoa in addition to uncovering the world of microorganisms and bacteria 
[2]. Much later, the compound microscope became available to the scientific 
community. In 1872, Carl Zeiss and Ernst Abbe [3] perfected the optical 
microscope and with a new illumination scheme introduced by August Köhler [4], 
they found a design still used today. Similarly, after de Broglie in 1923 had 
proposed that all particles could be considered as waves [5], Knoll and Ruska 
constructed the first electron microscope in 1930 [6]. These microscopes can be 
used in either full-field or scanning mode, and can reach atomic resolution. 
Countless discoveries in, e.g., medicine have since been achieved, thanks to the 
ability to resolve structures within cells. Besides optical and electron microscopy, 
scanning probe microscopy is the third large microscopy technique where surfaces 
are imaged, also with atomic resolution, making it a vital tool in material science 
[7]. 

While resolution is an important feature for any microscope, equally important is 
the contrast at which a feature is presented. Most microscopes rely on absorption 
of radiation to achieve this, but there also exist other possibilities. Phase contrast is 
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a mechanism where the phase shift produced when radiation passes through a 
specimen is utilized and can be produced in a number of ways. Fluorescence is 
another contrast technique, used widely in the field of biomedicine. Due to the fact 
that when a photon of a given energy excites a molecule, it may emit a secondary 
photon of a longer wavelength, one can prepare samples with certain molecules to 
make them fluoresce, or glow. Fluorescence microscopy has made large progress in 
the last 20 years and is the most common form of imaging in biology. Confocal 
microscopy is one technique in fluorescence microscopy where cells can be 
optically sliced and three-dimensional imaging is possible [8]. Various super-
resolution methods involving fluorescence (STED [9], STORM [10], structured 
illumination [11]) have also been developed, enabling sub-10 nm resolution of thin 
samples. 

Wilhelm Conrad Röntgen discovered X-rays in 1895 [12] and it was soon realized 
that this new type of radiation could be used for microscopy. At the time, however, 
there did not exist any suitable optics, and it was not until 1948 that Albert Baez 
and Paul Kirkpatrick could construct the first x-ray microscope by using grazing 
incidence optics [13]. Albert Baez soon proposed the use of Fresnel zone plates for 
the imaging optic, but such a microscope was not realized until 1976 [14]. 
Advances in holographic methods had enabled the production of the optical 
components, and a synchrotron x-ray source produced high photon flux.  

The x-ray spectrum, shown in Figure 1.1, is generally divided into extreme ultra-
violet/soft x-rays and hard x-rays, and x-ray microscopes are used over the entire 
range. X-ray microscopes can produce both high resolution and good contrast. The 
high resolution is achieved by manufacturing zone plates with small outermost 
zone width, and contrast can be achieved by using soft x-rays in the water-window 
range. This is a wavelength region between the K absorption edges of oxygen, at 
!=2.34 nm, and carbon, at !=4.37 nm, where carbon-containing specimens absorb 
radiation, while the absorption for water is relatively small. Water is therefore 
bright and carbon material (e.g., proteins) is dark, for this energy range. Phase 
contrast can be used for hard x-rays, or for contrast enhancement in the soft x-ray 
range, by using special optics.  

This Thesis deals with different types of optics that can be used to achieve phase 
contrast with x-ray microscopes. The theory behind the development of the optics 
will be presented, as well as their implementation. A unique type of optic that can 
be used to achieve high resolution will also be presented as well as the use of 
cryogenic x-ray tomography for three-dimensional imaging of biological samples. 
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Chapter 2 deals with areas in x-ray physics and optics that are necessary in order to 
understand the imaging process in an x-ray microscope. In Chapter 3, x-ray 
microscopy is summarized, including sources and optics, and a description of the 
laboratory soft x-ray microscope at the department of biomedical and x-ray physics 
(BioX) will be given. Chapter 4 and 5 deals with phase-contrast x-ray microscopy 
and soft x-ray tomography, respectively.   

Figure 1.1. The electromagnetic spectrum from infrared to "-rays. The water-window is 
magnified and shown below. As seen, the absorption is relatively small in water but higher in 
protein, yielding contrast in biological specimens. 
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Chapter 2 

Theory 

In this Chapter, selected parts of theoretical X-ray physics and optics are described. 
The sections deal with properties that are of importance for the understanding of 
phase-contrast optics and x-ray microscopy in general. The first section presents 
the properties of x-ray interaction with matter, followed by a brief description of 
coherence theory. Finally, the physics of phase contrast is described in short. 
Throughout this chapter, it is implied that electromagnetic waves propagate in the 
+z direction and are written as, exp[-i(kz - #t)] where k is the wave number and # 

the angular frequency. 

2.1. Interactions with matter 

Two fundamental mechanisms govern the interactions between x-rays and matter, 
absorption and scattering. A third interaction is pair production, but it only exists 
for very high-energy x-rays [15]. X-ray photons are energetic enough to excite inner 
shell electrons in a material, which follows by one of many possible decay paths. In 
short, the photon is absorbed if the electron is released (photoelectric effect) and 
does not recombine and form a secondary photon. If that is the case the emitted 
photon can be of lower energy (inelastic or Compton scattering) or with the same 
energy as the incident photon (elastic or coherent scattering). The probability that a 
certain interaction takes place varies with the wavelength and the type of material, 
and can in most cases be calculated semi-classically using the atomic form factor, f, 
which is derived from the Fourier transform of the electron density of the scatterer 
[16]. It is highly wavelength dependent, especially close to the resonance 
frequencies of bound electrons. 

While the amount of Compton scattering is low for soft x-rays, elastic scattering is 
added coherently in the forward direction and causes a phase shift of the wave [17]. 
The amount of phase shift is calculated from the refractive index, which for x-rays 
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Figure 2.1. Atomic form factor for carbon between 30 eV and 10 keV. The phase-shifting 
part (f1) is nearly constant while the absorbing part (f2) decreases as one over the energy squared.  

also includes the absorption. The refractive index is calculated from the form 
factor, which simplifies when considering scattering in the forward direction [16]. 
It is given by 

 

  
n = 1 !
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+ if

2( ),  (2.1) 

where na is the number density of atoms in the material, re is the classical radius of 
the electron, 2.82 x 10-15 m, and ! is the wavelength of the radiation. The atomic 
form factor has been divided into its real and imaginary parts, f1 and f2. The real 
part, describing the phase shift, varies slowly except near absorption edges, and the 
imaginary part, representing absorption, decreases as !2, as shown in Fig. 2.1. This 
causes the absorption to be low, in most materials, for high energy x-rays, where 
instead scattering dominates. The two factors are related by the Kramers-Kronig 
relation [16] and have been listed by Henke and colleagues for all elements between 
hydrogen and uranium for x-ray energies between 50 eV and 30 keV [18]. A more 
convenient form of Eq. 2.1 is given by 

   n = 1 ! " ! i#.  (2.2) 

The quantities $ and % can now be used to calculate the exact amount of 
absorption and phase shift that a wave field experiences when passing through an 
object. The amount of absorption is described by the Beer-Lambert law, 
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where the incoming intensity is denoted I0, the transmitted intensity I, t is the 
thickness of the material, and µ is the absorption coefficient. The phase shift is 
given by 

 

   
!(t) = 2"#

$
t.

 
(2.4) 

In x-ray microscopy, the absorption of x-rays is the most common technique to 
achieve contrast, and dominates at soft x-ray wavelengths. It is clear that a detector 
positioned behind an object can measure the varying absorbance of different areas 
in a sample. However, since detectors measure intensity, phase information is lost. 
In order to understand how this information can be utilized in so-called 
phase-contrast imaging, basic theory of coherence is necessary.  

2.2 Coherence 

Coherence is a statistical concept of a wave field and is quantified using the degree 
of coherence, which is measured by the visibility of an interference pattern [19]. 
Wave fields are added in amplitude, but detectors measure intensity. If the wave 
fields vary randomly and faster than the measurement time of the detector, the 
detected signal will be an integrated intensity of the varying wave field instead of 
the integrated amplitudes. For this reason, incoherent wave fields are added in 
intensity. It is convenient to separate coherence into temporal and spatial coherence, 
since these two have different origins, each described below.  

2.2.1 Temporal coherence 

Temporal coherence describes the variation of a wave field over time and depends 
on the bandwidth of the source. The coherence length is given by [20], 

 

   
l
coh

= !2

"!
,
 

(2.5) 

where &! is the bandwidth of the wave, which depends on the lifetime of states in 
a source. One can measure the coherence length using a Michelson interferometer, 
see Fig. 2.2. If the distance, 2&d, is equal or longer than the coherence length, the 
interference pattern will disappear. Lasers usually have extended temporal 
coherence, in the order of meters, which makes them able to produce interference 
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over long distances. On the other hand, a light bulb has a very short temporal 
coherence, in the micrometer range. 

2.2.2 Spatial coherence 

An extended source with short temporal coherence can produce mutually coherent 
points in space if the distance to the detector is sufficiently long. Intuitively, the 
two points may have slightly varying frequencies over time, but their phase 
differences are known. The important factor is the relative size of the source. For 
example, although the sun and a distant star are about the same size, a coherence 
measurement of sun light will be spatially incoherent, while that of a star will be 
more coherent, due to the large distance from the star to the earth. 

Spatial coherence can be measured in a variety of ways, but the classical method is 
to use a Young’s double slit setup, as shown in Fig. 2.2. The separation between 
the two slits, &s, is the width over which the coherence is measured, and the 
visibility of the produced fringes yield the degree of coherence over &s. Coherence 
width can be calculated by propagating the source intensity distribution, and in the 
far-field the Van Cittert-Zernike theorem [19] yields the degree of coherence as the 
Fourier transform of the source intensity. It assumes that the coherence width in 
the source plane is much smaller than the size of the source, and yields an 
expression for the coherence width at a distance d from the source [20], 

 

   
scoh = 0.16

!d
R

,
 

(2.6) 

where R is the radius of the source. The factor 0.16 originates from a Bessel 
function, since the source is assumed to be circular. At larger distances, two points 
are partially coherent and ultimately become completely incoherent with respect to 
each other when their separation increases to [20]. 

 

   
l = 0.61

!d
R  

(2.7) 
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Figure 2.2.  (Left) A Michelson interferometer used for temporal coherence measurements. 
When !d equals the coherence length, the visibility of the interference pattern is 0. (Right) A 
Young’s double slit setup for spatial coherence measurements over the distance !s.  

2.2.3 Coherence in microscopes 

Just like in optical microscopes, x-ray microscopes use condensers to focus light 
onto a sample in order to optimize resolution and illumination. The degree of 
coherence in the sample plane is the Fourier transform of the condenser aperture 
and the length l, defined in Eq. (2.7), should be smaller than the resolution of the 
objective. The resolution of a microscope objective was defined by Rayleigh and is 
given by the numerical aperture, NAobj=D/2f, where D is the diameter of the 
objective, and f is the focal length [21], 

 

   

res = 0.61!
NAobj

.

 

(2.8) 

By dividing with the length for two incoherent points, l, and substituting for the 
numerical aperture of the condenser, NAcon=R/d the result is that, 
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=
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(2.9) 

Since the resolution of the objective should be higher than the length between two 
incoherent points, the result is that for optimum resolution m>1, i.e., the 
condenser aperture should at least be large enough to match the objective aperture. 
If the condenser aperture is smaller, the resolution will decrease due to interference 
in the coherent area. Therefore, the resolution given in Eq. 2.8 is only valid for 
completely incoherent illumination. The parameter m can be used to quantify the 
influence of coherence on the resolution in a microscope. For the partially 
coherent case, Eq. 2.8 is written as 

 

   

res = k1(m)
!

NAobj

.
 

(2.10) 

The dependence of the factor k1 on m is shown in Fig. 2.3 and was calculated 
analytically by Hopkins [22] from two pinholes placed in the object plane. 

 
Figure 2.3. The dependence of k1 on m gives the resolution in a microscope using partially 
coherent illumination. 

If the relation m>1 is fulfilled, points in the object plane are considered to be 
incoherent with each other and therefore, the image formation is made by a sum 
over intensities. Incoherent image formation is given by [23] 

 
   
I(x,y) = psf (x,y)

2
! Ig(x,y),  (2.11) 
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where the psf is the point-spread function of the objective, or the impulse 
response, and Ig is the geometrical image intensity. The other extreme case is 
coherent image formation, where adjacent points in the object are considered to be 
mutually coherent. The image is a sum of amplitudes, and therefore, coherent 
image formation is given by [23] 

 

   
I(x,y) = psf (x,y)!Ag(x,y)

2
.  (2.12) 

where A
g
 is the complex field amplitude of the geometrical image of the object. 

These ideal cases apply to a limited range of setups, and for many cases, partially 
coherent image formation is necessary. In Paper 1 it is shown that by considering 
the condenser to be a secondary incoherent source, constituted of coherent 
emitters that are mutually incoherent, the partially coherent image formation is 
given by 

 

  
I(x,y) = psf (x,y)!A

g
(x,y)ei"n (#,$)

n
% ,  (2.13) 

where a phase factor, 'n((,)), is added to account for the different emitters on the 
condenser. Each emitter forms a coherent image, and since they are mutually 
incoherent, the individual images are added in intensity.  

The image formation model described by Eq. 2.13 is only valid for thin samples, 
and modifications need to be made in order to take the effects of thicker samples 
into account. This can be done by propagating a field through the sample by a 
finite-difference method1. The result of the propagation is substituted for 
A

g
(x,y)exp(i'

n
((,))) in Eq. 2.13 to generate the final image.  

If the condenser cannot be considered to be an incoherent source, one can use 
Hopkin’s theory [24] to calculate the image formation process. For x-rays, this was 
done by Jochum and Meyer-Ilse [25] and in the optical region, differential-
interference contrast imaging was simulated using Hopkin’s theory by Mehta and 
Sheppard [26].  

Equations (2.11-2.13) describe the image formation as the convolution between a 
geometrical image and the point-spread function of the imaging optic, but it is 
often more intuitive to view the image-formation process as the act of a linear 
function in frequency space, especially for phase-contrast imaging. From this 

                                                   
1 M. Bertilson, O. von Hofsten, J. Reinspach, A. Holmberg, M. Lindblom, A. Christakou, U. 
Vogt, J. Jerlström, S. Svärd, and H.M. Hertz, Laboratory soft x-ray cryo tomography, manuscript in 
preparation. 
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point-of-view, the coherent image formation process is a multiplication in 
frequency space between an optical transfer function, or OTF and the Fourier 
transform of the geometrical image amplitude, Âg( f ,g) [23] .  The image is then 
given by the inverse Fourier transform of this product,  

 

   
I(x,y) = !"1

OTF(f ,g) # Â
g
(f ,g){ } 2

.  
(2.14) 

The OTF is calculated from the psf amplitude, 

 
  
OTF(f ,g) = ! psf (x,y)( )  (2.15) 

For the incoherent case, the OTF is given by the Fourier transform of the psf 
intensity, and the image is given by the product between the OTF and the Fourier 
transform of I

g
 (x,y). 

In partially coherent image formation, the process is no longer linear, and a more 
complex mathematical expression is necessary to describe the transfer function, 
which is beyond the scope of this Thesis. However, Eq. 2.13 can be rewritten as 

 

   
I(x,y) = !"1

OTF(f ,g) # Â(f " $f
n
,g " $g

n( )
n

%
2
,  (2.16) 

since the condenser-point dependent phase shift corresponds to a translation in 
Fourier space. Calculations in Fourier space are computationally advantageous.  

 

Figure 2.4. The modulation transfer function for incoherent imaging and the corresponding 
transfer functions for partially and fully coherent imaging. The incoherent case corresponds to 

.  

0 0.4 0.8 1.2 1.6 2
0

0.2

0.4

0.6

0.8

1

frequency [NA/!]

M
od

ul
at

io
n

Incoherent
m=0.75
m=0.5
m=0.25
coherent

Rayleigh

 m ! "



2.3 PHASE-CONTRAST MICROSCOPY  13 
 
All information regarding the image formation process is contained in the OTF. By 
taking its absolute value, the modulation transfer function or MTF can be calculated. It 
describes how the object contrast is transferred to the image, depending on the 
spatial frequency. Above a certain frequency, no information is transferred and the 
resolution limit is reached. For the partially coherent case, the amplitudes of the 
frequency transfer can be calculated using Hopkins theory or measured from 
calculated images of sinusoidal gratings. The latter is the case for the comparison in 
Fig. 2.4. 

2.3 Phase-contrast microscopy 

According to diffraction theory, the optical far-field formed by an object is its 
Fourier transform [23], and this is also the field in the back focal plane of the 
imaging optic. It is therefore in the back focal plane that the multiplications of Eq. 
2.14 and 2.16 take place. Phase-contrast techniques often utilize this fact, and 
manipulate this plane in various ways. 

There are many ways to achieve phase contrast. In its simplest form, an object is 
defocused, generating image contrast with a lower resolution. Dark-field 
illumination can be used to visualize phase objects, since in this technique, the 
undiffracted beam is blocked and only scattered, or diffracted, light is observed.  

Beside these, there exist many, more advanced ways of visualizing the phase of an 
object. One early technique was Schlieren photography, developed in 1864 by 
August Toepler, used to image refractive index variations in air [27]. A knife-edge 
is placed in the back focal plane of the imaging lens, so that only half of the 
frequency space is used, producing an edge effect for phase objects. Two other 
phase-contrast methods, Zernike phase contrast and differential-interference 
contrast, will be presented in greater detail, and are illustrated schematically in Fig. 
2.5.  

2.3.1 Zernike phase contrast 

Developed by Fritz Zernike during the 40s, and resulting in a Nobel Prize in 1953, 
Zernike phase contrast is still widely used in optical microscopy [28]. It is based on 
that, for weakly phase-shifting specimens, the diffracted light is 90 degrees out of 
phase with the undiffracted light. This is readily understood by describing the wave 
passing through the object in a first-order Taylor expansion, 

 
   
P(x,y) = exp i!(x,y)( ) " 1 + i!(x,y).  (2.17) 
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Figure 2.5. Optical arrangement for Zernike (left) and DIC (right) phase-contrast microscopy. 
In Zernike phase contrast, the undiffracted light (blue) is phase shifted by 90 degrees in order to 
be in phase with the diffracted light (red). In DIC microscopy, two slightly separated waves 
illuminate the specimen and are recombined in the back focal plane. The phase contrast is achieved 
at the edges. 

For more complex objects, phasor diagrams can be used to illustrate the object 
wave and the diffracted wave. By phase shifting only the diffracted wave by 90 
degrees (positive phase contrast) or -90 degrees (negative phase contrast), the 
phase information can be transformed into image contrast. In positive phase 
contrast, features appear dark (like in absorption contrast), and in negative phase 
contrast they appear bright. Taking the phase shift into account, Eq. 2.17 becomes 

 
  

   P(x,y) = 1 + !(x,y).  (2.18) 

The phase shift is achieved by illuminating the sample with an annular ring 
condenser and inserting a corresponding phase-shifting ring in the back focal 
plane. This phase plate is also made slightly absorbing, for optimal contrast. The 
diffracted wave will be spread over the entire back focal plane, and only parts of 
this wave will be phase shifted. This leads to artifacts called shade-offs or halos, 
since large structures that do not diffract the wave very much will be phase shifted 
together with the undiffracted light. Another drawback of the technique is that the 
illumination cannot match the numerical aperture of the objective, leading to a 
resolution that is not optimal. 
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2.3.2 Differential-interference contrast (DIC) 

In this phase-imaging technique, two mutually coherent waves that are slightly 
separated and usually phase shifted in relation to each other, illuminate a specimen 
and are recombined in the back focal plane to produce an image. It was developed 
by a polish physicist named Georges Nomarski, and therefore it is also called 
Nomarski interference contrast [29]. The separation is called the shear, shown as 
!u in Fig. 2.5, and is in the order of the resolution of the imaging optic. The sliding 
Wollaston prism introduces the bias phase shift between the two waves, and is 
usually set so that the background, when no object is present, is at average image 
intensity (rather than dark). In the visible region, DIC imaging is a very important 
imaging technique with high-resolution, and since different wavelengths experience 
different phase shifts, images are usually very colorful. The bias can be adjusted to 
optimize contrast, as well as the two polarizers [30]. 

Schlieren, Dark-field, DIC and Zernike phase contrast are illustrated in Fig. 2.6 
together with the corresponding Fourier space manipulations. For the Schlieren 
case, half of the Fourier frequencies were set to zero and the dark-field image was 
calculated by setting the center of the Fourier space to zero. For the DIC image, a 
sinusoidal function was multiplied with the Fourier components (see Chapter 4) 
and the Zernike image was calculated by phase shifting the center area by 90 

Figure 2.6.  Illustration of different phase-contrast imaging techniques, Fourier product and 
phase image. (a) Schlieren photography, (b) Dark-field microscopy, (c ) DIC and (d) Zernike 
phase contrast. 

a b

c d
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degrees, so this image shows positive phase contrast. While DIC and Schlieren 
contrast are proportional to the derivative of the phase in one direction, Zernike 
and dark-field imaging are directly proportional to the phase of the object (in all 
directions).  

Each of these techniques, originally developed for optical microscopy, have been 
implemented in x-ray microscopes. This can be done by manipulating the back 
focal plane or by integrating the manipulator with the optic. This is outlined in 
Chapter 4. First, a general description of x-ray microscopes will be given.  
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Chapter 3 

X-Ray Microscopy 

Most microscopes consist of a source, at least one optic for illumination, and an 
imaging objective combined with some type of detector. This is also the case for x-
ray microscopes, which can be run in either scanning or full-field mode. An 
overview of current research in x-ray microscopy is given in Refs [31, 32]. In 
scanning mode, a coherent source with high brightness is needed for the scanning 
spot to be diffraction-limited, and a transmitted or scattered signal can be 
measured [33]. In full-field mode, an incoherent source is preferred to avoid 
speckles in images, and a transmission signal is measured. The optical arrangement 
of a full-field x-ray microscope is shown in Fig. 3.1. Since the work in this Thesis 
concerns x-ray microscopes working in this mode, it will be covered in more detail. 
Each section below deals with each of the components of such a microscope: 
source, condenser, sample stage, objective and detector. 

 
Figure 3.1. Experimental arrangemet of a standard transmission x-ray microscope. The order-
sorting aperture (OSA) selects the correct order from the condenser. 

!"#$%#&%'
()*+,-%#*'./,&*"0 1%*%-*"'2.30/% 456%-*)7%428

2"9'-%



18 CHAPTER 3. X-RAY MICROSCOPY  
 

3.1 X-ray sources 

An x-ray microscope needs an intense source in order to be practical for imaging. 
The important parameters are source size and spectral bandwidth, which have been 
combined in the terms spectral brilliance or spectral brightness, defined as 

  [photons /(time ! steradian ! area ! bandwidth) . This section briefly summarizes 
available x-ray sources for x-ray microscopy. A number of x-ray sources are 
compared in Fig. 3.2.  

Figure 3.2. A comparison of current x-ray sources. The water-window is marked in grey. Note 
that future improvements of laser plasmas (dashed) are expected to approach synchrotron 
brightness. 

3.1.1. Synchrotron radiation 

Most x-ray microscopes use synchrotron radiation as a light source. A brief 
description of the properties of this source will follow, for a more extensive 
presentation, see Refs [16, 34].  

In a modern synchrotron radiation facility, electrons are accelerated and injected 
into a storage ring. Radiation is generated either at corners of the storage ring, by 
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bending magnets, or by insertion devices (wigglers or undulators) used in the 
straight sections of the storage ring. All three devices use magnetic fields to 
accelerate the electrons, but produce radiation with different bandwidth and 
angular emittance. The magnetic fields cause the electrons to oscillate, producing 
dipole radiation, and the relativistic speed contracts the beam in the forward 
direction into a cone. Bending magnets produce a broad spectrum and therefore 
have the lowest brightness (c.f., ALS BM in Fig. 3.2). They are characterized by the 
critical photon energy, defined as the energy at which the spectrum is divided into 
two parts with equal power, given by 

 
   
Ec(keV ) = 0.6650Ee

2(GeV )B(T),  (3.1) 

where B is the magnetic field strength and E
e
 is the electron energy. Wigglers and 

undulators are periodic magnetic structures that force the electron to take a near 
sinusoidal path. The type of radiation depends on the magnetic deflection parameter, K, 

 

   
K =

eB0!u

2"mec
,

 
(3.2) 

where e is the charge of the electron, B0 is the magnetic field strength of the 
device, !

u
 is the period of the magnetic structure, m

e
 is the mass of the electron 

and c is the speed of light. Wigglers have    K ! 1 and the stronger magnetic field 
and long period makes the pattern non-sinusoidal. This creates high-harmonics in 
the spectrum that merge and form a quasi-continuum in frequency space. 
Undulators have K < 1 making the deflections smaller and therefore more 
sinusoidal. The number of high-harmonics is lower and the spectrum is more 
narrow-band, making the spectral brightness higher than for a wiggler, although 
the photon flux and photon energies are lower. A wiggler and an undulator 
installed at the Advanced Light Source (ALS) are included in Fig. 3.2 for 
comparison. 

In a free-electron laser, similar periodic structures are used but over much longer 
distances [35]. This causes bunching of the electrons and the generation of self-
amplified stimulated emission (SASE) of the radiation. It is therefore more spatially 
coherent and the spectral brightness can be intensified by many orders of 
magnitude. There is much hope that single molecule, x-ray coherent diffraction 
experiments can be done with these sources [36]. 

3.1.2 Laboratory x-ray sources 

By far, the most common type of laboratory x-ray source is the electron-impact 
source developed by Röntgen [12]. Electrons are accelerated in an electric field, 
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and when they impact on a material, the deceleration causes the emittance of 
Bremsstrahlung radiation in addition to material-specific line radiation [16]. The 
brightness is low, but a reasonable photon flux can be achieved by using a rotating 
anode or a liquid metal jet [37]. Although possible for hard x-ray microscopes, 
there exist few high-brightness sources of this type in the water-window. The 
exception is a recently demonstrated technology of using a water jet as the electron 
target [38]. Higher brightness soft x-ray sources can be achieved by a plasma. A 
plasma is a state of matter that occurs at very high temperatures and consists of 
highly ionized atoms and electrons that can be generated by strong electric fields. 
The electric field heats a material and the radiation that is produced can be seen as 
that of a black body, following Wien’s displacement law 

 

  
! = 2.898 "10#3[m "K ]

T  
(3.3) 

where T is the temperature of the plasma, required to be millions of degrees for 
soft x-ray generation. Radiation is emitted in a broad spectrum by Bremsstrahlung 
from free electrons interacting with, and recombining with, ionized atoms. In 
addition, line emission is achieved from bound electron transitions within the ions. 
The line emission is much more interesting for x-ray microscopy purposes, since 
the spectral brightness is higher, and by choosing the target material and the 
spectral line, the source wavelength can be tailored. The blackbody temperature 
should match the desired spectral line, which in turn is determined by the intensity 
of the electric field. The electric field can be created by using a focused, pulsed 
laser. In this case, the laser wavelength has a certain influence on the source 
brightness, where shorter wavelengths can penetrate deeper into the plasma 
without being reflected and therefore produce more flux [16]. By using a liquid jet 
or droplet target, damaging debris is mitigated and a high average power is possible 
[39, 40]. This makes laser-produced plasmas attractive as laboratory sources for x-
ray microscopy due to the lower cost and increased availability of such an 
instrument, compared to a synchrotron. The possibility of high brightness is 
possible, due to the regenerative nature of the liquid jet. An alternative to using a 
laser is to use a high current pulse over a short distance in a gas cell, which creates 
a discharge plasma [41]. The plasma is initially of low density, due to the target, but 
the current will produce a magnetic field that compresses the plasma, thereby 
increasing its density and temperature. For this reason, these sources are often 
referred to as pinch-plasma sources [42]. They usually have a larger size than laser 
plasmas, but the lower cost and available knowledge from similar EUV sources has 
made this into a popular technique. A number of commercial suppliers sell pinch-
plasma sources for the soft x-ray region, and laboratory microscopes using this 
source are also in use [43]. 
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Other laboratory sources include x-ray lasers [44] and high-harmonic generation in 
lasers [45], but a full analysis of these sources is beyond the scope of this Thesis. 

3.2. Condenser optics 

Plasma sources emit radiation in all directions and synchrotron light is emitted in a 
cone, so in order to utilize all the available photons, suitable condenser optics must 
be used. It was also shown in Chapter 2, that the numerical aperture of the 
condenser plays an important part in the resolution of a microscope. It can also act 
as a monochromator, in order to avoid chromatic aberrations from the imaging 
optic. However, x-ray optics are inefficient so in order to maximize flux on the 
sample, only one condenser optic is usually used. This optic images the source 
onto the sample, in what is called critical illumination [20]. In addition, the central 
area of the condenser is masked by a central stop, producing a hollow-cone 
illumination. This is essential when using diffractive optics as imaging objectives, in 
order to avoid light intensity from the strong 0th order on the detector.  

One can use a diffractive optic, or zone plate, for condenser, or a mirror. A zone 
plate has a wavelength-dependent focus, and by using an order-sorting aperture 
(OSA, see Fig. 3.1) the radiation is spectrally filtered. The mirror-reflectivity is 
achieved either by using the strong grazing incidence reflection (Kirkpatrick-Baez 
mirror [13] or Wolter mirror [46]) or by a multilayer deposition so that each layer 
reflects radiation that fulfills the Bragg condition,   m! = 2d sin" , d being the 
multilayer period and * the grazing angle. The material of each layer should have 
alternating high and low $, to maximize the reflectivity, and low absorption. The 
reflectivity of each layer is given by modifying the Fresnel equation and making use 
of the low $ and % 
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(3.4) 

By using hundreds of layers and the appropriate materials, the theoretical 
reflectivity may reach up to 20 % in the water-window [47]. However, the 
difficulties in manufacturing this type of optic on large substrates, the extreme 
wavelength-matching requirements and the interdiffusion of the layers and their 
roughness causes the reflectivity of real multilayer mirrors to be in the range of a 
few percent for large substrates [48]. Monochromatic radiation is achieved by the 
Bragg condition in combination with the many layers, so that the bandwidth of the 
mirror is equal to the number of layers. 
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An alternative to both mirrors and zone plates are capillary optics. They have 
successfully been installed in a number of x-ray microscopes [49] and are available 
from commercial suppliers [50]. Capillary optics also use the grazing incidence 
reflection of x-rays, which yields a high reflectivity, and can be polycapillaries 
(multiple bounce) or a single monocapillary (single bounce). The main disadvantage 
is their relatively low collection efficiency, and that an additional monochromator is 
necessary. 

3.3. X-ray diffractive optics 

The extremely low phase shift at x-ray wavelengths in combination with the often 
relatively high absorption makes it difficult to design x-ray optics for high-
resolution imaging. Conventional lenses are difficult to implement unless the 
absorption is low and a multiple of lenses with high curvature are used. For soft 
x-rays this is not possible due to the high absorption, but for hard x-ray imaging 
the work on such compound refractive lenses has shown progress in recent years, 
reaching 50 nm resolution [51]. 

3.3.1. Fresnel zone plates 

A more widely used imaging optic in x-ray microscopy are Fresnel zone plates, 
where diffraction is used to focus light and therefore the low refractive index has 
little or no importance. A Fresnel zone plate is shown in Fig. 3.3. It is a circular 
grating where the grating period decreases radially in such a way that the diffraction 
orders from each zone add up coherently. This is achieved when all of the 
diffracted rays are in phase, i.e. the optical path difference is !/2 between adjacent 
zones, opaque and transparent. The relation between zone radius and focal length 
can be written as [16] 

 

   
rn

2 = m2n2!2

4
+mn! fm,

 
(3.5) 

where fm is the focal length of the m:th order and n is the zone number. Since, at 
x-ray wavelengths, 

    
n! / 4 ! fm , the first term is dropped. From this relation, a 

number of other relations that are relevant to zone plate imaging can be derived.  

The diameter is given by 

    D = 4N!r,
 

(3.6) 

where &r is the outermost zone width and N the number of zones. The focal 
length, 
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Figure 3.3. The principle of a Fresnel zone plate. A focus is achieved if the 1st diffraction order 
from each zone can be added in the focus. 

 

 
f = D!r

m"  
(3.7) 

depends on the wavelength, making zone plates chromatic. Note that m is usually 
one, but is included here to cover high-order imaging. The amount of chromaticity 
depends on the number of zones and in order to avoid aberrations, the bandwidth 
of the source should fulfill the condition 

 

  

!
"!

# N $m.
 

(3.8) 

The Rayleigh resolution of Eq. 2.10 is given by 

 

   
res =

2k1!r

m
,
 

(3.9) 

where k
1
 is given by Fig. 2.3. It is seen that the theoretical resolution of an x-ray 

microscope is proportional to the outermost zone width. This makes the 
fabrication of zone plates a crucial task and much progress is driven by new 
technologies in nanofabrication. Recent work include sub 10 nm resolution in a 
scanning x-ray microscope using a double patterning technique [52] and 13 nm 
outermost zone width zone plates [53]. In Ref [54] an overlay technique was used 
in the fabrication process, and a resolution of 12 nm was achieved in a 
transmission x-ray microscope. 
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When imaging thick samples, it may be necessary to know the depth-of-focus of 
the objective. It is defined as the distance over which the psf intensity is kept above 
80% of its maximum value [20]. It can be calculated as 

 

   

DOF = ± !
NA

obj

2
= ± 2"r
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2

.
 

(3.10) 

Apparently, when trying to achieve higher resolution, the allowed thickness of the 
sample decreases. This is a problem for soft x-ray tomography, where the 
resolution of cell-sized objects (~10 µm) is limited by the DOF. In practice, Eq. 
3.10 is a rather harsh condition. Large features may be resolved over much longer 
distances. In addition, by violating the requirement on the number of zones, the 
resulting chromatic aberrations extend the DOF [55] 

 
Figure 3.4. A zone plate can be viewed as a hologram, formed by two point sources. The 
sources interfere and create a hologram pattern, which can be binarized into a zone plate. The 
ideal pattern and the binary zone plate pattern are overlaid, with the zone plate pattern in light 
grey. 

One can also view the zone plate as a hologram, achieved by the interference of 
two point sources. This will produce an ideal, continuous pattern, and the zone 
plate is achieved by making the pattern binary, which also results in the appearance 
of multiple orders. This principle is shown in Fig. 3.4. 

From this point-of-view, it can be realized that any form of focus can be achieved 
from a zone plate with the correct phase, and these optic are referred to as 
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diffractive optical elements (DOEs). Such an optic was developed as a 
phase-contrast optic, described in Paper 2 and 4, where two slightly separated 
points interfere with another point source to produce the zone plate pattern of a 
DIC zone plate.  

3.3.2. The compound zone plate 

As seen in Eq. 3.9, the resolution of a zone plate scales with its diffraction order m, 
but its efficiency decreases. The diffraction efficiency of a zone plate with opaque 
zones is given by [16] 
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(3.11) 

An even higher efficiency can be achieved by making the opaque zones 
transparent, but phase shifting. The phase shift is proportional to the zone height 
and therefore, so is the efficiency. Even orders cancel each other when adjacent 
zones have the same width, and although a three times higher resolution can be 
achieved when using a zone plate in the third order, the efficiency is nine times 
lower. To increase the efficiency while maintaining the resolution, a compound 
zone plate can be used.  

A compound zone plate combines multiple diffraction orders, e.g. the first and 
third, to achieve a reasonably efficient optic with high resolution. The working 
principle is shown in Fig. 3.5. The third-order zone plate has a three times larger 
diameter than the 1st order zone plate, and the total efficiency can be estimated by 
adding the efficiencies and scaling with the area of each part. The result is a 
diffraction efficiency of 2.1%. This is higher than for a zone plate used only in the 
third order, but the mayor benefit of a compound zone plate is that the inner part 
can be used for low-resolution imaging, finding the sample and focusing on it, and 
the outer part contributes to higher spatial frequencies at longer exposure times. 
Paper 6 describes an experiment where such a compound zone plate was used and, 
after mitigating stray light produced by non-imaging orders, 25 nm half-period 
resolution was achieved using a zone plate with an outermost zone width of 50 nm.  

3.3.3. Stray light 

The multiple and also negative orders of a zone plate may produce a stray light 
background in images if not taken care of properly. Stray light degrades the 
contrast and hence also the signal-to-noise ratio, and therefore lead to longer 
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Figure 3.5. The principle of a compound zone plate. The outer part is used in third-order 
imaging, and the inner part is used in its 1st order. The result is a high resolution optic with 
reasonable efficiency. 

exposure times. Longer exposure times increase the deposited dose on the sample 
(see Chapter 4) and should be avoided. 

A non-imaging order will produce stray light on the detector if illuminating rays are 
heading toward, or from, the focal point of that order. These rays must be off-axis 
in the sample plane and therefore the amount of stray light depends on the image 
of the source in the sample plane. The stray light also depends on the focal length 
of the optic, since for short focal lengths the multiple-order foci will be more 
closely spaced and more off-axis rays in the sample plane will be directed to, or 
from, one of these foci. Figure 3.6 shows how off-axis rays heading toward the 
focal point of the objective are diffracted toward the detector by the -1st order and 
Fig. 3.7 shows the dependence of stray light on source size and focal length, 
considering stray light from the -1st order. When using zone plates in the first 
diffraction order, this is the main contributor to stray light, due to the high 
efficiency. The stray light is quantified by dividing the stray light with the image 
light, 

mo=1

mo=3mi=1
mi=3

 

  

s =
Istray

Iimage

,
 

(3.12) 
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and is calculated for the case without object. Clearly, stray light increases with 
source size and for short focal lengths (!r in Fig. 3.7).  

The calculations were carried out using vector-based propagation of rays, following 
[56], taking into account the spherical aberrations of the condenser mirror and 
assuming a Gaussian distribution of the source. The ray-trace calculations can be 
made from the source or from the detector, producing the same result but being 
much faster from the detector. Such stray light investigations were used to 
minimize the stray light when using a compound zone plate in Paper 6. 

To a certain degree, stray light can be mitigated by choosing a larger central stop. 
This limits the off-axis rays in the sample plane to only have large angles to the 
optical axis, but also leads to a smaller collection efficiency of the condenser. In 
terms of signal-to-noise, there is little gain in using a larger central stop, but if 
quantitative image information is required, it may be the only solution.  

A more effective way to mitigate stray light is to use an aperture in the sample 
plane, but this may not always be possible due to space limitations, especially in 
soft x-ray tomography experiments. Note also that stray light is object-dependent, 
and may therefore not simply be removed from images by subtraction. 

Figure 3.6. Illustration of stray light, produced by the -1st order of the zone plate. The central 
ray is heading toward the back focal point of objective, and the two other rays are heading toward 
its vincinity.  
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Figure 3.7. Stray light ratio (s) as a function of source size and outermost zone width. The 
number of zones have been kept constant to 500 (left) and 1000 (right) so the scale on the y-axis 
is proportional to the focal length. A high number of zones mitigates stray light, but may introduce 
chromatic aberrations. 

3.4. The BioX laboratory x-ray microscope 

Laser-produced plasmas on liquid jets were developed [40] and used in the first 
laboratory-scale x-ray microscope [57] at the department of biomedical and x-ray 
physics (BioX). Since then, the microscope has experienced a number of upgrades, 
including the conversion to a horizontal arrangement with dual wavelength 
operation [58]. The current arrangement, with the most recent additions to the 
instrument, will be presented in this section. A schematic is shown in Fig. 3.8. 

3.4.1. Soft x-ray laser-plasma source 

The soft x-ray source is the main difference between the laboratory x-ray 
microscope and a synchrotron equivalence. The plasma source is produced by 
focusing laser pulses onto a liquid jet of either methanol or liquid nitrogen, where 
both materials emit radiation from hydrogen-like K+ lines in the water-window 
(3.37 nm and 2.48 nm). The lower wavelength is better suited for biological 
samples, since the penetration depth is longer, and a longer working distance is 
achieved. The laser is a frequency-doubled Nd:YAG with a pulse length of 3 ns, a 
pulse energy of up to 200 mJ and a repetition frequency of 100 Hz at 532 nm 
wavelength. The spectra of the two target materials are shown in Fig. 3.9, 
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Figure 3.8.  Schematic of the laboratory soft x-ray microscope. The pulsed laser is focused onto 
the liquid nitrogen or methanol jet, creating a plasma. The soft x-rays emitted by the plasma are 
focused onto the sample by the multilayer condenser mirror, and the zone plate objective produces a 
high-resolution image of the illuminated sample on a detector. 

indicating that the laser parameters are well adapted to the line radiation in the 
water-window. The photon flux and source size for the methanol source are 
~5"1011 photons/(pulse"sr"line) and 25 µm full-width at half maximum (FWHM). 
The corresponding data for the nitrogen source are ~1012 photons/(pulse"sr"line) 

and 20 µm FWHM. The bandwidth of these sources is typically !/!!>500 [59]. 
The laser focus has the same size as the liquid jet, near 20 µm, and therefore the 
entire target is highly ionized. This reduces the amount of debris in the source 
chamber, which could potentially damage sensitive optics and coat the laser 
entrance window. A 300 nm thick metal foil filter, placed between the source and 
the sample, removes scattered laser light.  

 
Figure 3.9. Spectra of both target liquids used in the laboratory soft x-ray microscope. The 
utilized peaks are specified with their wavelengths. 
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3.4.2. Condenser optics 

The laboratory x-ray microscope uses multilayer condenser mirrors to image the 
source onto the sample. For the methanol source, chromium and scandium are 
used for the two layers and the peak reflectivity is 4%. It is more difficult to 
fabricate a mirror for the shorter wavelength of 2.48 nm, and this was only recently 
achieved. The mirror for the liquid nitrogen wavelength consists of 413 bilayers of 
chromium and vanadium, with barriers between the layers consisting of B4C. This 
increases the reflectivity to reach a peak value of 0.75%. The diameter and focal 
length of the mirrors are 58 mm and 175 mm, respectively, resulting in a 
magnification of the source to the sample of 1.6". Figure 3.10 shows the measured 
reflectivity of the mirror for different radial positions.  
Due to the low reflectivity of the condenser mirror, an alternative is to use a 
condenser zone plate for the liquid nitrogen wavelength. This was the case for the 
experiments described in Papers 3 and 4. The condenser zone plate had a 
measured efficiency of 11% and a diameter of 4.53 mm. The distance from the 
source was 180 mm and the magnification of the source to the sample was 1". 

 
Figure 3.10. Reflectivity measurements of the actual condenser mirror for 2.48 nm operation as 
a function of wavelength, taken at different radial positions given in the legend. The estimated 
spectral range of the source is given by the grey area. Courtesy of Sergiy Yulin, Fraunhofer 
Institute. 
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3.4.3. Sample stage 

For the experiments presented in Papers 3 and 4, samples were kept in a helium 
environment between two vacuum windows, one of them being the zone plate 
membrane. Therefore, the source and the CCD chambers were separated and the 
sample was easily accessed. This sample stage is described in more detail by 
Takman [58]. Although highly functional, and with the capability of imaging wet 
samples, this sample stage could not be implemented with cryo-temperature 
specimens, which is necessary in order to avoid radiation damage in biological 
samples (c.f. Chapter 4). A new sample stage capable of handling such specimens 
was implemented by modifying a transmission electron microscopy stage to our 
imaging geometry. When a sample has been prepared it is placed on a temperature-
controlled transfer holder, which is positioned in the vacuum chamber via a side-
entry load-lock device. This can be done without venting the chamber. At least one 
hour before a sample is positioned, a copper shield surrounding the sample 
environment is cooled to liquid nitrogen temperatures to avoid residual water 
vapor in the chamber. Well in place, the sample is positioned by computer-
controlled, motorized positioners, and rotation for tomography purposes is done 
by a goniometer. Visual inspection can be made by tilting the sample 90° and 
observing it from above with an optical microscope.  

3.4.4. Sample preparation 

Sample preparation is crucial for achieving high reliability in microscope images 
and is particularly important for cryo specimens. The sample holder uses 
standardized grids that have been prepared with a thin carbon film. The carbon 
film is hydrophobic, and since biological specimens are kept in water, the grids are 
etched by an oxygen plasma to make them hydrophilic. A thin specimen film can 
now be obtained on the grid, but it must be 10 µm or thinner in order for the 
penetration of the x-rays to be sufficient. The grids are therefore blotted and then 
instantaneously plunged into liquid ethane. Liquid ethane is used since it remains 
liquid in a large temperature range, plunging in, e.g., liquid nitrogen would create an 
air pocket around the sample, which makes the freezing procedure inefficient. The 
time between blotting and plunging is crucial to sample preparation. If it is too 
long, the thin water film will evaporate, leaving a dry sample.  

3.4.5. Imaging optics and detector 

The illuminated sample is magnified by a zone plate objective, which may have 
different parameters. The outermost zone width is either 30 nm or 50 nm, and the 
diameter between 50 and 100 µm, which determines the focal length. The 
magnification is given by the focal length and the spatial limitations of the 
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laboratory. In the current arrangement, the maximum distance from objective to 
detector is ~1.6 m. The maximum magnification is then simply M = 1600/f, where 
f is the focal length of the objective in millimeters. In addition to conventional 
zone plates, phase-contrast zone plates and compound zone plates have been 
implemented. The phase-contrast optics are described in Chapter 4. 
The image is collected by a back-thinned, back-illuminated charge-coupled device 
(CCD) which is cooled to -30 °C. This is necessary for achieving an efficient 
detector with low noise.  

3.4.6. Microscope performance and image examples 

Resolution test targets were manufactured in gold with a thickness of ~100 nm. 
Using the 30 nm zone plate, a resolution of 25 nm half-period was achieved. Figure 
3.11 shows the image of a Siemens star, with 25 nm lines in the center. As seen, the 
resolution is not uniform in all directions, which is probably due to vibrations in 
the system. A CTF (contrast transfer function), measured from the Siemens star 
image, is also shown together with the theoretical MTF. Although the performance 
is not quite diffraction-limited, the results show that the microscope is capable of 
sub-optical resolution, and produces high-quality images. The resolution test target 
images were acquired with the new sample stage, used for tomographic imaging.  

 
Figure 3.11. (left) A resolution test target (Siemens star) imaged by the x-ray microscope. The 
innermost, 25 nm, lines are resolved in one direction. (right) Measured contrast transfer function 
(CTF) compared to the theoretical transfer function. The microscope is not diffraction limited.  
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Figure 3.12 shows a selection of microscope images. The images in Figs. 3.12a-b 
were taken of parasites (Spironucleus salmonicida (a) and Giardia lamblia (b)) and the 
cell in (c) is a cancerous B-cell of the human immune system. Figure 3.12d shows 
an image of a soil sample, Chernozem, imaged in the wet state. More images and 
details on the work on x-ray imaging of soils can be found in Paper 7. Organells 
within the cells can be visualized by the x-ray microscope, and the cryo sample 
preparation does not seem to damage the samples. 
 

Figure 3.12. (a-c ) Plunge-frozen and unstained biological samples, imaged in the laboratory 
soft x-ray microscope. (a) Spironucleus parasites, (b) Giardia parasite, (c ) human B-cell and (d) 
Chernozem soil sample imaged in the wet state. 
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3.4.7. Future improvements 

The relatively long exposure times of the laboratory x-ray microscope compared to 
synchrotron instruments can be improved by upgrading the laser plasma source 
and by more efficient optics. The regenerative nature of the liquid jet enables kHz 
laser implementation [60]. Such a laser (150 mJ pulses, 1 ns duration, 2 kHz 
repetition rate) is currently being tested, but jet instability issues still need to be 
resolved. The theoretical improvement of the source brightness is 20 times which 
combined with a multilayer mirror with higher reflectivity will yield exposure times 
in the range of a few seconds. This is necessary for making 3D acquisitions 
practical and also for reaching higher resolution, since signal-to-noise is a strong 
limiting factor. Another improvement of the microscope is the modification of the 
sample stage to enable 180 degree rotation of samples, today limited to ±50° due to 
the sample-objective geometry. High resolution imaging of samples thicker than 
the depth-of-focus should also be possible by using special optics [61] or by 
iterative algorithms [62]. 
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Chapter 4 

Phase-Contrast X-Ray Microscopy 

This chapter deals with applications of phase contrast in x-ray microscopy. The 
theoretical background to phase-contrast imaging is presented in Chapter 2. 
Specifically, optics were developed for phase-contrast x-ray microscopy and 
implemented in the laboratory x-ray microscope described in Chapter 3. The 
motivation for the optics and their development will be described. Experimental 
and simulated results will be presented. 

4.1 Radiation damage and dose 

Making use of the phase information for contrast enhancement when imaging 
objects in x-ray microscopy leads to shorter exposure times and thereby lower 
dose. Radiation damage to biological cells is caused by ionization, which can break 
bonds inside the cell and is a serious limitation to the technique. For accurate 
imaging, specimens need to be prepared in order to sustain the radiation. This can 
be done by rapidly freezing a specimen, or by chemical fixation, techniques that 
were developed for electron microscopy. For soft x-ray wavelengths, all known 
chemical fixation techniques lead to high absorption and therefore cryofixation is 
the only available option. This technique was described in Chapter 3. 

Dose calculations for x-ray microscopy were first described by Sayre [63] who 
showed that the dose necessary to achieve a certain resolution d is lower for x-ray 
photons than for electrons. If an object with density ,B and volume d 3  is 
suspended in another material with thickness t, the deposited dose in Gray (J/kg) 
in order to reach a signal to noise ratio of 5 (Rose criterion, see [64]) is given by 

 

   

Dose = 25 !e"µA(t"d)/2 !E
1 " e"µBd( )
#Bd 3

!
Imax " Imin( )
Imax + Imin( )2

,  
(4.1) 
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where E is the photon energy, I 

max/min
 are normalized image intensities between 0 

and 1, and µA/B is given by Eq. 2.3. It can be shown [65] that the dose is 
proportional to one over the feature size to the fourth power. This makes it 
extremely difficult to image samples that are under 10 nm in feature size without 
reaching 1010 Gy, a limit up to which radiation damage is not observed for frozen 
samples [66]. The deposited dose varies over the x-ray spectrum and is different for 
microscopes operating in absorption or phase-contrast modes. A comparison of 
these two modes is shown in Fig. 4.1. The calculations were done for a zone plate 
with 50 nm outermost zone width, with 10 % efficiency, and a feature size of 50 
nm, surrounded by 10 µm of ice. 

  
Figure 4.1. Dose comparison of absorption and phase-contrast modes. Note that phase contrast 
yields a lower dose for the lower wavelength range of the water window and below. Simulations of 
50 nm polyimide structures suspended in 10 µm ice, with 1.35 g/cm3 density and 100 nm in 
thickness and period imaged with an ideal, 50 nm outermost zone width, zone plate. 

Clearly, there are areas in the x-ray spectrum where phase contrast leads to a lower 
dose, especially towards hard x-rays and in the higher energy range of the water 
window. For this reason, there has been a large interest in phase-contrast x-ray 
imaging. 

Zernike x-ray phase contrast was first implemented in the water-window [67], and 
later for hard x-rays [68]. Since then, the technique has become a standard for hard 
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x-ray transmission microscopes [69, 70], and also exists for scanning x-ray 
microscopes [71]. In visible light microscopy, Zernike phase contrast is considered 
to suffer from artifacts, which do not appear in differential interference contrast 
(DIC). DIC imaging also allows for higher resolution. In x-ray microscopy, the 
DIC technique was first implemented by using twin zone plates [72] and later it 
was proposed that a single zone plate could achieve the same result [73]. It should 
be mentioned, however, that the implementation of a wave-shearing zone plate to 
achieve DIC is fundamentally different from the technique used for visible light, 
described in section 2.3. In fact, it was a forerunner to Nomarski-DIC and is 
sometimes referred to as Köhler-DIC or PlasDIC [26, 74]. The following sections 
will outline the work on single-element phase-contrast optics for operation in 
Zernike and DIC phase-contrast modes. 

4.2. Zernike phase-contrast x-ray microscopy 

As described in Chapter 1, Zernike phase contrast is achieved by phase-shifting the 
undiffracted light by 90 or 270 degrees, enabling it to interfere with the diffracted 
light and produce phase contrast. This is done in the back focal plane by a slightly 
absorbing phase plate. In a soft x-ray microscope, the implementation of such a 
phase plate is more complicated. The short focal length (500-2000 µm) of zone 
plate objectives makes the alignment difficult, and usually space is very limited. 
Furthermore, materials that provide 90 degree phase shift and ~80% transmittance 
do not exist, and a lower transmittance and/or phase shift must be accepted 
(optimized phase contrast in Ref [75]). Therefore, it is advantageous if the phase 
plate can be integrated with the zone plate. Figure 4.2 shows the difference 
between the two techniques, and the problem that occurs with the approximation 
of integrating the back focal plane with the zone plate itself. An off-axis ray (red) in 
the sample plane will be focused at the same point as an on-axis ray in the back 
focal plane, if they have the same direction. On the zone plate however, off axis 
rays may miss the phase-shifted zones, which impairs the effect. By choosing a 
sufficiently large phase-shifting ring, a 5 µm diameter field-of-view with Zernike 
phase contrast can be achieved. It is a trade-off between achieving a contrast effect 
in a large area and minimizing the artifacts, which increase with the size of the 
phase ring.  
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Figure 4.2. The principle of a Zernike zone plate. Rays on the optical axis will be diffracted in 
a straight path after the zone plate, and therefore the phase plate can be integrated into the zone 
plate pattern to produce an equivalent effect. However, off-axis rays that would hit an annular 
phase plate will not hit the phase-shifted area on the zone plate. The result is that the Zernike 
phase-contrast effect is only visible in the center of field-of-view.  

The integration of the phase plate with the zone plate is relatively straightforward. 
A phase shift of 90 degrees results in a translation of the affected zones by a 
quarter period, and this is done to the area of the zone plate directly illuminated by 
the condenser, for points near the optical axis. Figure 4.3 shows Zernike zone 
plates for both positive and negative phase contrast. Note that there is an 
inconsistency in the nomenclature of the positive and negative phase-contrast 
optics, since the opposite contrast effect is achieved when phase shifting in the 
x-ray regime (due to the index of refraction being smaller than one). If the 
undiffracted rays are phase shifted by 90 degrees (positive phase contrast) the 
effect with x-rays is that of negative phase contrast in the visual. Both Refs [68] and 
[76] name the modes after the positive or negative phase shift, and this is also done 
in this Thesis. No additional alignment is necessary when using this single-element 
phase-contrast optic, although the focal length is fixed as well as the phase shift. 

A Zernike zone plate for positive Zernike phase contrast was manufactured and 
implemented in the laboratory microscope using the condenser zone plate 
described in Section 3.4.2. Since this optic is already annular, no masking was 
necessary. The laser plasma source was run at 2.48 nm wavelength and the Zernike 
zone plate had an outermost zone width of 50 nm and a diameter of 75 µm. Figure 
4.4 shows experimental results from the microscope as well as simulations for 
absorption contrast, positive Zernike phase contrast and negative Zernike phase 
contrast. The image formation simulations were carried out using the method 
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described in Paper 1, and phase shifts the undiffracted light in the Fourier plane, i.e 
not on the zone plate. The microscope image shows that the phase-contrast effect 
is only seen in the center of the field-of-view, and both shade-off and halo artifacts 
are displayed. The simulations scale the image intensity with the number of counts 
expected for a 6-minute exposure, and add corresponding Poission noise to allow a 
fair comparison with the experimental results. It is clear that the Zernike zone 
plates yield better contrast for the object, a grating with 80 nm nickel lines 
(simulation and experiment), especially in negative phase-contrast mode. However, 
the effect is clearer for the positive phase-contrast mode, since the contrast is 
inverted compared to absorption contrast. The experiment is described in more 
detail in Paper 4. 

Figure 4.3. Illustration of a negative Zernike zone plate (left) and a positive Zernike zone 
plate (right). The area of the zone plate (in grey), where the undiffracted rays hit the condenser, is 
phase shifted by a quarter period.  

It is often desired to reconstruct the phase into an absorption map, in order to, e.g, 
find the correct projections for a tomographic reconstruction [77]. The phase 
effect is proportional to the optical path length (OPL), defined as  OPL = n !d , 
where d is the path through an object with index of refraction n. Therefore, the 
image intensity does not only scale with the object thickness. Artifacts that appear 
in all Zernike phase-contrast images makes this phase-mapping difficult, and the 
additional off-axis effects that appear with a Zernike zone plate do not alleviate the 
problem. It would therefore be beneficial with a phase-contrast technique that can 
be modeled in a straightforward mathematical way. Differential interference 
contrast has potential of achieving this, and its implementation will be described in 
more detail in the following section. 
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Figure 4.4. (a)  Image acquired using the laboratory x-ray microscope and a Zernike zone plate 
in positive phase-contrast mode. The phase-contrast effects appear in the center of field-of-view, as 
explained in Fig. 4.2. (b-d)  Simulated images of the same 80 nm lines as imaged in (a)  but in 
absorption (b), negative Zernike phase contrast (c ) and positive Zernike phase contrast (d). The 
negative phase-contrast mode yields superior contrast, but the Zernike phase effect is most clear in 
the positive phase-contrast mode. 

4.3 Differential interference contrast x-ray 
microscopy 

The theory behind the development of the single-element optic producing DIC is 
presented in detail in Paper 2. It is based on constructing a psf with a shear and a 
bias, finding its aperture function and implementing the phase of the resulting 
aperture function into the zone plate pattern, creating a DOE. It is shown that in 
order to produce a shear smaller than the resolution of the optic, a single phase cut 
in the optic is needed. The phase cut is made in one direction, at a predetermined 
position, and inverts the zone plate pattern on one side (180 degree phase shift). 
An illustration of the optic is given in Fig. 4.5.a. The fundamental difference 
between this DIC technique and that of Nomarski DIC (where a compensator and 
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a sliding Wollaston prism is used) is that a certain degree of coherence is needed in 
the object plane. Two points in the object plane that are separated by the shear, 
must be sufficiently coherent with respect to each other in order to interfere in the 
image plane. It is argued in Paper 2, that a suitable arrangement is setting m=0.5 
(defined in Eq. 2.9) and placing the phase cut at half of the radius. 

Figure 4.5b shows how the bias (phase shift) and shear (spot separation) depend 
on the phase cut placement. For a shear smaller than the resolution, the phase cut 
should be placed at dcut>0.5r , r being the radius of the optic. The resulting bias will 
be about -/3. 

  
Figure 4.5.  (a)  Illustration of a side-cut DIC optic. The pattern is inverted on the right side 
of the phase cut, corresponding to a 180 degree phase shift of the zones (b)  The placement of the 
phase cut affects the shear (line, right scale) and the bias (dash, left scale). 

In analogy with the Zernike zone plate, imaging with the DIC optic can be 
simulated using the method for partially coherent image formation. As with the 
Zernike case, the simulation models the phase cut to be in the back focal (Fourier) 
plane. The integration of the phase of the aperture function with the zone plate 
pattern affects off-axis points, since they will produce a different psf, and therefore 
see a different aperture function. Figure 4.6 compares the psfs of an on-axis point 
and two off-axis points, for the DIC side-cut optic. The psf does not change 
noticeably over a 20 µm field-of-view, and this makes the phase-contrast effect 
visible over the entire image.  
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Figure 4.6.  Simulated psfs for on-axis and off-axis points. The shear does not change over 20 
µm, only a difference in the ratio of the two peaks is seen. 

A DIC side-cut optic was fabricated in nickel and tested in the laboratory 
microscope. It had a diameter of 75 µm and an outermost zone width of 50 nm. A 
test object in the form of a Siemens star, also fabricated in nickel, with 100 nm 
lines in the center, provided approximately -/3 phase shift, suitable for effective 
phase contrast. Figure 4.7 shows the result. The exposure time was 5 minutes and 
the phase contrast is visible as a shadow effect of the Siemens star spokes, in one 
direction. The effect is visible over the entire field of view but is stronger for 
spatial frequencies corresponding to the spot separation, which is seen more clearly 
in the insets of the figure.  

The use of phase optics in the water-window can increase contrast and lower the 
dose but a much larger improvement in x-ray imaging can be achieved for hard x-
rays. The same MATLAB code used to calculate the images shown in Fig. 4.4 was 
used to compare the performance of three different phase-contrast optics, at an 
energy of 5 keV. The result is shown in Fig. 4.8, where (a-d) shows images of a 
Siemens star for a normal zone plate (4.8a), a side-cut DIC optic like the one used 
in Fig. 4.7 (4.8b), a negative Zernike zone plate (4.8c), and a positive Zernike zone 
plate (4.8d). The Siemens star is made of 100 nm of gold. As seen, the pure 
absorption image shows very low contrast, but the performance for the phase 
optics is better. The DIC optic does not produce as high contrast as the Zernike 
case, but the amount of artifacts is lower. For comparison, the grey scale is equal in 
all images. Figure 4.8 e-f shows a comparison for a cell model (10 µm diameter, 3 
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µm nucleus with 10 nm cell membrane, and 100 nm diameter organelles, all 
consisting of Mylar but surrounded by ice) for the DIC optic and for the negative 
Zernike zone plate, also simulated at an energy of 5 keV. This shows that phase 
optics can be used to image biological samples at this energy (the result for a 
normal zone plate is pure noise). All images were calculated for the same exposure 
time, but the cell images have a different contrast setting (and therefore more noise 
due to lower object contrast). 

In summary, the phase-contrast optics were shown to be successful in achieving 
increased contrast for the water-window and simulations indicate that there will be 
a drastic improvement in contrast at higher energies. The implementation of both 
optics is straightforward, but the design must be adapted to a specific optical 
arrangement and parameters such as the shear and bias for the DIC optic, are 
fixed. Nevertheless, the optics are promising for phase-contrast imaging in the 
entire x-ray range. 

 

 

Figure 4.7. Images acquired with the laboratory microscope, using a normal zone plate (a) and 
using the side-cut DIC optic (b). The DIC phase contrast is exhibited by a shadow effect of the 
Siemens star spokes and by the contrast in the center, where the spoke width is 50 nm.  
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Figure 4.8.  Simulated images at 5 keV of a Siemens star (a-d) and a cell model (e -f ) using a 
normal zone plate (a), a side-cut DIC zone plate (b ,e ), a positive Zernike zone plate (c ,f ) and a 
negative Zernike zone plate (d). While the absorption image shows low contrast, the phase optics 
perform better for the two objects, illustrating the potential for these optics at this energy. 
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Chapter 5 

Soft X-Ray Tomography 

The high penetration capability of x-rays makes it possible to image entire cells, 
and the natural contrast in the water-window enables cells to be imaged in their 
natural environment, without staining. This opens the possibility of finding the 
three-dimensional structure of biological samples by acquiring multiple images at 
different projection angles and reconstructing a 3D image by computed 
tomography. This Chapter describes the theory behind computed tomography and 
presents results from the laboratory microscope. 

5.1 Reconstruction algorithms 

The theory connecting a set of projections of an object with its full 3D volume 
image is described thoroughly in Refs [78, 79] and assumes straight projections 
through the object. The technique is well established and is used extensively for 
hard x-ray imaging of the human body. The adaptation to x-ray microscopy 
involves a number of steps. First and foremost, projections need to be aligned. 
This is most accurately done if landmarks such as gold particles in the object 
structure can be utilized. Furthermore, image intensities need to be corrected in 
order to compensate for variations in the source intensity and for non-uniform 
illumination. X-ray image intensities do not scale linearly with the absorption 
coefficient of the sample and therefore one must assume or measure an incident 
intensity I

0
 and calculate the projected density, D* 

, from the projection image 
intensity I* by  

 

   

D! = " log
I!
I0

#

$
%

&

'
(  (5.1) 

The noise in the projected densities are then usually reduced by a low-pass filter or 
wavelet-based methods [80], before the reconstruction can begin. Two algorithms 
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used in this Thesis work, the filtered back projection (FBP) and the simultaneous 
iterative reconstruction technique (SIRT) are described in the following sections. 
The Fourier slice theorem is the foundation of FBP, and will therefore first be 
derived. 

5.1.1 Fourier slice theorem 

In short, the Fourier slice theorem states that the Fourier transform of a 2D 
projection is the same as the Fourier transform of the object taken along a plane 
perpendicular to the projection path, see Fig. 5.1. This is valid if the projection 
angles are parallel. The projection image of a sample, f (x,y), taken at an angle * can 
be described mathematically by [78] 

 

  

P!(t) = f (x,y)ds,
line(!,t)
"  (5.2) 

where t is the transverse distance of a projection at an angle * and s is the 
integration length through the sample. The integral can be taken over infinite limits 
if a delta function is used, resulting in the radon transform, or sinogram, of f (x,y), 

 

  
P!(t) = f (x,y) " # x cos! + y sin! $ t( )

%
&& dxdy,  (5.3) 

since the line describing the path through the object can be expressed as x cos* + 

y sin* = t. Figure 5.1 illustrates two such projections of the sample. Taking the 
Fourier transform of the projection (Eq 5.3) yields 

 

  

S!(w) = f (x,y) " # x cos! + y sin! $ t( )
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and substituting (x,y) for coordinates (t,s) corresponding to the projection angles, 
Eq. 5.4 simplifies to 

 

  

S!(w) = f (t,s)ds
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(5.5) 

By changing the order of integration and substituting back to (x,y) coordinates, it 
is seen that the Fourier transform of P* (t) yield the Fourier components of 
F (u,v), the Fourier transform of f (x,y), at an angle *. Mathematically, 

 
   
S!(w) = F w cos!,w sin!( ) = !F(w,!).  (5.6) 
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Figure 5.1. The Fourier slice theorem. Two projection images, taken at *
1
 and *

2 , yield two 
lines in the Fourier transform of the object, shown in the left image.  

As seen in the Fig. 5.1, the sampling in Fourier space by the multiple projection 
images is less dense for high frequencies than for low, since, in practice, only a 
finite number of projections can be acquired. The missing information can be filled 
in by a linear interpolation of the nearest values or by using the filtered back-
projection technique. However, the error in the reconstruction increases for high 
frequencies, which somewhat degrades the resolution in the 3D reconstruction. 
The smallest period that can be reliably reconstructed is set by the Crowther 
resolution criterion, 

   res = !" #D,  (5.7) 

where D is the diameter of the sample and !* is the angle increment, valid for any 
reconstruction technique.  In Paper 6, the achieved resolution in a tomogram was 
examined by comparing two independent reconstructions through their differential 
phase residual (DPR). The result was close to the Crowther resolution criteria of 
Eq. 5.7. 
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5.1.2 Filtered back-projection 

The most common reconstruction algorithm for computed tomography is the 
filtered back-projection (FBP), or weighted back-projection (WBP). It produces 
accurate results, given an adequate number of projections, and allows a fast 
computation time. It was used in Paper 5 for the reconstruction of a diatom, and a 
resolution of 140 nm was measured. The derivation is made from the Fourier slice 
theorem and starts with the inverse Fourier transform of    

!F(w,!)  in polar 
coordinates, given by 

 

    

f (x,y) = !F(w,!)exp i2"w(x cos! + y sin!)( )
!#(0,2" )
w#(0,$)

%% wdwd!  (5.8) 

By substituting Eq 5.6 into 5.8, it is seen that the reconstruction is given as the 
integration over * of the inverse Fourier transform of S* (w) weighted by w.  

 

  

f (x,y) = Q(w,!)d!
!"(0,# )
$

Q(w,!) = S!(w) |w | exp(i2#wt)dw
%&

&

$
 

(5.9a) 

 

(5.9b) 

The weight function can be seen as a ramp filter in Fourier space of the projection 
and the sum can be seen as a back-projection. This explains the name of the 
reconstruction algorithm, since the procedure can be seen as a smearing of each 
filtered projection over the image plane. The implementation of this algorithm to a 
discrete 3D case with real images requires some further derivations, and an 
additional filter may be necessary to reduce high-frequency noise caused by the 
ramp filter. This can be done by using a Hann window filter (as done in Paper 5) or 
by a Hamming window filter [81]. 

5.1.3 Algebraic reconstruction techniques 

When there are missing angles in the collected tilt series, the filtered back-
projection may produce a significant amount of artifacts and a different approach 
is necessary. For example, a SIRT [82] is usually implemented when there is a 
missing wedge in the collection angles caused by the objective-sample geometry. 
The SIRT is similar to algebraic reconstruction techniques (ART), and both 
algorithms reconstruct the 3D image from the projection pixel values. Each 
projection pixel i results in an equation, 
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pi = fjwij

j
!    i = 1,2,...,M,  (5.10) 

where f
j
 are the 3D image values (as shown in Fig. 5.2) and w

ij
 is a weight matrix, 

correcting the image values of p
i
 for how much of the ray that actually traverses f.  

For example, in Fig. 5.2, the area of the i:th ray passing through f
j
 is A

ij
, and the 

value of w
ij
 is therefore A

ij
/d 

2. However, since the ray is much smaller than the 
object, most of w

ij
 consists of zeros.  

Figure 5.2. An algebraic reconstruction technique uses the pixel values of each projection to find 
the 3D image. When all pixel values correspond to the integrated path through the image, a 
solution is found. 

Equation 5.10 can be written as an N-dimensional vector multiplication, 

 
  pi = wi ! f  (5.11) 

Note that since w is very large, a conventional inverse multiplication is not possible 
computationally. Instead, iterative techniques calculate f by correcting its values 
from the error caused by the previous calculated value, 

 

   
fi = fi!1 !

fi!1 "wi ! pi

wi "wi

wi  
(5.12) 

While an ART (Eq. 5.12) updates f for every pixel, a SIRT changes all the values of 
f after finding the error of every pixel in every projection. The update is therefore 
performed simultaneously, and tends to lead to smoother reconstructions [78].  

 f1      f2                            

    

fN

p
i

Aij

d

d

p
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Since the number of pixels in the line projections is smaller than N the system is 
generally underdetermined, and therefore there exist multiple solutions. However, 
it can be shown [83] that the algorithms still converge, although they may not 
converge to a true solution.  

5.2 Experimental results 

Initial experiments were performed using the microscope arrangement employing 
the 3.37 nm wavelength, with tomographic reconstructions of a diatom. The 
diatom was placed on a glass capillary, which in turn was mounted on a rotational 
holder. No cryo preparation was used on this dose-resistent test object, and the 
rotation angles for the projections were measured by taking images of the holder 
with a camera. The object could be rotated 180 degrees, but the increments of the 
projection angles were only ~3.5 degrees. A filtered back-projection was used in 
the reconstruction, and the result is shown in Fig. 5.3.  

 
Figure 5.3.  Surface rendering of a diatom, imaged in the laboratory x-ray microscope. Two 
orthogonal slices are shown in (a) and (b), where high resolution and low artifacts are exhibited. 

After the integration of a commercial sample stage equipped with a goniometer for 
accurate rotation and cryo capabilities (see Section 3.4.3), biological samples could 
be imaged. Projection images of a human kidney cell were acquired and the 
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reconstruction is shown in Fig. 5.42. A reconstructed slice of the cell is shown in 
Fig. 5.4a and a surface rendering is shown in Fig. 5.4b. The cell was chosen for the 
large amount of organells, clearly illustrating the strength of x-ray tomography in 
the water-window. Future experiments will reveal how this technique will impact 
the scientific community, although very interesting results have already been 
achieved [84, 85]. 

 
Figure 5.4.  Tomographic imaging of a necrotic human immune system B-cell in the laboratory 
soft x-ray microscope. (a)  slice of the reconstruction. (b)  surface rendering of different organelles, 
e.g nucleus (yellow) and vacuoles (blue). The images demonstrate the strength of the technique and 
the potential for relevant biological imaging in a laboratory setup without the necessity of staining. 

 

                                                   
2 M. Bertilson, O. von Hofsten, J. Reinspach, A. Holmberg, M. Lindblom, A. Christakou, U. 
Vogt, J. Jerlström, S. Svärd, and H.M. Hertz, Laboratory soft x-ray cryo tomography, manuscript in 
preparation. 
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Summary of papers 

This Thesis is based on the following papers. Papers 1-4 and 6 describe the 
development and implementation of specialized optics and Paper 5 concern x-ray 
tomography. In Paper 7, a study of colloidal soil samples with a laboratory x-ray 
microscope is presented. The author had the main responsibility of Papers 1, 2, 4 
and 6.  

Paper 1 describes a numerical method for simulating partially coherent image 
formation in two dimensions. The model approximates the condenser as a 
secondary incoherent source and is valid for the laboratory soft x-ray microscope. 
Simulated images are compared to experimental results, showing qualitative 
agreement. The author contributed to all aspects of the work. 

Paper 2 reports on the theoretical development of a DIC x-ray optic for 
phase-contrast x-ray microscopy. It is shown that the optic does not degrade the 
resolution and that the contrast enhancement requires a sufficient degree of 
coherence in the sample plane. The author contributed to all aspects of the work. 

Paper 3 presents experimental results using the optic described in Paper 2. 
Experimental results are in agreement with theory, and a maximum contrast 
enhancement of a factor of 2 is achieved. The author performed the experiments 
in collaboration with the first author and assisted in the writing of the article. 

Paper 4 presents the implementation of a Zernike phase contrast, single-element 
optic in a laboratory soft x-ray microscope. Experimental images show inverted 
contrast, typical of positive Zernike phase contrast, and a contrast increase of 25 % 
is achieved. The author contributed to all aspects of the work. 

Paper 5 reports on high-resolution computed tomography of a dose-resistant 
sample, imaged by a laboratory soft x-ray microscope. A number of 53 projections 
were acquired over 180°, and the resulting tomogram is shown rigorously to 
exhibit more than 140 nm resolution. The author performed the experiments 
together with the first author and assisted in the writing of the article. 

Paper 6 describes the implementation of a compound zone plate in a laboratory 
x-ray microscope. The zone plate has an outermost zone width of 50 nm, and the 
use of 3rd order imaging yields 25 nm resolution. Stray light is investigated and 
mitigated by using a large central stop and an order-blocker. The author 
contributed to all aspects of the work. 
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Paper 7 reports on the imaging of colloidal soil samples in a laboratory soft x-ray 
microscope. The samples are imaged in their aqueous environment, where the 
morphology is different from the dry state. The images exhibit near synchrotron 
quality. The author performed the experiments together with all other authors. 
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