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Abstract

Soft x-ray microscopy in the water window (𝜆 ≈ 2.3 − 4.3 nm) is a pow-
erful technique for high-resolution biological imaging. The strong natural
contrast between carbon-based structures and water allows visualization
of hydrated and unstained samples, while providing enough transmission
through up to ∼10 µm of organic matter. Furthermore, the full potential of
this technique can be exploited by performing computed tomography, thus
obtaining a complete 3D image of the object.

Routine short-exposure water-window microscopy of whole cells and tis-
sue is currently performed at synchrotron-radiation facilities around the
world, but with a limited accessibility to the wider research community.
For this reason, laboratory-based systems have been developed, which are
now reaching maturity. The benefits compared to the synchrotron-based
instruments include easier integration with complementary methods in the
home laboratory, in addition to the increased access that allows for the
often time-consuming optimization of experimental parameters as well as
longitudinal studies.

This Thesis presents recent developments of the Stockholm laboratory
x-ray microscope as well as several biological applications. Work has been
done on improving the mechanical and thermal stability of the microscope,
resulting in a resolution of 25 nm (half period) in images of test targets. The
biological applications were enabled by a significantly increased x-ray flux
through the system as well as an improved operational stability. This work
demonstrates 10-second exposure imaging of whole cryofixed cells, imaging
of viral infections in cells, and 20 minutes total exposure cryotomography.
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Sammanfattning

Röntgenmikroskopi i vattenfönstret (𝜆 ≈ 2.3−4.3 nm) är en kraftfull metod
för högupplöst biologisk avbildning. Den naturligt höga kontrasten mellan
kolbaserade strukturer och vatten möjliggör visualisering av prover i ett
nästintill opåverkat tillstånd, och ger samtidigt tillräcklig transmission ge-
nom upp till ∼10 µm organisk materia. Teknikens fulla potential utnyttjas
vidare genom datortomografi, vilket resulterar i en fullständig 3D-bild av
objektet.

Röntgenmikroskopi i vattenfönstret, av celler och vävnad och med kort
exponeringstid, utförs rutinmässigt vid synkrotronljuskällor runt om i värl-
den, men med begränsad tillgänglighet för forskarsamfundet. Av den an-
ledningen har laboratoriebaserade system utvecklats, vilka nu börjar nå
mognad. Fördelarna jämfört med synkrotronbaserade instrument består av
enklare integrering av komplementära laboratoriemetoder, utöver den utö-
kade tillgängligheten som tillåter tidskrävande optimering av experimentella
parametrar såväl som longitudinella studier.

Denna avhandling beskriver nyligen utfört arbete för att förbättra det
kompakta mjukröntgenmikroskopet i Stockholm, samt flera biologiska
tillämpningar. Arbete har gjorts för att förbättra mikroskopets mekaniska
och termiska stabilitet, vilket har resulterat i 25 nm upplösning (halv
period) i bilder av teststrukturer. De biologiska tillämpningarna har
möjliggjorts av en markant ökad röntgenintensitet vid provet, såväl som
förbättrad driftsstabilitet. Resultaten som presenteras består, bland annat,
av avbildning av kryofixerade hela celler med 10-sekundersexponeringar,
avbildning av virusinfektioner i celler och kryotomografi med 20 minuters
total exponeringtid.
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Chapter 1

Introduction

To visually observe a system or a process is often the most efficient way to
learn about it. In some cases it is enough to make direct observations with
the naked eye and use adequate means to document the observations. This
kind of simple empirical research has led to many scientific advances, but
has some obvious limitations. The challenge lies in observing what the eye
cannot see. This may be an object too faint and distant or too small to be
resolved by the eye, or perhaps a process too fast for us to register.

In biological research the main challenge often lies in the small size of the
investigated objects, and hence, the invention of the compound microscope
in the early 17th century opened up a world of possibilities [1]. Dutch spec-
tacle makers, among them Zacharias Jansen and Hans Lipperhey, had been
experimenting with lenses in tubes and discovered that certain combina-
tions made objects appear greatly magnified. The Italian polymath Galileo
Galilei heard of the attempts and in 1609 he constructed the compound
microscope, consisting of a positive objective lens, a negative eyepiece and
a focusing device. Antoni van Leeuwenhoek is usually accredited for estab-
lishing microscopy as a tool in biological sciences. Even though he only used
a simple single-lens microscope he managed to observe, e.g., muscle fibers
and red blood cells, and in 1677 he became the first to publish observations
of microorganisms [2]. Great contributions to microscopy and microbiol-
ogy were also made by Robert Hooke, who further improved the compound
microscope and used it to study small insects, plants and seeds. In his fa-
mous book Micrographia, from 1665, Hooke published detailed drawings of
his observed specimen and also coined the term cell, while describing the
microscopic texture of cork [3].

The construction and development of microscopes were for a long time
almost exclusively based on empirical principles. This changed in the late
19th century, when Ernst Abbe established the theoretical foundations of
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light microscopy, including diagnosis and correction of optical aberrations,
i.e., deviations from an ideal image formation [4]. Furthermore, he defined
the theoretical resolution limit for a (full-field) light microscope due to the
diffraction of light through the objective lens. He concluded that the min-
imum resolvable distance 𝑟 depends on the wavelength of light 𝜆 and the
numerical aperture 𝑁𝐴 of the objective, according to

𝑟 = 𝜆
2𝑁𝐴

. (1.1)

For an objective in air the numerical aperture is simply the sine of the
collection angle, which effectively limits the achievable resolution to half the
wavelength of visible light. Together with Carl Zeiss, Abbe used his theory
to construct the first diffraction-limited microscope [1]. In 1900 August
Köhler joined Zeiss and introduced the illumination scheme currently used
in light microscopy, known as Köhler illumination [5]. At this point, the
field of microscopy had reached an important milestone, and furthermore a
seemingly impenetrable limitation in resolving power.

1.1 Resolution, contrast and signal-to-noise

Before making any detailed comparisons between modern microscopy tech-
niques, a few basic concepts need to be defined. These will form a basis for
any discussions on image quality in this Thesis.

Resolution has already been mentioned and is commonly discussed in
the context of microscopy. It simply describes the ability of the imaging
system to resolve small details in the imaged object. This can be limited by
factors like diffraction through a lens, a too large pixel size, or if the object
moves while the image is acquired. High resolution is key to making a useful
microscope. However, the resolution itself provides very little information
without also considering the contrast.

The contrast describes how much a feature stands out in an image, by
the difference in color or light intensity, compared to the background. This
Thesis considers mostly gray-scale images, and thus, the light intensity is
the relevant parameter here. The contrast must originate from intrinsic
properties of the observed objects, like the ability to absorb light more
strongly than its surroundings. Furthermore, the ability of the imaging
system to transfer the intrinsic contrast to the image will typically depend
on the size of the imaged features, often described in terms of their spatial
frequencies [6]. As a result, the resolution provided by an imaging system
must be defined in terms of the transferred contrast.

Note that the image contrast, as well as the average brightness over the
whole image, can easily be adjusted in a digital image, using any image
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Figure 1.1. The effects of resolution, contrast and signal-to-noise ratio (SNR) in
an image of a simple cell model. (a) Contrast versus resolution. (b) SNR versus
resolution.

processing software. Now it might sound like any feature in a digital image
can be seen with perfect contrast as long it can be resolved. There are two
main reasons why this is not the case. The first reason is that increasing
the contrast to observe a low-contrast feature typically results in erasing
the contrast in other parts of the image, which become very dark or very
bright. The second reason is more fundamental and is related to the concept
of noise.

Noise is the unwanted but unavoidable random fluctuations in signal,
present in any imaging system, including the human eye. It can arise at
the detection step, as electronic noise, at the sample or due to a fluctuating
illumination. In many imaging techniques the primary source of noise is
quantum or shot noise, as a consequence of the limited number of particles
(e.g., electrons or photons) that reach the detector. Regardless of origin,
all contributions to the total noise will add a randomness to the image,
which will be amplified with any attempts to increase the contrast after the
image is acquired. Here it is appropriate to define the signal-to-noise ratio
(SNR), which is the ratio between the image signal and noise amplitude. A
higher SNR usually means a better and clearer image. Figure 1.1 illustrates
the influence of resolution, contrast and SNR on an image of a simple cell
model.
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1.2 High-resolution microscopy techniques

In the 20th century, the desire to study even smaller things led to the de-
velopment of alternative microscopy techniques. Fluorescent markers and
advanced illumination schemes were used to improve the contrast of cer-
tain objects and enabled optical sectioning for a 3D view of thick samples.
Building on these techniques, super-resolution microscopy was developed,
which cleverly circumvents the diffraction limit [7]. By moving away from
visible light to smaller wavelengths (e.g., x-rays) [8], or using electrons to
probe the samples, even better resolution was achieved. An important fea-
ture of the modern techniques, compared to early light microscopy, is that
the images have to be registered on a medium, rather than being directly
observed by the eye. Today this medium is often (but not always) a high-
resolution camera, or detector, that captures and transfers discrete digital
information about the image.

The ever-growing number of imaging techniques results in a range of con-
trast mechanisms, suitable for different imaging applications. It is therefore
important to not only focus on the best achievable resolution when deciding
on an imaging technique for a certain application.

1.2.1 Electron microscopy

Electrons are subatomic particles, but they also exhibit wave-like proper-
ties, like diffraction. These properties are determined by their de Broglie
wavelength [9], defined by 𝜆 = ℎ/𝑝, where ℎ is the Planck constant and 𝑝
is the momentum of the particle. Already at moderate acceleration volt-
ages the electron momentum is enough to result in a wavelength shorter
than the size of an atom (∼ 0.1 nm), thus making electrons attractive for
high-resolution imaging.

Electron microscopes use the fields from electrostatic and magnetic
lenses to focus the electrons, in a manner similar to glass lenses in light
microscopes. Just like the glass lenses, the electric and magnetic fields
can induce aberrations, which typically limit the resolution at higher
acceleration voltages [10]. In single-particle cryogenic electron microscopy
(cryo-EM), however, practically aberration-free imaging can be achieved by
combining the information from a large number of identical particles [11].
Technical developments in this field were recently awarded a Nobel prize.
However, the applications in this Thesis mainly involve larger and more
heterogeneous objects, and therefore this technique will not be further
covered here.

Conventional electron microscopy (EM) is either done in scanning or
transmission mode. A scanning electron microscope (SEM) scans the sur-
face of an object, using a focused electron beam, and detects the secondary
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electrons that are scattered off the material. With a highly focused beam,
the topology and composition of the object surface can be imaged with a
resolution down to about 1 nm [12]. In transmission electron microscopy
(TEM), the focused electrons are instead transmitted through the (thin)
object and detected on the other side. The contrast is based on the absorp-
tion of electrons in the sample and the resolution can reach as far as 50 pm
for certain samples [10].

An important characteristic of the electrons is their extremely short
penetration depth in most materials. For SEM, this is beneficial since the
detected secondary electrons mainly originate from the focus spot on the
object surface. In TEM, however, this sets a limit to the thickness of the
imaged sample. Specimen should typically be no more than a few 100 nm
thick to allow enough transmission [13], meaning that thicker samples, like
cells or tissue, have to be sectioned (sliced). This process includes com-
plicated and tedious sample preparation procedures, including chemical or
cryogenic fixation, staining and embedding in a medium.

1.2.2 Atomic force microscopy

Atomic force microscopy (AFM) uses a cantilever with an extremely sharp
tip to probe a sample surface in a scanning manner [14]. The fine movements
of the cantilever are registered by a sensitive piezoelectric device in order to
map the topology of the surface. The resolution in AFM can reach below
1 nm, but the method is intrinsically limited to surface measurements.

In addition to the surface topology AFM can be used to probe the me-
chanical stiffness in, e.g., biological samples like cells and tissue [15].

1.2.3 Super-resolution microscopy

The term super-resolution microscopy (SRM) refers to a number of tech-
niques that enable visible-light imaging with higher resolution than the
diffraction limit, as stated by Ernst Abbe. Common for all SRM techniques
is that they use fluorescent staining in combination with a clever illumina-
tion or detection scheme in order to circumvent the diffraction limit. The
different techniques are commonly divided into two major groups that utilize
either deterministic or stochastic schemes [16].

The deterministic techniques use different kinds of structured illumina-
tions to put the fluorescent staining molecules in on or off states, meaning
that they do or do not emit light. In stimulated emission depletion (STED)
microscopy [17], the fluorescent molecules in a certain spot on the sample
are first excited by the excitation laser. In the next step, a depletion laser
illuminates a ring around the same spot, which works to stimulate the emis-
sion in all parts but the very center of the spot. The emission from this
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central area, which can be made smaller than the diffraction-limited focus,
is subsequently detected.

The stochastic SRM techniques rely on random emission from sparsely
distributed fluorescent molecules, which over time gives information about
their exact position. In photoactivated localization microscopy (PALM)
[18], a full-field illumination activates the fluorescent molecules. A large
number of images are then acquired and computationally processed to de-
termine the position of the molecules. A similar technique, called stochas-
tic optical reconstruction microscopy (STORM) [19] uses special buffers to
chemically induce excitation, thus eliminating the need for photo-activation.

Both the deterministic and stochastic SRM techniques have demon-
strated impressive resolutions down to the 20-nm range [20, 21]. However,
it is once again important to consider the contrast mechanism and what is
actually being imaged. For the stochastic methods, the ability to separate
individual dyes is not the same thing as resolving a physical feature. The
resolution in a biological specimen depends on the labelling density and the
switching properties of the dye, and is typically limited to at least double
the distance between the just resolvable dyes [16]. Also the deterministic
techniques rely heavily on the ability to label the specific structures with
the appropriate densities. Furthermore, high-resolution imaging using, e.g.,
STED, requires high light intensities up to 1 GW/cm2, which can result in
strong photobleaching of the fluorescent dyes and even phototoxicity [22].

Many SRM techniques also allow 3D imaging. Here, the resolution varies
between the different methods and depending on the thickness of the sam-
ple [7, 23]. Providing high-resolution 3D information about an object also
typically means very long exposure times, especially for larger sample vol-
umes [7].

1.2.4 X-ray methods

In 1895, around the same time as Zeiss and Abbe achieved the first
diffraction-limited light microscope, Wilhelm Röntgen discovered ”a new
kind of radiation” while experimenting with discharge tubes [24]. For the
sake of brevity, and to point out the unknown nature of the radiation,
Röntgen decided to use the name x-rays (in German X-Strahlen). The
medical application of x-rays was immediately recognized by Röntgen
and others, and already a few months after the original publication
exploration of the new possibilities was initiated at hospitals and research
facilities across Europe and North America [25]. Convincing evidence of
the electromagnetic-wave nature of x-rays was first produced in 1912 by
Max von Laue, who discovered that the x-rays could interfere to create
diffraction patterns when passing through crystals [26]. His findings would
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Figure 1.2. The electromagnetic spectrum from 1 eV to 10 keV (𝜆 = 1 Å−1 µm).
This energy range consists of infrared (IR), visible (VIS), ultraviolet (UV), extreme
ultraviolet (EUV), soft x-ray and hard x-ray radiation.

eventually be used in the field of x-ray crystallography.
X-rays are found in the shorter-wavelength part of the electromagnetic

spectrum compared to visible light, as depicted in Fig. 1.2. Equivalently,
x-rays can be said to have higher photon energies. This is the wave-particle
duality that applies to any electromagnetic radiation. Since x-rays span
many orders of photon energy, their interaction with matter will vary, both
in nature and degree [27, 28]. Generally, hard x-rays, with photon energies
from several keV and up, will interact less and consequently penetrate deeper
into objects. This is the property that originally made x-rays attractive for
medical imaging purposes. Soft x-rays (250 eV to few keV) tend to interact
more and will, thus, be absorbed over rather short distances. This property
can be utilized for microscopy purposes, since it enables a high contrast in
very small objects.

X-ray microscopy

X-ray microscopy (XRM) was enabled in the second half of the 20th cen-
tury by the invention of new and brighter x-ray sources and focusing x-ray
optics [8]. XRM can refer to a number of techniques, including contact
x-ray microscopy [29], full-field transmission x-ray microscopy (TXM) [30]
and scanning transmission x-ray microscopy (STXM) [31]. Contact x-ray
microscopy is rarely used today, while TXM and STXM regularly demon-
strate significant results in fields like cell biology, material science and en-
vironmental science [32, 33]. The resolution achieved by these techniques
currently approach the 10-nm level [34,35].

With the more recent coherent x-ray sources another branch of lensless
XRM opened up [36]. Plane-wave coherent diffraction imaging (CDI) [37],
x-ray holography [38], and ptychography [39] are some of the major lensless
XRM techniques.
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1.3 This Thesis

The main focus of this Thesis is lens-based soft x-ray microscopy, in which
soft x-rays and specialized x-ray optics are used to form a real image of
the object. Although this technique has many similarities to visible-light
microscopy in its arrangement, most of the components are fundamentally
different. To understand why this is the case, knowledge about soft x-ray
interaction with matter and soft x-ray image formation is required. This is
outlined in Chapter 2.

Chapter 3 proceeds with a general description of the soft x-ray micro-
scope and its main components, from the x-ray source to optics and sam-
ple environment. The Stockholm laboratory x-ray microscope is the main
instrument used for the imaging applications. Details on its setup, per-
formance and recent improvements are given in Chapter 4. The imaging
applications are mainly biological and the samples include cryofixed whole
cells, viruses and virus-infected cells, and cell-cell interactions. A review of
the biological applications from the last few years, including an outlook on
future projects, is given in Chapter 5.
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Chapter 2

Soft x-ray image formation

This chapter briefly summarizes the fundamentals of soft x-ray interaction
with matter as well as the formation of images in 2D and 3D. Much of the
theory is applicable to electromagnetic radiation in general, but focus will
be on soft x-rays, with photon energies ranging from about 250 eV to few
keV (𝜆 ≈ 0.5 − 5 nm). This will serve as a theoretical background for a
better understanding of the soft x-ray microscope, which is described in
Chapter 3.

2.1 Soft x-ray interaction with matter

In x-ray imaging the contrast arises due to the ability of matter, or more
specifically the electrons, to interact with the x-rays. When a certain ob-
ject interacts to a higher (or lower) degree than its surroundings, contrast
appears, and it is a matter for the imaging system to transfer that contrast
to the detection step.

There are three possible ways for electromagnetic radiation to interact
with the bound electrons in matter: elastic scattering, inelastic scattering
and photoelectric absorption [40]. Elastic scattering means that the elec-
tron, driven by the accelerating force of the incident electric field, reemits
radiation of the same frequency. By doing so, the incident radiation keeps
its original wavelength, but changes its direction. Elastic scattering involv-
ing free electrons is usually called Thomson scattering, while the process
involving bound electrons is referred to as Rayleigh scattering. Inelastic
scattering, or Compton scattering, cannot be explained by classical electro-
magnetism and instead the particle nature of electromagnetic radiation is
considered. In this regime an incident photon transfers a part of its orig-
inal energy 𝐸 to a bound electron, and then continues at angle 𝜃 from its
original trajectory. For this process to take place the photon must have
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Figure 2.1. Atomic cross sections of carbon (1 barn = 10−24 cm2). Photoelectric
absorption is clearly the dominating process up to about 20 keV. Data from [28,41].

enough energy to ionize the atom, i.e., release the electron from its bound
state. The new energy 𝐸′ obtained by the photon, in the approximate case
of a loosely bound electron, is given by 𝐸′ = 𝐸/ [1 − (𝐸/𝑚𝑒𝑐2) (1 − cos 𝜃)],
where 𝑚𝑒 is the electron mass and 𝑐 is the speed of light. The process
of photoelectric absorption is predicted by classical electromagnetism, but
better understood through the particle nature of light. Here, an incident
photon is completely absorbed by an electron, which is typically ejected
from its bound state.

The probabilities associated with the different interactions are usually
described in terms of their respective cross sections, which are functions
of the photon energy. As an example, the atomic cross sections of carbon
are displayed in Fig. 2.1, for photon energies 10 − 106 eV. For soft x-rays,
photoelectric absorption is clearly the dominating interaction process. Here
the photon energies match the inner-shell electron binding energies of many
common elements (carbon, nitrogen, oxygen, etc.), making the interaction
very probable. Compton scattering typically requires higher energies to
occur and Rayleigh scattering is dominating at lower energies [41].

Absorption and elastic scattering can be modelled by considering the
semi-classical interaction between an electromagnetic wave and bound elec-
trons in atoms [40]. From Maxwell’s equations and the wave equation, light
is shown to be a travelling wave of oscillating electric (E) and magnetic (B)
fields. In the special case of a wave of angular frequency 𝜔 travelling in free
space, the electric field can be expressed in complex notation as

E𝜔 (r, 𝑡) = E𝜔 (0, 0) 𝑒−𝑖(𝜔𝑡−k⋅r), (2.1)
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where the wave vector k defines the direction of propagation.
When considering an electromagnetic wave travelling in matter, the elec-

trons are included in the wave equation as point charges, held by the nucleus
at discrete binding energies. (This is the non-classical part of the theory.)
This leads to the derivation of the complex atomic form factor 𝑓 (Δk, 𝜔)
which describes the scattering amplitude as a function of the angular fre-
quency and the change in the wave vector. Here we only consider scattering
in the forward direction, and denote this part of the atomic form factor
𝑓0(𝜔) = 𝑓0

1 (𝜔) − 𝑖𝑓0
2 (𝜔). The complex refractive index can finally be de-

fined as

𝑛(𝜔) = 1 − 𝛿 + 𝑖𝛽 = 1 − 𝑛𝑎𝑟𝑒𝜆2

2𝜋
[𝑓0

1 (𝜔) − 𝑖𝑓0
2 (𝜔)] , (2.2)

where 𝑛𝑎 is the atom density, 𝑟𝑒 = 2.818 ⋅ 10−15 m is the electron radius,
and 𝜆 is the wavelength in vacuum.

The complex refractive index turns up in the solution to the wave equa-
tion as a multiplicative factor to the wave vector. In the propagation direc-
tion of the wave, the electric field can be written as

E𝜔 (r, 𝑡) = E𝜔 (0, 0) 𝑒−𝑖𝜔(𝑡−𝑟/𝑐)𝑒−𝑖(2𝜋𝛿/𝜆)𝑟𝑒−(2𝜋𝛽/𝜆)𝑟, (2.3)

where we have used the vacuum dispersion relation 𝑘 = 2𝜋/𝜆 = 𝜔/𝑐. It can
now be seen that 𝛿 results in a phase shift of the electric field, while 𝛽 leads
to a decrease of the field amplitude, i.e., absorption. Both these effects can
be used as contrast mechanisms in microscopy and other types of imaging.
Here, the main focus is absorption contrast.

The average intensity of the wave is obtained by taking the absolute
square of the electric field, thus disregarding its time-dependent phase. The
obtained expression is known as the Beer-Lambert law,

𝐼𝜔(r) = 𝐼𝜔 (0) 𝑒−𝜇𝑟, (2.4)

where 𝜇 = 4𝜋𝛽/𝜆 is called the local absorption coefficient (LAC).

2.1.1 The water window

As already mentioned, the dominating interaction process for soft x-rays
is photoelectric absorption. The probability of this interaction depends on
the matching of the photon energy to the binding energy of the electrons.
When the photon energy reaches, or just surpasses, the binding energy of
an inner electron the absorption cross section takes a discrete leap toward
higher values [28]. This property is especially well-utilized as a contrast
mechanism for biological imaging in the so-called water window [8]. The



12 | SOFT X-RAY IMAGE FORMATION

E [keV]
1.0 0.5 0.4 0.30.6

1 1.5 2 2.5 3 3.5 4 4.5 5
Wavelength [nm]

 1

10

A
tt

e
n

u
a

ti
o

n
 le

n
g

th
 [

µ
m

]

0.8

O
N

C

Water

Protein

Figure 2.2. Soft x-ray attenuation in water and protein, respectively. The water
window is indicated by the blue shaded area, and the K-absorption edges of carbon
(C), nitrogen (N) and oxygen (O) are marked. A typical protein composition
H86C52N13O15S and a density of 1.35 g/cm2 were assumed [42]. Data from [28].

K-edge of carbon, referring to the binding energy of its innermost electrons,
is located at ∼290 eV (𝜆 ≈ 4.3 nm), while the K-edge of oxygen is located
at ∼ 540 eV (𝜆 ≈ 2.3 nm). This results in a window, about 250 eV wide,
in the soft x-ray spectrum where the absorption is considerably higher in
carbon than in oxygen. Consequently, absorption is high in carbon-dense
biological materials, such as proteins and lipids, but significantly lower in
water. Figure 2.2 illustrates the concept of the water window by plotting the
attenuation (absorption) length in a typical protein and water, respectively.

2.1.2 Soft x-ray reflectivity

The refractive index also determines the behavior of an electromagnetic
wave incident on a boundary between two materials. At the boundary the
refractive index changes abruptly, which causes a part (or all) of the wave to
be reflected, while the remaining wave continues into the material. This is
described by the Fresnel equations [6], which depend on the polarization of
the incident wave, i.e., the direction of the oscillating field compared to the
boundary plane, and the refractive index of the two materials, 𝑛1 and 𝑛2.
The amplitude reflection coefficients for a perpendicular (⟂) and parallel
(∥) polarized wave are given by

𝑟⟂ = 𝑛1 cos 𝜙1 − 𝑛2 cos 𝜙2
𝑛1 cos 𝜙1 + 𝑛2 cos 𝜙2

, (2.5)

𝑟∥ = 𝑛2 cos 𝜙1 − 𝑛1 cos 𝜙2
𝑛2 cos 𝜙1 + 𝑛1 cos 𝜙2

, (2.6)
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where 𝜙1 is the incident angle from the surface normal and 𝜙2 is the trans-
mission angle, given by Snell’s law

𝑛1 sin 𝜙1 = 𝑛2 sin 𝜙2. (2.7)

While Eqs. 2.5 and 2.6 relate the incident and reflected field amplitudes,
the reflectivity (𝑅 = |𝑟|2) relates the intensity of the waves. For soft x-
rays, the refractive index is very close to unity. This gives both a very small
refraction, from Eq. 2.7, and very low reflectivity, especially at low incidence
angles. As an example, a 𝜆 = 2.48 nm wave at normal incidence on a gold
surface gives a reflectivity on the order of 10−7 − 10−6 [28].

2.2 Image formation in 2D

All electromagnetic radiation will, as a consequence of its wave property,
be subject to scattering by diffraction [43]. This phenomenon is defined as
the deviation of the wave from its otherwise straight, or rectilinear, path as
it encounters an edge where the index of refraction suddenly changes. This
results, e.g., in the bending of light around a corner and the spread of light
that travels through an aperture. The latter example is of fundamental im-
portance to the theory of image formation, since apertures, or equivalently
lenses and mirrors, are the main components of most imaging systems. This
section summarizes the theory of image formation, based on the theory of
classical electromagnetism and using the tools of Fourier optics.

2.2.1 Projection imaging

We start at the simple image formation model called projection imaging.
This theory discards the wave nature of light and only considers rays trav-
elling in the forward direction. Nevertheless, some parts of the theory are
relevant for the later discussions.

Consider a ray propagating through a medium in the positive 𝑧-direction,
from point 𝐴 to point 𝐵. Using the notation of the Beer-Lambert law
(Eq. 2.4), and allowing the LAC 𝜇 to vary in space, the intensity can be
written as

𝐼𝐵 (𝑥, 𝑦) = 𝐼𝐴 (𝑥, 𝑦) 𝑒− ∫𝐵
𝐴

𝜇(𝑥,𝑦,𝑧)𝑑𝑧. (2.8)

In this model of image formation, the rays exiting the object continue
in a straight path toward the detector. Assuming that all the rays originate
from the same point, this gives a shadow image 𝐼𝐷 of the object with a
magnification 𝑀, which is determined by the distances to the object and
the detector,
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𝐼𝐷 (𝑀𝑥, 𝑀𝑦) = 1
𝑀2 𝐼𝐵 (𝑥, 𝑦) . (2.9)

No source is infinitely small and this fact will inevitably lead to a smear-
ing of the image, which depends on the size of the source. This is called the
penumbra effect and should not be confused with the spread of light due
to diffraction. At high magnifications (𝑀 ≫ 1), the smearing in the object
plane will have the same size as the source. For this reason, high-resolution
microscopy (<100 nm) is rarely attempted using simple projection imag-
ing [44,45].

2.2.2 Imaging by a lens

Fourier optics provides the necessary tools to describe imaging by lenses,
while taking into account the wave property of light that leads to diffraction.
The foundation of Fourier optics is the concept of the plane wave spectrum,
in which each point on the wave front is described as a continuous super-
position of monochromatic plane waves [43]. These are natural solutions to
the wave equation, (where matter is assumed to be isotropic, non-magnetic
and homogeneous), and the assumption of linearity allows separation of the
electric field into time-harmonics.

The mathematical foundation of Fourier optics was first developed by
Gustav Kirchhoff [46] in the 1880s and Arnold Sommerfeld [47] in the 1890s.
Their theory showed that diffraction of a plane wave through an aperture
𝑃(𝑥, 𝑦), at a far distance 𝑧, results in a scaled Fourier transform of the
aperture. This is known as Fraunhofer diffraction and can be written as

ℎ(𝑥, 𝑦) = 𝑒𝑖 𝑘
2𝑧 (𝑥2+𝑦2)ℱ {𝑃(𝜆𝑧𝜉, 𝜆𝑧𝜂)} =

= 𝑒𝑖 𝑘
2𝑧 (𝑥2+𝑦2)

∞

∬
−∞

𝑃(𝜆𝑧𝜉, 𝜆𝑧𝜂)𝑒−𝑖2𝜋(𝑥𝜉+𝑦𝜂)𝑑𝜉𝑑𝜂,
(2.10)

where the amplitude of the wave has been chosen to normalize the expres-
sion, for simplicity. The factor outside the integral is then simply a multi-
plicative phase. Equation 2.10 is valid provided that 𝑧 > 2𝐷2

𝜆 , where 𝐷 is
the aperture diameter and 𝜆 is the wavelength. This regime is often referred
to as the far field [43]. A fundamental property of the Fourier transform is
that a function that extends far in space gives a narrow Fourier transform,
while a narrow function gives a wide Fourier transform. This means that
the smaller an aperture is, the larger the spread due to diffraction will be.

Building on the theory of diffraction through an aperture, imaging
through an ideal, i.e., aberration-free, lens can be derived for the simple
case of a monochromatic plane wave. It turns out that this can be
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described as the convolution between the perfect image, given by the lens
equation of geometrical optics, and the Fraunhofer diffraction pattern of
the exit pupil. The electric field in the image plane can be written as

𝐸𝑖(𝑥, 𝑦) = 1
𝑀

ℎ(𝑥, 𝑦) ⊗ 𝐸𝑜𝑏𝑗 ( 𝑥
𝑀

, 𝑦
𝑀

) , (2.11)

where 𝐸𝑜𝑏𝑗 is the field exiting the object, 𝑀 is the magnification and ℎ(𝑥, 𝑦)
is given by Eq. 2.10. It can now be seen that the function ℎ(𝑥, 𝑦) will act as
a point-spread function to the system. This theory can be extended to poly-
chromatic non-plane waves through the previously mentioned assumption
of linearity. At this point, however, we must consider two separate imaging
cases: coherent and incoherent imaging.

Coherent imaging

Coherence in this case refers to the spatial, or transverse, coherence that
depends largely on the physical extension of the source. Simply put, if all
incident waves originate from the same point, the field that reaches the
plane of an aperture or a lens will be known across the whole plane, given
the field in one point. This is the case of fully coherent illumination. For this
treatment to be valid, quasimonochromatic illumination is assumed, mean-
ing that there is a finite but small spectral bandwidth. Detailed discussions
on this concept are presented in textbooks [43,48,49].

From these assumptions it turns out that Eq. 2.11 is still valid in the
case of coherent imaging. Furthermore, this can be conveniently formulated
by using Fourier transforms, and thereby describing light from the object
in terms of its spatial frequencies (𝜈𝑋, 𝜈𝑌). By taking the Fourier transform
of Eq. 2.11 it is shown that coherent imaging is a simple filtering of spatial
frequencies in Fourier space. This can be written as

𝐼𝑖(𝑥, 𝑦) = 1
𝑀2 ∣ℱ−1 {ℱ {𝐸𝑜𝑏𝑗 ( 𝑥

𝑀
, 𝑦

𝑀
)} × ̃𝑃 (𝜈𝑋, 𝜈𝑌)}∣

2
, (2.12)

where ̃𝑃 is the scaled exit aperture of the lens, defined by
̃𝑃 (𝑥, 𝑦) = 𝑃(𝜆𝑧𝑖𝑥, 𝜆𝑧𝑖𝑦), and 𝑧𝑖 is the image distance. The most common

case of a circular lens can thus be described by the filtering function

̃𝑃 (𝜈) = circ ( 𝜈
𝐷/2𝜆𝑧𝑖

) = {
1, 𝜈 ≤ 𝐷

2𝜆𝑧𝑖

0, 𝜈 > 𝐷
2𝜆𝑧𝑖

(2.13)

where 𝐷 is the lens diameter and 𝜈 = √𝜈2
𝑋 + 𝜈2

𝑌.
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Incoherent imaging

The case of fully incoherent imaging is usually more applicable to real imag-
ing scenarios. This can also be described as a filtering in Fourier space, but
of the intensity rather than the electric field,

𝐼𝑖(𝑥, 𝑦) = 1
𝑀2 ℱ−1 {ℱ {𝐼𝑜𝑏𝑗 ( 𝑥

𝑀
, 𝑦

𝑀
)} × 𝑂𝑇 𝐹(𝜈𝑋, 𝜈𝑌)} . (2.14)

The filtering in this case is done by the optical transfer function (OTF),
which can be calculated as the scaled auto-correlation of the aperture. For
imaging through a circular lens, the OTF takes the form

𝑂𝑇 𝐹(𝜈) =
⎧{
⎨{⎩

2
𝜋 [arccos ( 𝜈

𝐷/𝜆𝑧𝑖
) − 𝜈

𝐷/𝜆𝑧𝑖
√1 − ( 𝜈

𝐷/𝜆𝑧𝑖
)

2
] , 𝜈 ≤ 𝐷

𝜆𝑧𝑖

0, 𝜈 > 𝐷
𝜆𝑧𝑖

(2.15)

Since the OTF can, in some cases, reach negative values it is common to
consider its absolute value |𝑂𝑇 𝐹(𝜈)|. This is known as the modulation
transfer function (MTF).

Resolution in coherent and incoherent imaging

The images produced by an imaging system can look very different in the
coherent and incoherent case. A comparison, using simulated images of a
Siemens star pattern, is given in Fig 2.3. One of the most notable effects of
coherent imaging (Fig. 2.3(a)) is the ringing that occurs at sharp edges [43].
Instead of falling off gradually, like in the incoherent case (Fig 2.3(b)), the
image intensity will oscillate close to the edge and then fall off more abruptly.
In some cases this edge enhancement can be an advantage, while in other
cases it will only disturb the image, since the ringing effect is difficult to
separate from other contrast mechanisms.

Another difference between coherent and incoherent imaging is the high-
est attainable resolution. To illustrate this, the modulation transfer in the
two cases, given by Eqs. 2.12 and 2.14, is shown in Fig. 2.3(c). It can be
seen that the cut-off frequency, i.e., the frequency where the modulation
transfer drops to zero, is twice as high for the incoherent case. In theory,
incoherent imaging can thus achieve twice as high resolution compared to
coherent imaging. However, in the coherent case the modulation transfer
is unity all the way to the cut-off frequency and will thus produce better
contrast.

Even though the modulation transfer as a function of spatial frequency
provides more complete information about the resolution, it is instructive to
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Figure 2.3. Comparison between (a) coherent and (b) incoherent imaging of a
Siemens star test pattern. (c) Plot of the modulation transfer in the coherent and
incoherent case, for a circular lens. The spatial frequency (in the image plane)
is given in multiples of 𝐷/(2𝜆𝑧𝑖), and the classical Rayleigh resolution limit is
indicated at 1/𝑟𝑅𝑎𝑦𝑙.

compare this to the classical Rayleigh resolution criterion (Fig. 2.4). Here,
two incoherent point sources of wavelength 𝜆, separated by a distance 𝑟, are
imaged by a circular lens of diameter 𝐷 and focal length 𝑓. According to
the Rayleigh criterion, the two point sources can be resolved if

𝑟 ≥ 𝑟𝑅𝑎𝑦𝑙 = 1.22𝑓𝜆
𝐷

= 0.61 𝜆
𝑁𝐴

, (2.16)

where the numerical aperture is defined by 𝑁𝐴 = 𝐷/(2𝑓). The factor 1.22 is
given by the definition that the first minimum of the diffraction pattern from
one point source should coincide with the center of the other point source.
Equivalently, there should be at least a 26.3% dip in intensity between the
two maxima. Note the resemblance to Eq. 1.1, in which Abbe used a factor
1 instead of 1.22. Note also that this discussion is carried out in the object
plane. The result can easily be transferred to the image plane by using
𝑧𝑖 ≈ 𝑀𝑓, which is true for the large magnifications used in microscopy. In
order to relate this definition of resolution to the modulation transfer for
coherent and incoherent imaging, the Rayleigh resolution limit is included
in Fig. 2.3(c), at spatial frequency 1/𝑟𝑅𝑎𝑦𝑙.
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Figure 2.4. Illustration of the Rayleigh resolution criterion for two incoherent
point sources. When the separation 𝑟 ≥ 𝑟𝑅𝑎𝑦𝑙, the points are said to be resolved.

Finally, it should be noted that coherent and incoherent imaging are
extreme cases. Many imaging systems, like soft x-ray microscopes, can be
described as being partially coherent, meaning that they experience some
coherence effects. More details on the theory of partially coherent imaging
can be found in [48,50].

2.2.3 Coherent diffraction imaging

When coherent illumination is available it is possible to do coherent diffrac-
tion imaging (CDI), in which the diffraction pattern is used directly in the
far field, without involving lenses. In theory it is possible to reconstruct
an image from its complex Fraunhofer diffraction pattern (Eq. 2.10) by us-
ing the inverse Fourier transform. In reality, however, no detector is fast
enough to detect the complex electric field due to the rapidly varying phase.
This gives rise to the so-called phase problem. Instead, the field intensity
is registered and used together with iterative computation algorithms and
smart initial constraints in order to reconstruct an image of the object.
CDI and related techniques, such as ptychography and x-ray holography,
are currently used with coherent x-ray sources in a wide range of applica-
tions [36, 51]. Nevertheless, this Thesis deals mainly with incoherent (and
partially coherent) x-ray microscopy and therefore these methods will not
be further discussed.
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2.3 Tomographic (3D) image formation

The full potential of soft x-ray imaging can be utilized by performing com-
puted tomography (CT), thereby obtaining a complete 3D image of the
object. CT is widely used today as a medical imaging method for diag-
nostic purposes, in medical and biological research, as well as in material
science. The concept has been extensively examined and is described in nu-
merous textbooks [52,53]. CT typically refers to tomographic imaging using
x-rays, even though the same concept is used with other imaging techniques
like TEM, where it is commonly referred to as electron tomography (ET).

The mathematical foundations of tomography were derived by Radon
long before computers existed to enable any real tomographic imaging [54].
The theory is most conveniently described for the case of a 2D object, giving
1D projections. This is then easily generalized to the 3D case by considering
many independent 2D slices, which stacked together make up a 3D volume.
The basis of the mathematical formulation by Radon is the so-called Radon
transform, which describes the projection of a finite 2D object, with density
distribution 𝜇(𝑥, 𝑦), at an angle 𝜃 around the z-axis,

𝑇𝜃(𝑢) = ∫
𝐿(𝜃)

𝜇(𝑥, 𝑦)𝑑𝑙. (2.17)

The line 𝐿(𝜃) along which the projection is acquired is defined by (𝑥, 𝑦) =
(𝑢 cos 𝜃+𝑙 sin 𝜃, −𝑢 sin 𝜃+𝑙 cos 𝜃). The main result by Radon [54] states that
the original density distribution 𝜇(𝑥, 𝑦) can be uniquely determined from
𝑇𝜃(𝑢), assuming continuous (infinite) projections. Even though an infinite
number of projections is obviously not feasible, there are various techniques
to reconstruct something very close to the original object. The finite set of
projections, in the case of a 2D object, is usually referred to as a sinogram.
In the extended 3D case it is instead called a tomogram.

The projections given by the Radon transform (Eq. 2.17) are closely
related to simple projection imaging, described by Eq. 2.8. It can be seen
that 𝑇𝜃 is obtained by normalizing the right-hand side of Eq. 2.8 and taking
the negative logarithm (-log). The density function 𝜇(𝑥, 𝑦) is, in this case,
taken to be the LAC (hence the similar notation). In this discussion, the
actual imaging step is omitted and a magnification of 𝑀 = 1 is assumed,
for simplicity.

2.3.1 The Fourier slice theorem

The theory of tomographic (3D) image formation can be neatly described
using the Fourier slice theorem. It states that the 1D Fourier transform of
the projection of a 2D object is equal to a line in the 2D Fourier transform



20 | SOFT X-RAY IMAGE FORMATION

Figure 2.5. Illustration of the Fourier slice theorem. A projection image of the
2D object, when Fourier transformed, produces a line in the 2D Fourier transform
of the object. By gradually rotating and acquiring projection images, information
about the full Fourier transform of the object can be obtained.

of the object itself. This process is visualized in Fig. 2.5. The Fourier slice
theorem can be readily derived by taking the Fourier transform of Eq. 2.17
and comparing with the Fourier transform of 𝜇(𝑥, 𝑦) [52]. Just as in our
previous discussion this theory can easily be extended to 3D objects.

2.3.2 Tomographic reconstruction

It is possible to use the result of the Fourier slice theorem to directly re-
construct the object from its Fourier transform (cf. Fig 2.5). This method
is, however, rarely used since it involves resampling the obtained Fourier
transform from the sampled points along concentric circles to, e.g., Carte-
sian coordinated, before the inverse Fourier transform can be taken [52].

The most commonly used reconstruction technique is called filtered
back-projection. Here, the projections are back-projected one by one onto
the object volume, along the same angle as they were acquired. Prior to the
back-projection, the projections are filtered in Fourier space to decrease the
contribution from low spatial frequencies. The whole process of computing
a reconstruction, 𝑅(𝑥, 𝑦), of the object can be written as

𝑅(𝑥, 𝑦) = ∑
𝜃

ℱ−1 {𝑃(𝜈𝑢) × ℱ {𝑇𝜃(𝑢)}} , (2.18)

where 𝑃(𝜈𝑢) is the filter function in Fourier space and 𝑇𝜃(𝑢) is given by
Eq. 2.17.
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The reconstruction problem can also be formulated as a large system of
linear equations, where each variable corresponds to a pixel (2D) or a voxel
(3D) in the reconstructed object. This is the basic principle of the algebraic
reconstruction technique (ART) [55]. One of the main challenges in solving
the linear equations is the fact that they are, in most realistic cases, un-
derdetermined [52]. To this problem one must add the inconsistencies that
arise due to noise, as well as the fact that the number of equations becomes
very large for high-resolution acquisitions at many different angles. The set
of equations must instead be made into an optimization problem, which is
solved iteratively until the estimated error becomes acceptably small. The
error is given by the difference between the calculated forward projection,
using the current pixel or voxel values, and the acquired projection im-
ages. The method used to adjust the pixel values between iterations varies
between different algorithms (ART, SIRT, SART etc.) [52,56].

2.3.3 Resolution in tomography

Building on the theory of the Fourier slice theorem, it is possible to estimate
the achievable resolution of the tomographic reconstruction. The sampling
in Fourier space will be determined by the resolution in each projection, as
well as the spacing of projection angles. For this discussion, assume that
projections are acquired over a 0∘ − 180∘ range and that the resolution in
the individual projections is not limiting. The highest sampling density is
obtained at low spatial frequencies (thus the need for filtering in the FBP
reconstruction algorithm). Toward the higher spatial frequencies, the dis-
tance between the sampled points gradually increase, as depicted in Fig. 2.5.
The highest resolvable spatial frequency 𝜈𝑐, or equivalently, the smallest re-
solvable period Δ𝑥 can be derived from the spacing between the outermost
points in the sampled Fourier spectrum, according to [57]

Δ𝑥 = 1
𝜈𝑐

≥ 𝜋𝐷
𝑁

, (2.19)

where 𝐷 is the object diameter and 𝑁 is the number of projection angles.
This is known as the Crowther criterion.

The Crowther criterion provides a good estimation of the number of
projection angles needed in the tomographic image acquisition. Neverthe-
less, it describes an ideal case. In many cases the full 0∘ − 180∘ range is not
available during tomographic imaging. This leads to a missing wedge in the
sampled data and subsequent artifacts in the reconstructed image. Exactly
how the resolution is affected is difficult to describe, since it depends on the
reconstruction algorithm. There are methods to reduce artifacts from the
missing wedge. Since this is a matter of missing information these methods
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either include acquiring more information, like tilt around another axis (dual
tilt [58]), or putting additional constraints on the algebraic reconstruction
algorithms [59,60].

In soft x-ray microscopy (both scanning and full-field), the depth of focus
(DOF) typically puts additional limitations on the tomographic resolution.
If the imaged object is significantly larger than the DOF, the outer parts
of the object will be blurred in the images and information will be lost. A
possible solution to this problem is given by the focus-stack back-projection
(FSBP) algorithm [61]. Here, projections at different defocus positions, for
each tilt angle, are combined in order to minimize the blurring. The DOF
of soft x-ray optics is further discussed in Chapter 3.
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Chapter 3

Soft x-ray microscopy

The main focus of this Thesis is lens-based soft x-ray microscopy, in which
soft x-rays and specialized optics are used to form real images of the sample.
This technique much resembles visible-light microscopy in its arrangement,
but due to the nature of soft x-ray interaction with matter (cf. Chapter 2)
most components are fundamentally different. This Chapter describes the
general arrangement of the soft x-ray microscope and its main components,
from x-ray sources and optics, to sample environment and x-ray detection.

3.1 Scanning or full-field

As mentioned in Chapter 1, lens-based soft x-ray microscopy is either done
in full-field, where the entire sample is illuminated and imaged simulta-
neously, or in a scanning arrangement. The full-field arrangement, often
referred to as full-field transmission x-ray microscopy (TXM), has the clos-
est resemblance to the original light microscope. Here, a condenser collects
the light from the source to illuminate the sample and a high-resolution
objective lens creates a magnified real image on the detector. This arrange-
ment is depicted in Fig. 3.1(a). The resolution in TXM, in the case where
aberrations and system stability are not limiting, is set by the resolving
power of the objective [50].

In the scanning arrangement (Fig. 3.1 (b)), a high-resolution zone plate
lens (cf. Section 3.3.3) is used to focus the x-rays from the source onto
a small spot on the sample. The transmitted x-rays are registered by the
detector and the sample is moved to the next position where the process is
repeated. Here, the size of the focus spot from the zone plate determines
the resolution. In order to achieve a diffraction limited spot, the x-ray
source needs to be spatially coherent [32,62]. Alternatively, a small pinhole



24 | SOFT X-RAY MICROSCOPY

Detector

Zone plate

lens

Coherent

source

Scanning 

sample stage

DetectorObjectiveCondenser

Source Sample

x
y

(b)

(a)

Figure 3.1. (a) The arrangement of a full-field transmission x-ray microscope
(TXM), consisting of an extended x-ray source, a condenser, an objective and a
detector. The condenser and objective are depicted as Fresnel zone plates, even
though other types of optics are available. (b) The arrangement of a scanning
transmission x-ray microscope (STXM). Here, the coherent x-rays are focused onto
a small spot on the sample, which is placed on a scanning stage.

can be used to decrease the spot size [31], which unfortunately also means
decreasing the photon flux.

The Stockholm laboratory x-ray microscope, described in Chapter 4, is
a full-field transmission soft x-ray microscope, based on an incoherent (or
partially coherent) compact x-ray source. Since the experimental work in
this Thesis was mainly done using this setup, the full-field arrangement will
be discussed in more detail.

3.2 Soft x-ray sources

To enable microscopy, the x-ray source needs to deliver a high photon
flux from a sufficiently small area, and with the appropriate spectral
properties. These properties are often summarized using a figure of merit
called spectral brightness (sometimes brilliance or just brightness), defined
as photons/ (s × sr × µm2 × 0.1%BW). It generally gives a good idea of
the flux of photons available for imaging, by including the solid angle of
emission (sr), the size of the source (𝜇m2), and by restricting the spectral
bandwidth (BW = Δ𝜆/𝜆) to 0.1%. However, the spectral brightness
does not always provide the full picture, and should therefore only be
used as a starting point for more detailed discussions. Examples of this
include achromatic systems, where a limited BW is not favorable, and
arrangements where an even smaller source would limit the field of view
(FOV). It should also be noted that the degree of spatial coherence is
generally of major concern.
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Figure 3.2. Synchrotron radiation sources and their typical radiation spectra.

3.2.1 Synchrotron sources

According to classical electromagnetism, an oscillating charged particle will
emit electromagnetic waves. The radiated power will depend on the emis-
sion angle as sin2 𝜃, known as the electric dipole radiation pattern [40]. By
accelerating the oscillating particle to relativistic speeds (close to the speed
of light), the radiation will instead be emitted in a narrow cone around
the travelling direction of the particle, thereby increasing the brightness of
the emission by many orders of magnitude. This is the basic principle of
synchrotron radiation [63], utilized at many large-scale facilities around the
world. The synchrotron-radiation sources are characterized by high bright-
ness, high versatility and the possibility to tune both spatial coherence and
spectral properties.

At a synchrotron-radiation facility, electrons are accelerated and injected
into a large storage ring, often with a circumference of several hundred
meters. At modern facilities, the storage ring consists of many long straight
sections. Insertion devices, consisting of periodic magnetic structures, are
placed in these straight sections to make the electrons oscillate and thereby
emit radiation. The insertion devices are usually divided into two classes,
called undulators (U) and wigglers (W), depending on their period and
magnetic field strength. In between the straight sections, the electrons are
guided by the magnetic field of bending magnets (BM), which also cause
the electrons to radiate. Figure 3.2 illustrates the working principle of
synchrotron sources, as well as their typical emission spectra.
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Bending magnets

The radiation from a bending magnet is characterized by a broad spectrum
and moderate x-ray flux, compared to the insertion devices. The critical
wavelength, 𝜆𝑐, which defines the center of the emitted power, is given
by [63]

𝜆𝑐 = 4𝜋𝑚𝑐
3𝑒𝐵𝛾2 , (3.1)

where 𝑒 and 𝑚 are the charge and the mass of the electron, 𝐵 is the magnetic
field and 𝑐 is the speed of light. 𝛾 is the Lorentz factor from special relativity,
defined by 𝛾 = √ 1

1−𝑣2/𝑐2 , where 𝑣 is the speed of the electrons. This
factor also determines the width of the emission cone. The half angle of the
emission is given by

𝜃 ≈ 1
2𝛾

. (3.2)

Undulators and wigglers

The insertion devices will cause the electrons to undergo transverse oscil-
lations as they travel through a periodic magnetic field. A mathematical
treatment, starting with the force equation of a charged particle, shows that
the nature of the oscillations depends greatly on the amplitude 𝐵0 and pe-
riod 𝜆𝑢 of the magnetic field. It is convenient to define the non-dimensional
magnetic deflection parameter as

𝐾 = 𝑒𝐵0𝜆𝑢
2𝜋𝑚𝑐

. (3.3)

For K<1, the magnetic force is relatively weak, and the electrons will
therefore experience close-to harmonic oscillations. Insertion devices with
this property are referred to as undulators. In the reference frame of the
electrons the emitted radiation will approximately follow the sin2 𝜃 pattern
of an electric dipole. Furthermore, the spectral bandwidth is determined by
the number of undulator periods 𝑁, according to

Δ𝜆
𝜆

= 1
𝑁

. (3.4)

Due to relativistic length contraction, the emission will be focused in
the forward direction of the electrons and the radiated wavelength in the
laboratory frame will be much shorter than the undulator period, reaching
far into the x-ray regime. There will also be a broadening in the emission
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spectrum, arising from the relativistic Doppler effect. However, this broad-
ening will only affect off-axis emission, and can thus be removed by filtering
the emission beam through a pinhole. Specifically, it can be shown that
the original spectral bandwidth, given by Eq. 3.4, is recovered for a central
emission cone of half angle 𝜃𝑐𝑒𝑛 = 1/(𝛾

√
𝑁).

The wavelength of the emitted radiation is given by the undulator equa-
tion,

𝜆 = 𝜆𝑢
2𝛾2 (1 + 𝐾2

2
+ 𝛾2𝜃2) , (3.5)

where 𝜃 = 0 gives the emission in the forward direction. It can be seen that
tuning of the wavelength can be done by adjusting the Lorentz factor 𝛾, or
more conveniently, the magnetic deflection parameter 𝐾.

As 𝐾 reaches and exceeds unity, the higher harmonic oscillations, both
transverse and axial, become significant. Insertion devices for which 𝐾 ≫ 1
are called wigglers. Here, the numerous high harmonics result in tightly
spaced emission peaks, which eventually merge into a continuum. The wig-
glers are typically characterized by high photon flux and high photon ener-
gies.

3.2.2 Free-electron lasers

Closely related to the synchrotron sources are the x-ray free-electron lasers
(FEL), which use linear accelerators in combination with very long undu-
lators to achieve even higher photon flux and spatial coherence [64]. As
the electrons travel through the long undulator, they start interacting with
the radiated field through the Lorentz force, causing them to modify their
propagation speed. Depending on the phase of the oscillating electron, rel-
ative to the field, it will either speed up or slow down slightly, eventually
leading to ordering of the electrons into so-called microbunches. The or-
dered electrons will then radiate in phase with each other, thus adding the
radiation amplitude rather than the intensity. The total photon flux will
thus be proportional to the square of the number of electrons 𝑁2

𝑒 , instead
of just 𝑁𝑒 as in conventional undulators.

Around 7 x-ray FEL facilities are currently in operation around the
world [65, 66]. The applications mainly include experiments that utilize
the high coherence and ultra-short pulses available. It is, e.g., possible to
collect snapshots of (the diffraction pattern from) protein molecules, using
x-ray doses that completely destroy samples, by so-called diffraction before
destruction [67]. Since X-ray FELs are not used for lens-based XRM, they
will not be further discussed here.
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Figure 3.3. Laboratory soft x-ray sources. (a)-(d) Laser-plasma sources with
various targets. (e) Discharge, or pinch, plasma source. (f)-(g) Electron impact
sources. (Figure adapted from Paper E)

3.2.3 Laboratory x-ray sources

Laboratory, or compact, sources for x-ray microscopy have been developed
over the past few decades and are now reaching a point where they can
provide an alternative to accelerator-based sources for certain applications.
A detailed comparison of laboratory x-ray sources for TXM is given in
Paper E. Only a brief summary is given here.

Discharge sources

The first laboratory TXM, developed by Schmahl et al. [68], was based on
a nitrogen-gas discharge source [69]. In discharge x-ray sources a gas is
typically injected into the space between an anode and a cathode, where an
electric spark is used to create a plasma. The plasma electrons accelerate
rapidly toward the anode while emitting x-rays. In doing so, they also
create a magnetic field that pulls the electrons toward the central axis,
thus decreasing the size of the emission spot and increasing the plasma
temperature. This phenomenon is known as a z-pinch [70].

The x-ray emission from discharge x-ray sources consists of a broad
spectrum, with some additional element-specific peaks that depend on the
target gas. In the soft x-ray regime, the broadband emission can be de-
scribed, with reasonable accuracy, as blackbody radiation [71]. This means
that the intensity will peak at a wavelength given by Wien’s displacement
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law

𝜆𝑝𝑒𝑎𝑘 = 2.898 ⋅ 106 nm ⋅ K
𝑇

, (3.6)

where 𝑇 is the plasma temperature. When the broadband emission overlaps
with the characteristic electron transition energies of the target, the prob-
ability of these transitions increase, and the line emission becomes more
intense.

Modern discharge x-ray sources have been demonstrated
in TXM [72, 73], with spectral brightnesses of up to 2.4 ⋅ 109

photons/ (s × sr × µm2 × 0.1%BW) for 𝜆 = 2.88 nm.

Laser-plasma sources

The emission from laser-plasma x-ray sources can be described using Wien’s
displacement law and element-specific line emission, following the same prin-
ciples as for discharge sources. In this case, the plasma is created by focusing
a pulsed high-power laser onto a target material. The conversion efficiency
from laser energy to x-rays is typically on the order of tens of percent,
depending on the target material and laser wavelength [74]. Combining
this conversion efficiency with the Stefan-Boltzmann law for blackbody ra-
diation, a relation can be derived between the incident laser intensity and
the plasma temperature. Using Eq. 3.6, this can give a good estimation
of the emitted spectrum. As an example, laser intensities on the order of
1013 − 1014 W/cm2 can be estimated to produce strong emission in the soft
x-ray regime (𝜆 ≈ 0.5 − 5 nm).

Laboratory x-ray microscopy has been demonstrated using laser-plasma
sources with various types of targets, such as solid bulk [75–77], solid
tape [78], liquid jet [79, 80], and gas-puff targets [81, 82]. Out of these,
the liquid-jet targets have demonstrated the highest spectral brightness
(> 1012 photons/ (s × sr × µm2 × 0.1%BW) for 𝜆 = 2.48 nm) [83]. Fur-
thermore, the liquid-jet and gas-puff targets have the important advantage
of being regenerative and relatively debris-free [79,82,84].

Electron-impact sources

In the original x-ray tube, used by Röntgen in his early experiments, x-rays
were generated by letting high-speed electrons collide with a metal anode.
This principle is still used in modern versions of the x-ray tube, which are
found, e.g., in diagnostic x-ray imaging modalities at hospitals and clinics.
High-Z anode materials such as tungsten or rhodium are commonly used,
which mainly generate bremsstrahlung x-rays with typical peak photon en-
ergies on the order of tens of keV (hard x-rays) [53].
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For soft x-ray generation, the bremsstrahlung emission is typically very
weak compared to K𝛼 line emission [85]. On the other hand, the non-
radiative Auger process takes up most of the incident energy, making the
total x-ray conversion efficiency low [86].

Electron impact soft x-ray sources have been used for microscopy pur-
poses, but generally with low brightness [87–89]. Here, various solid targets
were used. A higher-brightness electron-impact source, using a water-jet
target, was developed by Skoglund et al. [90]. It produced a brightness of
5 ⋅ 108 photons/ (s × sr × µm2 × 0.1%BW) at 𝜆 = 2.36 nm (𝐸 = 525 eV),
but was never used for microscopy.

Coherent sources

A number of different techniques can be used to produce high-brightness
coherent illumination on a laboratory scale. These include high harmonic
generation (HHG) [91, 92], plasma-based x-ray lasers (XRL) [93, 94] and
various techniques based on laser-wakefield accelerators (LWFA) [95]. Mi-
croscopic imaging in the EUV [92, 96] and hard x-ray regime [95] has been
demonstrated. However, soft x-ray microscopy on a laboratory scale is cur-
rently not feasible [91, 97]. Furthermore, the coherent sources are better
suited for CDI methods than for lens-based microscopy and are therefore
outside the scope of this Thesis.

3.3 Soft x-ray optics

As discussed in Chapter 2 the refractive index, 𝑛 = 1 − 𝛿 + 𝑖𝛽, is very close
to unity for soft x-rays, and furthermore, the absorption is strong. This
makes the use of refractive lenses practically impossible. Instead, soft x-ray
optics have to be based either on reflection or diffraction.

3.3.1 Multilayer mirrors

Normal-incidence reflection of soft x-rays on a single interface between two
materials cannot be made sufficiently strong for practical applications. This
is given by the Fresnel equations (Eqs. 2.5 and 2.6) and was discussed in
Chapter 2. The reflectivity can, however, be increased by utilizing the reflec-
tions from many interfaces in combination with constructive interference.
This is the basic principle of multilayer mirrors.

Multilayer mirrors typically use two materials, which are deposited on
a substrate in periodic layers [50]. A third layer can also be used as a
barrier between the two primary materials to reduce diffusion. Constructive
interference of the individual reflections is achieved if the structure satisfies
Bragg’s law
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𝑚𝜆 = 2𝑑 sin 𝜃, (3.7)

where 𝑑 is the thickness of one bilayer, 𝜃 is the incidence angle (from the
surface plane), and 𝑚 = 1, 2, 3 … is the Bragg order number. In order to
optimize the efficiency by minimizing absorption, 𝑚 = 1 is preferred. In
the case of normal incidence and water-window wavelengths, this gives a
bilayer thickness on the order of 1 nm, corresponding to only a few atoms.

The choice of materials is, of course, crucial. To start with, the reflection
in each interface should be maximized. Using the Fresnel equations (Eqs. 2.5
and 2.6) at normal incidence, and assuming that 𝛿 and 𝛽 are small, the
reflectivity can be written

𝑅 = ∣𝑛1 − 𝑛2
𝑛1 + 𝑛2

∣
2

≈ Δ𝛿2 + Δ𝛽2

4
, (3.8)

where Δ𝛿 and Δ𝛽 are the differences in the real and imaginary part of the
refractive indices. Furthermore, materials with low values of 𝛽 should be
chosen in order to reduce absorption.

The number of bilayers 𝑁 not only determines the total reflectivity, it
will also define the spectral resolving power [28,50],

Δ𝜆
𝜆

= 1
𝑚𝑁

. (3.9)

The ability of the multilayer mirror to act as a monochromator can be very
useful in soft x-ray microscopy. A normal-incidence multilayer condenser in
combination with a zone-plate objective can eliminate the need for further
filtering of the illumination from the source.

Layer deposition technologies have greatly improved in the last couple of
decades and the achieved reflectivity has consequently increased. Some ex-
amples of reflectivities at normal or near-normal incidence are CrN/B4C/Sc
(𝑅 = 18%, 𝜆 = 3.12 nm) [98], Cr/Ti (𝑅 = 17%, 𝜆 = 2.73 nm) [99], Cr/V
(𝑅 = 18%, 𝜆 = 2.42 nm) [100], and Cr/V (𝑅 = 5.6%, 𝜆 = 2.48 nm) [100].
It should be noted that these numbers were typically presented for small,
flat surfaces. Fabrication of large non-flat multilayer mirrors is more chal-
lenging. The Stockholm laboratory x-ray microscope (cf. Chapter 4) oper-
ates with a state-of-the-art 58 mm diameter, 350 mm radius of curvature,
spherical condenser mirror, giving 𝑅 ≈ 4.6% at 𝜆 = 2.48 nm (Paper B).

3.3.2 Grazing-incidence mirrors

Another way to increase soft x-ray reflection is to use grazing-incidence
angles and the concept of total external reflection. Since 𝛿 > 0, x-rays will
generally refract away from the surface normal, when incident on a more
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Figure 3.4. Soft x-ray reflective optics are either based on multilayer technology
or total external reflection at grazing-incidence angles. (a) Reflections in a mul-
tilayer structure with bilayer thickness 𝑑 and refractive index 𝑛1 and 𝑛2 in the
two materials. (b) Reflectivity in a nickel surface as a function of incidence angle
(from the surface plane), for parallel ∥ and perpendicular ⟂ polarized 𝜆 = 2.48 nm
x-rays.

optically dense material. At incidence angels smaller than the critical angle,
given by [27]

𝜃𝐶 =
√

2𝛿, (3.10)

most of the incident energy will be reflected and total external reflection is
achieved. This angle, which depends on material and incident wavelength,
sets a limit to the possible x-ray collection geometry. As an example, 𝜆 =
2.48 nm x-rays incident on a nickel surface give 𝜃𝐶 = 5.6∘. Furthermore, the
efficiency of the grazing-incidence mirror, within the critical angle, depends
on the surface roughness. Just as for multilayer mirrors, the challenge lies in
manufacturing large non-flat optical components, with sufficiently smooth
surface.

Grazing-incidence technology is utilized in Kirkpatrick–Baez (KB) mir-
ror pairs [101], ellipsoidal and parabolic glass capillaries [102], or Wolter
mirrors [103], for focusing x-rays. Wolter mirrors, which use two reflections
on a parabolic and hyperbolic surface, respectively, have the advantage of
reducing off-axis aberrations. However, their use is limited by major fabri-
cation challenges [36].

Grazing-incidence condenser optics are currently used in soft x-ray mi-
croscopes, both at synchrotron facilities [104, 105] and in laboratory se-
tups [72, 77, 89, 106]. Some of the laboratory setups also use these types of
optics as objectives, although with poor resolution [77,89].
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Figure 3.5. The working principle of a Fresnel zone plate. An incident wave front
of wavelength 𝜆 is diffracted more further away from the center, thus causing the
waves from all transparent zones to converge at certain points on the optical axis.
Only the 1st and 3rd diffraction orders are included in this illustration.

3.3.3 Zone plates

The Fresnel zone plate lens, here referred to as a zone plate, utilizes diffrac-
tion and constructive interference from a circular grating pattern in order
to focus x-rays. The grating period is designed to decrease gradually in the
outward radial direction, so that the incident wave front diffracts more the
further from the center it is. This way the diffracted waves from all parts
of the zone plate can be made to interfere constructively in the same points
along the optical axis [50].

Zone plates are extensively used as x-ray focusing optics for a range
of applications. Their high resolving power and relatively easy alignment
currently make them the number one choice of objective in TXM, and fo-
cusing optic in STXM. Furthermore, larger lower-resolution zone plates can
be used as condensers in TXM [32].

Figure 3.5 illustrates the operating principle of a binary zone plate, i.e.,
with alternating opaque and transparent circles. An incident monochro-
matic plane wave, here illustrated using horizontal rays, illuminate the en-
tire zone plate and diffracted waves exit the respective transparent zones.
A simple geometrical consideration shows that the path difference from ad-
jacent zones to a position 𝑓 on the optical axis is equal to one wavelength
𝜆, if the radius 𝑟𝑛 of each circle (transparent and opaque) is given by

𝑟2
𝑛 = 𝑛𝜆𝑓 + 𝑛2𝜆2

4
. (3.11)

This can be approximated by 𝑟𝑛 =
√

𝑛𝜆𝑓, by assuming that 𝑓 ≫ 𝑛𝜆/2. This
is the case for small numerical apertures, defined by 𝑁𝐴 = 𝑟𝑁/𝑓, where 𝑁



34 | SOFT X-RAY MICROSCOPY

is the number of the outermost zone.
By defining the outermost zone width Δ𝑟 = 𝑟𝑁 − 𝑟𝑁−1, expressions

for the diameter 𝐷, the focal length 𝑓, and the numerical aperture can be
derived,

𝐷 = 4𝑁Δ𝑟, (3.12)

𝑓 = 4𝑁(Δ𝑟)2

𝜆
= 𝐷Δ𝑟

𝜆
, (3.13)

𝑁𝐴 = sin 𝛼1 ≈ 𝜆
2Δ𝑟

. (3.14)

Note that two of the zone-plate parameters, e.g., 𝐷 and Δ𝑟 or 𝑁𝐴 and 𝑓,
are sufficient to define the zone-plate pattern for a certain wavelength.

Zone plates also produce higher diffraction orders, given by path differ-
ences of multiple half wavelengths 𝑚𝜆

2 , where 𝑚 = 0, ±1, ±2 … The corre-
sponding focal lengths are given by

𝑓𝑚 = 𝑓
𝑚

. (3.15)

The negative diffraction orders give negative focal lengths, i.e., virtual
foci, and the 𝑚 = 0 order corresponds to a wave continuing in its origi-
nal direction, unaffected by the zone plate. Furthermore, the even orders
𝑚 = ±2, ±4, ±6, … turn out to cancel for a binary zone plate [50]. The
diffraction efficiency in the general case, for a perfect binary zone plate, is
given by

⎧{
⎨{⎩

0.25, 𝑚 = 0
1/ (𝑚𝜋)2 , 𝑚 odd
0, 𝑚 even,

(3.16)

giving about 10% in the first diffraction order.
It is possible to improve the zone-plate efficiency by changing the opaque

structures for a material that produces a 𝜆/2 phase shift [50]. A factor four
increase is in theory possible, if the absorption is negligible. Unfortunately,
no such material exists. For soft x-rays, a partial increase in efficiency is
possible by using nickel as zone-plate material [107]. For hard x-rays gold
is the more common choice [108].

Resolution

The resolving power of an ideal zone plate can be derived by using the same
treatment as for an ideal lens (cf. Chapter 2). Thereby, the highest attain-
able resolution depends, to a certain degree, on the spatial coherence of the
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illumination. To keep the discussions simple, it is common to use the clas-
sical Rayleigh resolution criterion for incoherent point sources (Eq. 2.16).
For an ideal zone plate with outermost zone width Δ𝑟, this can be written
as

𝑟𝑅𝑎𝑦𝑙 = 0.61𝜆
𝑁𝐴

= 1.22Δ𝑟. (3.17)

At this point it is important to interpret what the resolution limit ac-
tually means in the real imaging case. For this we consider a grating test
sample of period 𝐿. The case of fully incoherent imaging corresponds to
illumination of the grating from all angles. When 𝐿 approaches the resolu-
tion limit, each transparent line in the grating can be seen as an incoherent
point source, and will thus be resolved if 𝐿 ≥ 𝑟𝑅𝑎𝑦𝑙. Fully coherent imag-
ing would instead correspond to illumination by a normally incident plane
wave. In this case, the resolution would almost be cut in half, albeit with
better contrast (cf. Fig. 2.3).

The common choice in microscopy (including TXM) is to match the
numerical aperture of the condenser to the numerical aperture of the objec-
tive. Even though the illumination angle will be somewhat limited, this case
can with fairly good accuracy be approximated as incoherent imaging. The
resolution limit given by Eq. 3.17 is therefore typically referred to as the
full-period resolution in TXM. More detailed discussions on the resolution
for partially coherent illumination can be found in [48,50,109].

Depth of focus and spectral bandwidth

Due to the diffraction-limited focus spot, some deviation from the ideal
focus is acceptable. This is usually described by the depth of focus (DOF),
defined by the (longitudinal) distance from the focus where the intensity of
the spot is decreased by 20%. For a zone plate in the 1st order focus, this
is given by

Δ𝑧 = ± 𝜆
2(𝑁𝐴)2 = 2(Δ𝑟)2

𝜆
. (3.18)

Zone plates are chromatic by nature, meaning that the focal length
(Eq. 3.13) depends on the wavelength. However, by a similar argument
as for the DOF, a certain spectral bandwidth is acceptable. As a rule of
thumb, chromatic aberrations can be avoided if the spectral bandwidth of
the illumination satisfies

Δ𝜆
𝜆

≤ 1
𝑁

. (3.19)
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In this case the focal shift due to the spectral bandwidth does not exceed
the DOF. Here it should be noted that Eq. 3.19 only describes the size of
the chromatic aberrations relative to the diffraction spot. For example, if
the outermost zone width Δ𝑟 is increased, which results in a larger focus
spot (cf. Eq. 3.17), the chromatic aberrations also increase, even if 𝑁 is
kept constant. The absolute size of the blur due to chromatic aberrations
is proportional to the zone-plate diameter 𝐷.

3.4 Optical arrangements for TXM

Designing an arrangement for TXM basically means deciding on a source,
a condenser and an objective. The other parts of the system will, to a
large extent, follow from these decisions. It should be kept in mind that
all components of the microscope need to be kept in vacuum, or in some
cases a helium atmosphere, due to the absorption properties of soft x-rays
(cf. Chapter 2). Figure 3.6 depicts four possible condenser-objective com-
binations for the case of a polychromatic source, radiating in all directions.
Since the efficiency of soft x-ray optics is low, the condenser and the objec-
tive typically cannot consist of more than one part, especially if the source
brightness is limited. This prevents implementation of the otherwise prefer-
able Köhler illumination, which is used in full-field visible-light microscopy.

An arrangement consisting of a zone-plate condenser in combination
with a zone-plate objective is shown in Fig. 3.6(a). In this case the x-rays
from the source have to be monochromatized, e.g., by using metal filters
with sharp absorption edges. Furthermore, a central stop (CS) is needed to
prevent the 0th diffraction order from reaching the detector, and an order
sorting aperture blocks the higher diffraction orders from the condenser.

Figure 3.6(b) shows an achromatic arrangement, in which
grazing-incidence reflective optics are used both as condenser and
objective. This has the advantage of transmitting more x-rays through
the system. However, drawbacks include difficulties in alignment and
challenges in fabricating a high-resolution objective. This arrangement
needs a CS to block direct illumination from the source, but no
monochromator.

The combination of a grazing-incidence-mirror condenser and a zone-
plate objective is shown in Fig. 3.6(c). Here, the polychromatic radiation
from the condenser has to be monochromatized before reaching the zone-
plate objective. Finally, Fig. 3.6(d) shows a normal-incidence multilayer-
mirror condenser in combination with a zone-plate objective. A major ad-
vantage of this arrangement is that the condenser acts as monochromator,
thus eliminating the need for further spectral filtering. Furthermore, the
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Figure 3.6. Optical arrangements for TXM with an extended polychromatic
source. (a) The combination of a zone-plate (ZP) condenser and an objective zone
plate requires a chromatic filter, a central stop (CS) and an order sorting aperture
(OSA). (b) An achromatic arrangement, using grazing incidence optics as con-
denser and objective, only requires a central stop. (c) The combination of grazing
incidence condenser optics and a zone-plate objective still requires a chromatic
filter, preferably placed before the sample. (d) A normal-incidence multilayer con-
denser mirror (MLM) acts as a monochromator and can thus be combined with a
zone-plate objective, without additional chromatic filters.

alignment of a normal-incidence multilayer-mirror condenser is easy, com-
pared to the other alternatives.

All arrangements depicted in Fig. 3.6 have been demonstrated in TXM,
at synchrotron-radiation facilities or in laboratory setups. Some examples
are (a) [110], (b) [77,89], (c) [72,104–106], and (d) [80,111].

3.5 Sample environment

Sample handling and preparation is crucial for a successful imaging exper-
iment. Compared to other techniques, like TEM or super-resolution light
microscopy, the sample preparation for x-ray microscopy is simple, which is
often recognized as one of its major advantages. The natural contrast and
the appropriate penetration capability of the x-rays eliminate the need for
both sectioning and staining.

The samples for soft x-ray microscopy are typically placed on few mm-
sized TEM grids, consisting of a thin carbon layer on a gold or copper grid
structure. The grid is then mounted on a specialized sample holder that can
be inserted into the vacuum of the microscope. The sample holder should
also allow fine positioning of the sample (this can also be done by moving
the objective) as well as rotation for tomography.

An alternative to the TEM grids is provided by thin-walled glass cap-
illaries [112, 113]. These have the advantage of allowing a full 180∘ tilt for
tomography, thereby eliminating the missing-wedge problem. Disadvan-
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tages include a higher x-ray attenuation in the capillary walls, compared to
the holey-carbon layer of the TEM grids, which is typically a problem for
laboratory-based microscopes. Furthermore, the capillaries are unsuitable
for samples that require a surface, like adherent cells and cell-cell interac-
tions.

3.5.1 Cryofixation

The standard sample-preparation method for biological samples is
cryofixation, where the sample is quickly cooled to cryogenic temperatures
(< −150 ∘C) and kept there during imaging. By doing this, the sample will
be spatially fixed, which is necessary since the exposure times are typically
on the order of seconds or tens of seconds. Furthermore, the vitreous
(amorphous) ice structure, formed during the rapid cooling, will prevent
radiation damage while still maintaining the morphology of the sample.
Studies have shown that up to 1010 Gy can be delivered to cryofixed cell
samples with no visible alterations to the morphology [114], while 104 Gy
is enough to damage non-frozen cells [115]. Achieving high-resolution
images with a sufficient SNR typically requires doses on the order of
105 − 108 Gy [116].

Cryofixation for soft x-ray microscopy is usually done by plunge freezing
the sample in a liquid cryogen with appropriate cooling properties. Ethane
is a good choice due to the large gap between its melting and boiling tem-
perature (90 − 185 K), which prevents an insulating gas layer from forming
around the sample [117]. A simple plunge-freezing setup with liquid ethane
can form vitreous ice through samples up to ∼10 µm thick [116].

High-pressure freezing is an efficient but more complicated alternative
to plunge freezing. Here, a pressure of 2000 bar is applied within a few
milliseconds, before a flow of liquid nitrogen cools the sample to cryogenic
temperatures. This way, up to 200 µm thick objects can be frozen without
forming crystalline ice. The drawbacks of high-pressure freezing are the
high cost of the machine and the challenge in controlling the ice thickness,
which can be crucial in biological soft x-ray microscopy.

3.5.2 Chemical fixation

Chemical fixation methods, such as glutaraldehyde fixation, have been ap-
plied in biological x-ray microscopy [118]. However, studies show severe
morphological alterations to the samples, as well as radiation-induced dam-
age, thus making these methods inappropriate for most applications [119,
120].
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3.5.3 Wet imaging

Wet imaging is also possible in cases where radiation damage is not an
issue. As an example, environmental colloids in aqueous suspension have
been studied using the Stockholm laboratory x-ray microscope [121]. Here,
the samples were clamped between two Si3N4-membranes and kept in a
helium atmosphere, separated from the vacuum of the microscope.

3.6 X-ray detection

The two possible techniques for soft x-ray detection in TXM are the charge-
coupled device (CCD) and the complementary metal-oxide-semiconductor
(CMOS) sensor. While CMOS can provide faster read-out, the CCD typi-
cally has lower noise and higher dynamic range, and is therefore the most
common choice. Commercially available scientific-grade CCDs currently
provide a quantum efficiency of up to 85% at 500 eV photon energy, with
a negligible dark current (at < −50 ∘C) and a readout noise on the order
of 10 electrons/pixel [122]. This should be compared to the >100 electrons
generated for each detected 500 eV x-ray. The high quantum efficiency is
achieved by a back-illuminated arrangement, where the read-out electronics
are placed on the backside of the sensitive CCD chip to avoid blocking any
incident radiation.

When designing an arrangement for TXM, the effective pixel size in the
sample plane must be taken into consideration in order not to limit the
resolution. The actual pixel size, divided by the magnification, should not
exceed half the smallest resolvable period 𝐿 (cf. discussion in Section 3.3.3).
This is the well-known Nyquist sampling criterion, which can be written as

𝑟𝑝𝑖𝑥 ≤ 𝐿
2

. (3.20)

In practice, however, the pixel size should be at least four times smaller
than the resolvable period for the decrease in contrast to be negligible.

In STXM there is no need for spatial resolution at the detector, and
thus, photomultiplier (PMT) systems are typically used due to their extreme
sensitivity and detection speed [123].
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Chapter 4

The Stockholm laboratory x-ray
microscope

With an early version of the Stockholm laboratory x-ray microscope, Hertz
et al. demonstrated the first laboratory-scale sub-visible-resolution soft x-
ray microscopy [80]. Since then, the system has undergone major improve-
ments with regard to x-ray flux, sample environment, stability and general
reliability. This Chapter describes the general arrangement of the Stock-
holm laboratory x-ray microscope, as well as details about its main compo-
nents and operational principle. Focus will be on the technical developments
that enabled the first comprehensive biological studies with high scientific
relevance. The biological applications are further discussed in Chapter 5.

4.1 Microscope arrangement

The Stockholm laboratory x-ray microscope arrangement is based on the
combination of a normal-incidence multilayer condenser mirror and a high-
resolution zone-plate objective (cf. Fig 3.6 (d)). The x-ray source is a liquid-
nitrogen-jet laser plasma, which emits a combination of bremsstrahlung and
strong line emission. As discussed in Section 3.4, the multilayer condenser
works as a spectral filter, creating the monochromatic illumination needed
by the zone plate. A thin (100 − 200 nm) aluminum filter is also needed to
block stray light from the laser. Furthermore, a central stop, placed between
the source and the sample, blocks direct illumination from the source and
creates the hollow cone needed to keep the 0th order radiation away from
the detector. In addition to the main components discussed in this Chapter,
apertures and shutters are placed in a few positions along the optical axis to
block stray radiation and protect sensitive optics. A schematic illustration
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Figure 4.1. The Stockholm laboratory x-ray microscope arrangement, includ-
ing source components, optics, sample holder, detector and vacuum system.
MLM=multilayer mirror, LN2 = liquid nitrogen, CS = central stop, Al=aluminum,
ZP = zone plate.

of the Stockholm laboratory x-ray microscope arrangement, as described in
this Chapter, is shown in Fig. 4.1.

4.2 Source

The liquid-nitrogen-jet laser-plasma x-ray source provides high spectral
brightness in the water window, due to strong line emission at 𝜆 = 2.48 nm
(500 eV) and 𝜆 = 2.88 nm (431 eV). The corresponding electron transi-
tions, from the 𝑛 = 2 state to the 𝑛 = 1 state, are possible in the fully or
almost fully ionized nitrogen atoms, at plasma temperatures around 106 K.
The 𝜆 = 2.48 nm and 𝜆 = 2.88 nm lines are often referred to as hydrogen-
like and helium-like, respectively, referring to the number of electrons lefts
in the ions [71]. The Stockholm laboratory x-ray microscope utilizes the
hydrogen-like 𝜆 = 2.48 nm line, due to its position in the higher-energy
part of the water window (cf. Fig. 2.2). The bandwidth of this line was
measured during the early development of the liquid-nitrogen laser-plasma
source, giving Δ𝜆/𝜆 ≤ 1/500 [124].

The nitrogen plasma is created by focusing a high-power 𝜆 = 1064 nm
laser, with 600 ps pulses and a repetition rate of 2 kHz (Fraunhofer ILT,
Aachen) [125], onto a liquid-nitrogen jet in vacuum. The diode-pumped,
slab-amplified laser can provide an average power of > 200 W, resulting
in an x-ray brightness that approximately scales linearly with the
power [83]. In 2012 Martz et al. demonstrated a brightness of
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Figure 4.2. Setup for real-time flash-imaging of the liquid-nitrogen jet.

> 1012 photons/ (s × sr × µm2 × 0.1%BW) at 200 W. However, the source
is typically operated at more moderate laser powers (< 100 W) in order
to maintain the stability for long-term operation. Measurements have
shown that the size of the source is typically 14 × 20 µm2 full width at half
maximum (FWHM).

The liquid jet is formed by driving high-purity (99.99999%) gaseous ni-
trogen, at typically 8-15 bar, through a custom-built liquid-nitrogen-cooled
cryostat. By pumping on the cryostat, its temperature is regulated to
achieve an adequate cooling rate. The liquefied high-purity nitrogen is fi-
nally ejected into the microscope vacuum chamber through a 30 µm diam-
eter glass capillary nozzle.

4.2.1 Source stability

The liquid-jet stability is of crucial importance for the high-brightness and
high-stability operation of the laser-plasma source. This was investigated
in great detail in Paper A. During operation, the jet is monitored by a
flash-imaging system, consisting of a 4 ns green (𝜆 = 532 nm) laser, a liquid
fluorophore, a 532 nm rejection filter and a camera that is triggered by
the laser pulses. This arrangement is shown in Fig. 4.2. With the real-
time feedback provided by the flash-imaging system, the driving pressure is
regulated to achieve optimal jet stability.

One of the main results of Paper A was the implementation of a radia-
tive heating element, mounted close to the tip of the nozzle. The heating
element, consisting of a highly resistive wire coiled around the nozzle, is
included in Fig. 4.1. It was shown that the liquid nitrogen, when ejected
into vacuum, will freeze close to the nozzle and possibly cause asymmet-
ric disturbances. By applying heat close to the nozzle tip, the freezing is
delayed and the jet stability is improved. Adjusting the current through
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the resistive heating element gives additional control to the behavior of the
liquid-nitrogen jet.

Furthermore, preventive measures have to be taken to avoid clogs in the
nozzle. A new procedure was developed to clean the nozzle prior to opera-
tion. This includes flushing methanol and subsequent heated nitrogen gas
through the cryostat, and monitoring the process in a light microscope. Fine
filters are also used to prevent particles from reaching the nozzle through
the cryostat.

Finally, the quality of the laser beam is closely monitored for optimal
performance, both prior to and during microscope operation. For this pur-
pose, an M2 measurement system is permanently mounted on the optical ta-
ble next to the x-ray microscope. Any sensitive optics along the beam path,
especially the entrance window to the vacuum chamber, are also checked
and changed when needed.

4.3 Condenser mirror

Together with the improved source stability, the implementation of a new
multilayer condenser mirror has made the highest impact, in the last sev-
eral years, on the overall performance of the Stockholm laboratory x-ray
microscope. The new mirror (OptiX fab, Jena) [126] consists of 500 Cr/V
double layers with B4C barriers to decrease material interdiffusion. The
average reflectivity for 𝜆 = 2.48 nm at normal incidence is >4.5% over the
used mirror area. This can be compared with a reflectivity of 0.6% for the
previous condenser mirrors used in the Stockholm laboratory x-ray micro-
scope. Figure 4.3 shows the result of a reflectivity measurement over the
entire condenser-mirror area.

The condenser mirror is spherical with a radius of curvature of 350 mm
and a diameter of 58 mm. It is positioned 285 mm behind the source,
giving an 𝑀 = 1.6 magnified image of the source in the sample plane.
With an actual source size of 14 × 20 µm2, this gives an illuminated area of
22 × 32 µm2 FWHM. However, it should be noted that the source typically
moves somewhat during the exposures, due to a combination of jet and laser
instabilities, resulting in a slightly larger effective illuminated area.

The common choice in microscopy is to match the numerical aperture of
the condenser to the numerical aperture of the objective. This gives a resolu-
tion corresponding to the Rayleigh criterion for incoherent point sources (cf.
Section 3.3.3). However, the theory of partially coherent imaging finds that
the resolution can be somewhat increased by making the numerical aper-
ture of the condenser slightly (∼ 1.5×) larger [48]. The current condenser
arrangement results in an illumination angle of 0.063 rad, corresponding to
the numerical aperture of a Δ𝑟 = 20 nm zone plate at 𝜆 = 2.48 nm. The
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Figure 4.3. Reflectivity measurement of the multilayer condenser mirror. Data
from [126].

∼ 1.5× overmatching can be achieved by choosing a zone-plate objective
with Δ𝑟 = 30 nm (𝑁𝐴 = 0.0413).

4.4 Objective zone plate

As described in Chapter 3, the objective zone plate determines several im-
portant imaging parameters and should ideally be customized for each imag-
ing application. Yet, choosing the optimal zone plate is not trivial, since
the physical and optical zone-plate parameters affect each other in intricate
ways (cf. Eqs. 3.12-3.19). As an example, the outermost zone width Δ𝑟 sets
the resolution limit due to diffraction, and should therefore be made small.
However, Δ𝑟 also affects the focal length 𝑓 (which should not be made too
small), the numerical aperture 𝑁𝐴 (which should match the condenser), the
DOF (which should be adjusted depending on the sample thickness) and the
number of zones 𝑁 (which, if made loo large, may lead to chromatic aber-
rations, depending on the bandwidth of the source). It is obvious that the
choice of zone-plate parameters must be based on a balanced compromise,
determined by the imaging task at hand.

The objectives used in the Stockholm laboratory x-ray microscope are
typically nickel zone plates with diameters ranging from 50 to 200 µm, and
outermost zone widths between 30 and 40 nm. In Paper B the goal was to
perform tomography of whole cells and cell-cell interactions, and in order
to facilitate risk-free rotation of the sample, a zone plate with a large focal
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length was chosen. The zone-plate parameters used were Δ𝑟 = 30 nm and
𝐷 = 200 µm, giving 𝑓 = 2.4 mm. It was noted that the large number of
zones (𝑁 ≈ 1660) was likely to cause some chromatic aberrations, due to
the finite source bandwidth. In Paper C, a Δ𝑟 = 30 nm, 𝐷 = 100 µm zone
plate was used in order to achieve high resolution in a flat test sample. An
even smaller outermost zone width could have been used here, if one had
been available.

4.5 Sample stage

The sample stage is a modified TEM goniometer stage (FEI) that enables
translation in all three dimensions as well as tilt along one axis. During
operation the sample is typically moved in the plane perpendicular to the
optical axis, over areas of up to 2 × 2 mm2. Scanning through large sample
areas with short exposures is often necessary in order to find regions of
certain interest, where longer-exposure images are acquired.

The Stockholm laboratory x-ray microscope allows imaging of cryofixed
samples, by using a temperature-controlled cryo sample holder. After cry-
ofixation by plunge freezing (cf. Section 3.5), the 3 mm sample grids are
kept in liquid nitrogen and then mounted on the sample holder in a spe-
cialized cryogenic stage. The sample holder is then inserted into the micro-
scope through a vacuum sluice, and a temperature-control unit is connected.
During imaging, the sample is kept at constant temperature of typically
−165 ± 0.01 ∘C.

Tomographic data sets can be acquired by utilizing the tilt along the
allowed axis. The stage allows angular steps of <0.1∘, even though 1∘ steps
are enough for the current system. Unfortunately, the current microscope
arrangement does not allow exact alignment of the zone-plate focus with the
rotation axis of the sample stage. The sample will therefore move somewhat
during rotation, both in the image plane and along the optical axis. Thus,
continuous repositioning and refocusing are required during tomographic
data acquisition. Possible ways to improve this procedure include the im-
plementation of automatic repositioning and refocusing during rotation, or
an accurate pre-alignment of the zone-plate focus with the axis of rotation.
The latter has already been implemented at a similar microscope setup in
Berlin, and is described in Paper F.

4.6 Detector

The detector is an air-cooled back-illuminated CCD (Andor) with 2048 ×
2048 pixels and a pixel size of 13.5 µm. The dark current and readout noise
are kept negligible at temperatures < −50 ∘C and readout speeds of up to
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3 MHz (giving 1.6 s per frame). During initial scanning of the sample, a
4 × 4 pixel binning is used to speed up the readout time to <0.5 s.

The microscope magnification can be adjusted by sliding the detector
along the optical axis. Typical values of 𝑀 = 700 − 1200 are used, which
give effective pixel sizes of 11-19 nm in the sample plane. As mentioned in
Section 3.6, the pixel size should ideally not exceed a quarter of the full-
period resolution. In other words, at least double the Nyquist sampling
frequency is desired.

4.7 Vacuum system

The 𝜆 = 2.48 nm x-rays require medium to high vacuum, not to be ab-
sorbed on their way through the microscope. With a 10−2 mbar air atmo-
sphere, about 96% of the x-rays are transmitted over a distance of 2 m. At
10−3 mbar the corresponding value is about 99.6% [28].

The vacuum system of the Stockholm laboratory x-ray microscope con-
sists of three roughing pumps, connected to each end of the microscope
and to a small hole where the liquid-nitrogen jet exits the source chamber
(called the jet dump). Furthermore, two turbo pumps, one at each end of
the microscope, are used to further improve the vacuum. The source cham-
ber can, at any time, be closed off from the rest of the microscope by using
an air-operated valve. This in an important feature that helps protecting
sensitive parts, like the aluminum filter, the zone plate, and the detector,
in case the liquid-nitrogen jet becomes unstable.

Prior to operation, the vacuum in the microscope typically reaches below
10−6 mbar. When the source is being operated, the pressure increases to
about 10−3 − 10−2 mbar in the source chamber and about 10−5 mbar close
to the detector.

4.8 System stability

High-resolution microscopy sets high demands on the mechanical stability of
the instrument. The most sensitive imaging components in the Stockholm
laboratory x-ray microscope are the sample and the objective. Movements
in these parts during image acquisition result in a blurred image, limiting
the resolution to approximately the same magnitude as the movements. The
detector could in theory also affect the resolution, but here the sensitivity
is on the order of 1000× smaller, due to the high magnification. The source
and condenser, on the other hand, can affect the shape and position of the
illuminated area, but not the image resolution [48].

The microscope stability and its effect on the achievable image resolu-
tion were investigated in Paper C. A fiber interferometer and real-time fast
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Figure 4.4. Images of a gold Siemens star, illustrating the improved resolution
from the stability investigation. (a) Before stability investigation. (b) After the
stability investigation. (c) After the stability investigation, with Siemens star
cooled to cryogenic temperatures (−165 ∘C). (Figure adapted from Paper C).

Fourier transform (FFT) analysis were used to measure and characterize
the movements of the zone-plate mount and the sample holder. This was
done at both short and long time scales, and in vacuum to simulate real
operating conditions. The results revealed kHz-range vibrations with an
amplitude of up to 30 nm, which is clearly on the same order of magnitude
as the resolution. Using the vibration-frequency spectrum obtained from
the FFT analysis, the main turbo pump (cf. Fig. 4.1) could be identified
as the main source of vibrations. The vibrations could subsequently be re-
duced by making some modifications to the microscope setup. The resulting
improvement in resolution was documented by imaging a gold Siemens star
test structure, with lines down to 30 nm wide. Images before (Fig. 4.4(a))
and after (Fig. 4.4(b)) the stability investigation show a significantly de-
creased blurring of the center lines. This is especially clear when comparing
the included profile plots. Images of finer test structures later showed a
resolution down to 25 nm half period.

Furthermore, Paper C also investigated the stability in the presence
of liquid nitrogen in the system (cryostat and cryo sample holder), and
both slow drifts and fast vibrations were measured. These instabilities will,
however, stay acceptably small as long as the temperatures in the cryostat
and cryo sample holder stabilize. Figure. 4.4(c) shows the gold Siemens
star, mounted on the cryo sample holder and imaged at −165 ∘C. It proves
the microscope’s ability to produce high-resolution images of samples under
cryogenic conditions.
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Chapter 5

Biological applications

The technical developments described in Chapter 4 have enabled the first
comprehensive biological studies with high scientific relevance, including
whole-cell cryotomography with few tens of minutes exposure time. This
means that the Stockholm laboratory x-ray microscope can now provide a
competitive alternative to synchrotron-based microscopes, even if the image
quality is not quite at the same level. The advantages of a laboratory-based
system become apparent in studies that require tedious and iterative opti-
mization of sample preparation parameters, or when larger sets of samples
are studied over time. Furthermore, the integration with complementary
methods is facilitated by the close access to the home laboratory environ-
ment. This Chapter will discuss recent biological studies performed using
the Stockholm laboratory x-ray microscope. An outlook on future applica-
tions is also given.

5.1 Starvation-induced autophagy in HEK 293T cells

Paper B presents the first routine cryo-imaging of whole cells with 10-20 s
exposure time, using the Stockholm laboratory x-ray microscope. Human
embryonic kidney (HEK 293T) cells were used in the study due to their re-
liable growth and surface adhesion. This cell line is commercially available
and has been used in biological research and by the biotechnology industry
for many years. The cells were kept in cell culture medium under physio-
logical conditions (37 ∘𝐶 and 5% CO2). In order to maintain the culture,
new medium was added every one to two days.

The HEK 293T cells were imaged with the Stockholm laboratory x-
ray microscope under different stages of starvation, and changes to the cell
morphology were studied. Starvation was induced simply by not adding
any new cell medium for up to three days. It was noted that the degree of
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Figure 5.1. Custom-built plunge-freezing setup with camera monitoring and
illumination at a grazing angle. The inset shows a blow-up of the sample grid.

starvation was very approximate. However, effects of the starvation could be
clearly noticed and documented, and thereby the goal of this demonstrative
study was achieved.

The challenges in the sample preparation for this study mainly con-
sisted of two parts. The first was to seed an appropriate concentration of
cells onto the gold TEM grids, so that (ideally) cells would adhere to each
∼55×55 µm2 square, while still not overlapping or blocking each other dur-
ing tomography. The second challenge was to achieve an ice-layer thickness
of about 5-10 µm, in order to keep the cells hydrated, while still allowing
high x-ray transmission. Both challenges were overcome by incorporating a
simple microscope into the plunge-freezing setup (Fig. 5.1). This microscope
consisted of a camera, a magnifying objective, and illumination of the grid
at a grazing angle. The cells were seeded onto the same side as the gold bars
and the grids were blotted from behind to adjust the liquid-layer thickness.
After optimizing the angle and intensity of the illumination, a shadow effect
clearly showed when the liquid layer reached below the height of the bars
(10 µm). At the same time, the number of cells on the grid was monitored,
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(a) (b) (c)

Figure 5.2. Examples of cryofixed HEK 293T cells imaged using the Stockholm
laboratory x-ray microscope. Exposure times (a) 10 s, (b) 20 s, and (c) 30 s. Scale
bar 10 µm.

which provided valuable feedback for adjusting the cell concentration for
subsequent sample preparation.

Figure 5.2 shows three examples of HEK 293T cells imaged using 10-30 s
exposures in the Stockholm laboratory x-ray microscope. The effects of the
starvation included development of carbon-dense vesicles (typically 0.4-0.9
µm diameter), which could be related to autophagy [127,128]. Furthermore,
the starvation would typically result in a rounded cell shape and decreasing
adhesion. Further discussion and results, including tomography of a starved
HEK 293T cell, are presented in Paper B.

5.2 NK-cell target-cell interaction

The advantages of a laboratory-based system can be further appreciated in
studies of cell-cell interactions. Here, a large set of samples has to be scanned
in order to get an overview of the interaction process. The challenges in
sample preparation are extended to finding the appropriate concentration
of two cell types, and the suitable timing parameters for mixing the cells.
Some feedback can be obtained using a visible-light microscope. However,
an iterative optimization of the sample preparation based on the results of
x-ray microscopy will provide the necessary information.

In Paper B the interaction between primary IL-2 activated natural killer
(NK) cells and HEK 293T target cells was studied. NK cells, which are an
important part of the innate immune system, have the ability to identify
and kill target cells in a carefully regulated process [129,130]. The NK-cell
target-cell interaction can be divided into several distinct steps, starting
with recognition and initial adhesion, and ending with the delivery of lytic
granules that eventually causes the target cell to lyse.
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Figure 5.3. The interaction between primary IL-2 activated NK cells and HEK
293T target cells, imaged under cryogenic conditions with the Stockholm labora-
tory x-ray microscope. Exposure times (a) 10 s, (b) 20 s, and (c) 30 s. Scale bar
10 µm.

Figure 5.3 shows three examples of NK-cell HEK-cell interaction, imaged
using 10-30 s exposures in the Stockholm laboratory x-ray microscope. The
typically 5-10 µm diameter primary NK cells can be seen in different stages
of contact with the significantly larger HEK 293T cells. The extended fila-
ment structures at the interface between the cells indicate a possible forma-
tion of the NK-cell target-cell immune synapse. Further results, including
tomography of the interaction between a HEK 293T cell and two NK-cells,
are provided in Paper B.

5.3 Giant DNA virus infection

The possibility to image viruses inside a host cell, without sectioning or
in other ways altering the cell, is a powerful tool in studies of viral infec-
tions. Traditionally, viruses have been viewed as infectious agents without
metabolism that can pass through sterilizing filters, and that are too small
to be seen in a visible-light microscope [131]. This view has been chal-
lenged in the 21st century by the discovery of giant DNA viruses, which
have dimensions up to 1.5 µm and a genome as complex as many cellular
microbes [132,133].

The Stockholm laboratory x-ray microscope was used to study a newly
discovered giant DNA virus, Cedratvirus lurbo, belonging to the Pithoviri-
dae family (Paper D). The viral infection dynamics was studied by infecting
Acanthamoeba castellanii and imaging a large number of cells at infection
times ranging from 6 to 72 hours. In addition, uninfected cells and iso-
lated viral particles were imaged and used as reference. Figure 5.4 shows
three examples of cryofixed Acanthamoeba castellanii at different stages of
infection. The cell in Fig. 5.4(a) shows no signs of infection, and an overall
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Figure 5.4. Laboratory cryo x-ray microscopy of giant DNA virus infected Acan-
thamoeba Castellanii. (a) 30 s exposure of a cell with no visible signs of infection.
(b) 60 s exposure of infected cell, where the ovoid viral particles can be seen
throughout the cytoplasm. (c) 60 s exposure of a heavily infected cell, where the
viral particles take up a large part of the cell volume, and the cell shows signs of
lysis. In (b) and (c) some viral particles are marked by black and white arrows.
Scale bar 10 µm.

healthy appearance. The cells in Fig. 5.4(b)-(c) contain numerous viral par-
ticles, ∼0.5 × 1.5 µm2 in size, distributed throughout the cytoplasm. Some
of the viral particles are marked by arrows. Further results and discussions,
including calculations of the bioconversion from cellular host to virus, are
presented in Paper D.

To date, very few other studies of viral replication in whole cells have
been conducted using soft x-ray microscopy [134], and (to the Author’s
knowledge) none using laboratory-based x-ray microscopy. The great po-
tential of this method, compared to the more commonly used TEM, is not
only due to the fact that the cells are kept unsectioned, unstained, and hy-
drated. Soft x-ray microscopy also enables imaging of large cohorts of cells,
within reasonable experiment times, which is needed in order to gather sta-
tistical support for biological conclusions. The high contrast together with
a large number of imaged samples allow for comprehensive quantitative
studies of viral replication.

5.4 Glycocalyx of THP-1 cells

In an ongoing collaboration with the Berlin Laboratory for innovative X-ray
Technologies (BliX) at Technische Universität (TU) Berlin, the glycocalyx
(GCX) of THP-1 cells is being studied. The GCX is a membrane structure
on the surface of the cell, consisting mainly of proteoglycans and hyaluronic
acid [135]. It has been shown to be extremely fragile and is therefore de-
stroyed by chemical fixation techniques, commonly used in TEM [135,136].
The ability to visualize the GCX of cells in a cryofixed near-native state, is
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therefore a potential advantage of water-window x-ray microscopy.
The THP-1 cells are mainly used as model system. In a later stage, this

study aims at investigating the GCX of endothelial cells [136]. These are
barrier cells, found in blood vessels and lymphatic vessels, which rely on the
GCX to support their barrier function. Studying the GCX of endothelial
cells is important for the investigation of inflammatory diseases such as
atherosclerosis.

First imaging of cryofixed THP-1 cells has been done using the Stock-
holm laboratory x-ray microscope and a similar microscope system in Berlin.
Results are presented in Paper F. Further imaging, with improved sample
preparation to better preserve the GCX, is currently in the planning stage.

5.5 Future applications

Due to the great potential of the Stockholm laboratory x-ray microscope,
the planned applications are many. In a collaborative project within the
Biomedical and X-Ray Physics group at KTH, the cytotoxicity of newly
developed nanoparticles is being studied. Some nanoparticles have already
been used for x-ray fluorescence computed tomography (XFCT) in whole
mice, where they provide functional information by accumulating in cer-
tain organs and tumors [137]. This particular study used MoO2 particles of
∼6 nm in diameter, which typically agglomerated in ∼50 nm clusters. In a
proof-of-principle study of live-mice XFCT, the toxicity of the nanoparticles
was deemed negligible for the used concentrations [138]. Nevertheless, fur-
ther analysis at a cellular level is necessary. The Stockholm laboratory x-ray
microscope is well suited for imaging of metal nanoparticles in whole cells.
The high attenuation in metals (e.g. molybdenum) will provide necessary
contrast down to few tens of nm [28], as long as the resolution is sufficient.
Imaging of model cells exposed to a varying concentration of nanoparti-
cles will reveal whether the particles enter into the cells, if they dissolve,
or if they accumulate in certain parts. The study can be extended to in-
clude several types of nanoparticles, which are currently being developed
for XFCT [139].

Another future project is to study virus-infected HEK 293 cells, follow-
ing the methods developed in Paper D. HEK 293 cells are currently used
in the biotechnology industry, e.g., to produce virus for gene therapy. Opti-
mization of the virus production, in order to decrease the overall production
cost, includes making sure that the host cells survive for as long as possi-
ble. In this project, virus-infected HEK 293 cells will be studied to better
understand the mechanisms behind their death. Even though the virus, in
this case, is too small to be resolved by soft x-ray microscopy, the obtained
cell-morphological information can hopefully provide the needed insight.
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Chapter 6

Conclusions and outlook

This Thesis presents the first comprehensive biological studies using labora-
tory water-window microscopy. The results were enabled by extensive work
on upgrading the Stockholm laboratory x-ray microscope with regard to
x-ray flux and operational stability, as well as development of new methods
for sample preparation.

The stability of the laser-plasma x-ray source has been improved by
introducing a radiative heating element to counteract disturbances due to
non-uniform freezing of the liquid-nitrogen jet. New routines to avoid dis-
ruptive clogs, as well as closer monitoring of the laser focus and related
optics have also resulted in a more reliable source operation. Nevertheless,
more can be done to improve the source stability further. Current projects
include improving the quality and pointing stability of the laser beam, as
well as upgrading the laser entrance window arrangement.

A new multilayer condenser mirror, in combination with the improved
source stability, has increased the photon flux and resulted in shorter expo-
sure times. This has enabled the first routine 10-second exposure imaging
of whole cryofixed cells, as well as the first whole-cell cryotomography with
20 minutes total exposure time. Future work will be done on automating
the tomographic imaging procedure to remove overhead time, arising from
manual repositioning and refocusing during sample rotation. The increased
flux from the source also allows microscope operation at lower powers, which
puts less strain on the microscope and improves the stability over time. This
has proven especially useful for extensive biological studies where a large
number of samples are studied over weeks, or even months.

Finally, work has been done on investigating and improving the me-
chanical and thermal stability of the Stockholm laboratory x-ray micro-
scope. This not only resulted in an improved image resolution, but also
newly developed routines for handling cryogenic samples during microscope
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operation.
The future biological applications are both exciting and promising. The

Stockholm laboratory x-ray microscope is well suited for imaging metal
nanoparticles in whole cells, with a high natural contrast of particles down
to few tens of nm. Here, the newly achieved resolution down to 25 nm
half period will be especially useful. Previous results have also shown the
microscope’s ability to image cell-morphological changes during virus infec-
tions. These results, together with experiences in preparing infected cell
samples, will be advantageous for future studies. Furthermore, the recently
improved microscope reliability will allow studies of a large number of sam-
ples, which will be necessary in order to vary sample parameters, regardless
of the application.
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Summary of papers

This Thesis is based on the six papers listed below. The results include
development and improvements of the Stockholm laboratory x-ray micro-
scope, as well as development of new methods for biological soft x-ray mi-
croscopy and subsequent analysis. The author was the main responsible for
Papers C, D and E. In Papers A and B the author contributed to the design
and execution of the experiments, analysis of theoretical and experimental
results, and writing of the manuscript. The sample preparation and con-
focal microscopy in Paper B was mainly done by others. In paper F, the
author contributed to the imaging experiments performed at the Stockholm
laboratory x-ray microscope and writing of the manuscript.

Paper A: Stability of liquid-nitrogen-jet laser-plasma targets

In this paper, the stability of the liquid-nitrogen-jet x-ray source is eval-
uated and improved. Non-uniform freezing of the jet, due to evaporative
cooling in combination with imperfections in the glass nozzles, are identified
as the cause of the frequently occurring instabilities. Two solutions are pre-
sented: increasing the ambient pressure to about 100 mbar, and introducing
a resistive heating wire to counteract initial freezings at the nozzle orifice.
The latter is more suitable, due to the attenuation of soft x-rays in nitrogen
gas.

Paper B: Laboratory cryo x-ray microscopy for 3D cell imaging

This paper presents two biological imaging applications using the Stockholm
laboratory x-ray microscope, made possible by improvements of the x-ray
source stability and new condenser optics. HEK 293T cells were imaged
under different stages of starvation and the interaction between NK cells
and HEK 293T cells was imaged. Three tomographic datasets were acquired
and reconstructed, consisting mainly of 10-second exposures.
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Paper C: Stability investigation of a cryo soft x-ray microscope by fiber
interferometry

This paper presents stability measurements of the most sensitive imaging
components in the Stockholm laboratory x-ray microscope, using fiber-
based laser interferometry. High-frequency vibrations, originating mainly
from a turbo pump, are shown to limit the achievable imaging resolution.
In addition, thermal drifts of the cryo sample holder are shown to affect the
resolution, if not adequately handled. Vibration damping modifications to
the setup are shown to improve the resolution from 35-40 nm to about 25
nm half period.

Paper D: Quantitative bioconversion in giant DNA virus infection

This paper presents a quantitative study of the replication of a previously
unknown giant DNA virus, named Cedratvirus lurbo, inside an amoebal
host. A large number of laboratory x-ray microscopy images are presented
and analyzed to calculate the burst size, i.e., the number of viral parti-
cles produced per cell, and the average conversion of biomass from host to
virus. Classical end-point dilution titrations together with thermogravimet-
ric analysis is used to verify the results.

Paper E: Laboratory water-window x-ray microscopy

This is mainly a review paper, but with some additional new material. It
contains evaluations and comparisons of all relevant parts of a laboratory
soft x-ray microscope, including source, optics, sample and detector, as well
as a complete system consideration. Two laboratory x-ray microscopes, lo-
cated at KTH Stockholm and BliX/TU Berlin, are presented in more detail.
Finally, a range of new and old applications, from these two microscopes,
are summarized.

Paper F: Laboratory soft x-ray microscopy with an integrated visible-
light microscope - Correlative workflow for faster 3D cell imaging

This paper presents the integration of a visible-light microscope into the
setup of the laboratory x-ray microscope at BliX/TU Berlin. The visible-
light microscope has two purposes: To provide an overview of the sam-
ple and to enable alignment of the sample rotation axis with the optical
axis of the x-ray microscope, which gives a faster workflow for tomographic
imaging. The advantages of the improved setup are demonstrated by to-
mographic (3D) imaging of a diatom and (2D) imaging of cryofixed THP-1
cells. The latter was done both in Berlin and in Stockholm.
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