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Abstract

Deutsche Kurzzusammenfassung

Röntgenmikroskopie im sogenannten Wasserfenster zwischen der K- Absorptionskante
von Kohlensto� 284 eV und der K- Kante von Sauersto� 543 eV ermöglicht Auflösungen
im Nanometerbereich. Eine hohe Transmission durch Wasser und eine im Vergleich starke
Absorption an Kohlensto� erzeugt einen hohen natürlichen Kontrast, der die Untersuchung
von wässrigen biologischen Proben bis zu einer Dicke von 10 µm erlaubt. Um Strahlenschä-
den zu vermeiden müssen biologische Zellen nur eingefroren werden, können aber davon
abgesehen in ihrem natürlichen Zustand untersucht werden. Aufwendige Probenpräpa-
ration, wie Schwermetallfärbung oder Einbettung sind deshalb generell nicht notwendig.
Die Entwicklung von brillianten Lichtquellen im Labor hat den Transfer dieser Methode,
die lange Zeit nur an Synchrotrons durchführbar war, ermöglicht und diese Technolo-
gie dadurch einer größeren wissenschaftlichen Community aus verschiedenen Feldern, wie
Medizin, Biologie, aber auch Materialwissenschaften, verfügbar gemacht.

Diese Arbeit stellt die Entwicklung eines Vollfeld- Transmissions- Laborröntgenmikroskops
(LTXM), das mit einer Laserplasmaquelle betrieben wird, vor. Das Mikroskop erreicht eine
Auflösung (half-pitch) von �x = (35 ± 3) nm, was mit Auflösungen vergleichbar ist, die an
Synchrotrons demonstriert wurden [103]. Die Entwicklung eines Cryo-Plunges und einer
Präparationsroutine für biologische Proben mit einer hohen Erfolgsrate in Kombination mit
der Arbeitswellenlänge von 2.478 nm (Photonenenergien von 500 eV) ermöglichte biomedi-
zinische Anwendungen, die in Kapitel 6 vorgestellt werden. Zuerst wird die Präpara-
tionroutine anhand von Hefezellen (saccharomyces cerevisiae) erklärt, bevor Präparations-
möglichkeiten und Untersuchungen an einem anspruchsvollen Probensystem, Knochen,
vorgestellt werden. Im Anschluss werden Studien über die Penetration und Auswirkungen
von Nanopartikeln in menschliche/r Haut gezeigt. 2D labor- und 3D synchrotronbasierte
Röntgenmikroskopiemessungen an hochdruckbehandelten bakteriellen Endosporen (Wild-
typ (PS832) B.subtilisBacillus subtilis), sowie ein Beispiel aus der Materialwissenschaft,
die Untersuchung von Tonpartikeln, werden ausserdem geschildert.
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Abstract

Brief summary in English

X-ray microscopy with a photon energy between the K absorption edge of carbon at
284 eV and oxygen at 543 eV, the so-called water window, allows imaging with resolutions
in the nanometer regime. A high transmission through oxygen and a, in comparison,
relatively high absorption of carbon provides a high natural contrast, which enables the
examination of aqueous biological samples with a thickness up to 10 µm in their natural
state. Apart from cryo fixation of the specimen, which is usually required in order to avoid
radiation damage, extensive sample preparation, like heavy metal staining or embedding, is
usually not necessary. The use of highly brilliant laboratory X-ray sources has allowed the
transfer of this technology, previously limited to synchrotron facilities, into the laboratory.
This transfer inures to the benefit of a broader scientific community for applications in
various fields such as medicine, biology and environmental sciences.

This thesis presents the development of a plasma driven laboratory full-field transmis-
sion X-ray microscope (LTXM). The microscope achieves a half-pitch resolution of �x =
(35±3) nm, which is comparable to resolutions demonstrated at synchrotron facilities. The
development of a cryo plunge system and preparation routine for aqueous biological spec-
imens with a high success rate in combination with the LTXM’s photon energy of 500 eV
made applications in life and environmental science feasible. Applications are presented
in chapter 6. At first, the preparation routine for biological cells is explained taking the
example of yeast (saccharomyces cerevisiae), before preparation possibilities and investiga-
tions of a more intricate sample system, bone, are depicted. Subsequently, studies on the
penetration and e�ects of nanoparticles in human skin are demonstrated. Furthermore,
2-dimensional laboratory- and 3-dimensional synchrotron-based investigations of dormant
and high-pressure treated bacterial endospores (wild-type (PS832) bacillus subtilis) will be
discussed. Lastly, an example from material science, X-ray microscopy studies of quartz-
rich ball clay, will be given.
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1 Introduction

"Hin und wieder wird auch wohl die Frage aufgeworfen: warum die Theorie,
nach welcher man von der Wirkungsweise des fertigen Mikroskops genügend
Rechenschaft geben kann, nicht zugleich die Grundlage für seine Herstellung
geworden sei, warum man also nicht auch diese Art von optischen Instrumenten
nach theoretisch entwickelten Rechnungsvorschriften construire, wie solches seit
Fraunhofer mit dem Fernrohr und in neuerer Zeit mit den optischen Theilen
der photographischen Camera so erfolgreich passiert."ú [2]

states E. Abbe in his introduction to his theory on microscopes from 1873. As a matter
of fact, in the late 19th century the construction of microscopes was basically an empirical
process. E. Abbe and C. Zeiss renewed this approach and initiated a theory and calculation
based production of optical elements. This change of emphasis in combination with a
higher degree of awareness for the theory of optical systems could be considered as a basic
prerequisite for the success story of microscopes. In general, a microscope magnifies an
object of interest and, by that, allows to study structures, which otherwise would have
been concealed to the naked eye due to its limited resolving capacity. The Abbe limit, or
Abbe di�raction limit, given by �x

Abbe

= ⁄

2NA

, embodies the wavelength ⁄ and numerical
aperture (NA)† dependent resolution a microscope can achieve. �x

Abbe

scales directly with
the wavelength of the microscope’s light source and inversely with its NA. This leads to a
resolution limit of conventional confocal microscopes of 200 nm [34].

The quality of microscopy images is not only determined by their resolution, but also
the contrast with which the objects are reproduced. Depending on the constitution of the
object of interest better contrasts might be achievable by either amplitude or phase contrast
microscopy. While a strongly absorbing object will yield higher contrasts if imaged by
amplitude contrast microscopes, a mostly transparent object will probably produce better
contrasts with phase contrast microscopes [197].

Upcoming super-resolution fluorescence microscopy techniques, such as stimulated emis-
sion depletion microscopy (STED) [69, 70], stochastic optical reconstruction microscopy
(STORM) [150] and photoactivated localization microscopy (PALM) [18], achieve resolu-
tions in the low two-digit nanometer regime, but can only visualize fluorescent labelled
structures and will not provide structural information about a sample (cf. chapter 2.6.1).
Today, the highest resolutions (in the order of 1 Å) are accomplished by transmission

úown translation: Now and then the question arises: why the theory, of which enough knowledge has
been deduced from complete microscopes, has not yet become the base for their construction, and why
one does not build this kind of optical instruments from theoretically developed calculations, as it was
carried out so successfully by Fraunhofer with the telescope and in the recent past with optical parts of the
photographic camera.

†The numerical aperture is a dimensionless number which describes the capability of an optical element
to focus light. It defines the minimal size of a focus spot an objective can redirect light to.
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1 Introduction

electron microscopes. Already introduced in 1932 by M. Knoll and E. Ruska [91], elec-
tron microscopes have become indispensable in modern life science and are found in most
biomedical institutes. Developed over decades, handling and operability of electron micro-
scopes have become rapid and relatively comfortable. The main constraint in transmission
electron microscopy (TEM) could be deemed its extensive sample preparation. Low pen-
etration depth of the electrons normally requires samples to be embedded, in most cases
heavy metal stained to enhance the contrast and subsequently cut into sections of thick-
nesses of approximately 100 nm. Recently, cryo-electron tomography, which comprises of
the recording of a tilt series of a vitrified aqueous thin film and the ensuing computation of
a tomogram from these projection images, has yielded impressive results [10,52,195]. Nev-
ertheless, cryo-electron tomography based on tilt series is restrained to very small samples,
such as small bacteria or viruses, which fit in a section, that can still be penetrated by the
electrons. For specimens exceeding this size, cryo-electron microscopy of vitreous sections
(CEMOVIS), for which a sizable vitrified sample is successively cut into ultrathin pieces,
provides a (time-consuming) solution [4]. Cryosectioning is considered an art and up until
now by no means a routine preparation [105]. The emergence of combining cryo-focussed
ion beam (FIB) milling with electron microscopy could prove to be a circumvention around
the intricate and distortion rich cryosectioning, while simultaneously avoiding devitrifica-
tion [109,155].

Pioneer work in the late 1970s of Schmahl, Niemann et al. [125, 126, 157] and the
development of circular gratings with radially increasing line density, denoted as zone
plates, [125,158] and successive development at synchrotron facilities [159,161] have paved
the way for X-ray microscopy to emerge as a complementary imaging technology to visible
light and electron microscopy at the nanoscale. Like the aforementioned imaging tech-
niques, it o�ers great potential for studies in material and environmental sciences, but all
the more in biology, biophysics and medicine. The basic principle of full-field transmission
X-ray microscopy is comparable to visible light microscopy: a light source emits photons,
which are collected by a condenser and redirected onto an object of interest and subse-
quently focussed by an objective onto a camera (or the eye of the observer). Depending
on the available radiation source, X-ray microscopes are operated with di�erent condenser
optics, such as glass capillaries [58, 196], multilayer mirrors [103, 111] or di�ractive zone
plate optics [28].

Soft X-ray microscopes are usually operated in the spectral range between the absorption
K-edges of carbon (284 eV; 4.36 nm) and oxygen (543 eV; 2.34 nm), the so-called water-
window, as it o�ers a natural contrast between the main composites of biological material:
water and proteins. At 500 eV, or 2.48 nm respectively, cells are relatively transparent (1/e‡

penetration depth of 10 µm), which, in comparison to TEM, makes unstained tomography
of whole cells without sectioning feasible. As for electron microscopy, radiation damage
can be prevented to a certain degree by plunge-freezing and vitrifying the aqueous sample.
To this date, resolution in X-ray microscopy has not yet reached its theoretical wavelength
limitation, but is still constrained by optics or geometry. X-ray microscope’s objectives,
in most cases Fresnel zone plates, will only provide a spatial resolution of the value of
their outermost zone width, which at the current state of development lies in the region

‡Euler’s number: e = 2, 7183...
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of 10 nm [28]. Accordingly, resolution-wise, X-ray microscopy is positioned between TEM
and visible light bright-field microscopy.

Leading full-field transmission soft X-ray microscopes are located at synchrotrons. Mainly
di�ering in their approach on which cryo sample holder is favorable for X-ray tomography,
research groups of G. Schneider from Helmholtz-Zentrum Berlin (HZB) [57, 162] and C.
Larabell from Lawrence Berkeley National Laboratory [99,100,129] have demonstrated im-
pactful studies on biologic specimens by means of cryo X-ray tomography. It must be noted
that the main downside of synchrotron facilities (from a user perspective) is probably its
restricted access. Understandably, beam times are very limited and thus applications have
to be evaluated. Still, limited access often hinders the investigation of a large amount or a
series of samples, which in most cases would be necessary to achieve a dependable statistic.
Another challenge associated with limited access is to make well prepared samples available
exactly at a specific and short (usually in the order of 1 to 3 weeks) period of time. Taking
the example of the study of nanoparticle penetration into human skin (see chapter 6.2.3),
surgery has to be performed at best timed with the assigned beam time and samples have
to be prepared according to the respective synchrotron method, of which the outcome is
sometimes hard to predict. At times, a whole set of samples falls short of expectations,
which, with more time, could be corrected by preparing a new set of samples with adjusted
preparation steps.

Soft X-ray microscopes require a highly brilliant X-ray source and thus used to be based
only at large scale synchrotron facilities. This restrained the access to this technique consid-
erably. In the 1990s e�orts were made to bring full-field soft X-ray microscopy into the lab-
oratory [14,121,149] with the aim to raise awareness and make this method disposable to a
broader community. Low brightnesses of radiation sources at that time limited the capabili-
ties of early laboratory transmission X-ray microscopes (LTXMs). Therefore, the success of
LTXMs was always closely connected to progress in source development (and optics respec-
tively). Today, LTXMs exist based on gas discharge light sources [12,13] and plasma sources
induced by focussing a laser onto liquid nitrogen or ethanol jets [86,103]. Constant further
development of high power laser systems, have led to laboratory sources with high spatial
and temporal stabilities at high average brightness (>1.5 · 1012 photons/s · sr · µm2 · line)
and exposure times comparable to the ones from early synchrotrons [111]. Phase contrast
soft X-ray microscopy [78, 184] and cryo soft X-ray tomography in the laboratory [16, 17]
have recently been reported.

It is important to bear in mind, that full-field transmission X-ray microscopy in the
laboratory is a relatively young method, especially if compared to electron microscopy,
which is approaching its 100th anniversary. LTXMs based on laser plasma sources are by
no means "ready-to-go" machines and finding a balance between performance and stability
might be the biggest challenge yet to be solved for successful long-term operation. The
importance of developing and establishing a reliable system and workflow, is best described
if one tries to estimate the possibility of recording a usable micrograph, as done in [4] for
electron microscopy, by multiplying the possibilities for all experimental steps:
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1 Introduction

Image = Object ◊ Plunge ◊ Trans
1

◊ Trans
2

◊ Trans
3

◊ Trans
4

◊ Jet ◊ Laser§

When looking at the formula it becomes obvious, that if every step has a success rate of
50 %, the possibility of recording a usable micrograph is slim (below 1 %).

This interdisciplinary thesis will give an overview of the development of a laser plasma
based LTXM operated at 500 eV in the water window before reporting on new applications
in life and material science. In chapter 2 an introduction of how soft X-rays interact with
matter will be given. Subsequently, basic parameters required to characterize the micro-
scope will be introduced. Chapter 3 considers the experimental arrangement and charac-
terizes all elements of the microscope. Pertaining to the introductory citation of Abbe,
especially the behavior of the nitrogen jet, for whose failure-free operation many factors
have to be satisfied and whose nozzles are never exactly the same, could not be calculated,
while on the other side the spherical multilayer condenser and the zone plate objective
could have never been built without preceding computations. One achievement of this the-
sis was the establishment of a work-flow for the vitrification of aqueous biological samples
with a high success rate. A new cryo plunge instrument, as well as the integration of a vis-
ible light microscope in the sample chamber of the LTXM, are described in the accessories
chapter 4. Chapter 5 gives a brief introduction into tomographic image reconstruction.
The main chapter 6 presents X-ray microscopy studies in newly opened application fields.
Each of the application chapters will give a brief introduction to the respective research
field. A priori knowledge in life science proved indispensable for forming new cooperations
and understanding their sample systems and queries. It is an often greatly underrated
advantage, if cooperation partners feel familiar in their partners’ research field. In chapter
6, firstly, measurements of reference samples (vitrified saccharomyces cerevisiae cells) are
demonstrated, while concurrently explaining the cryo preparation process of biological cells.
Preparation methods apart from cryo-fixation, such as FIB milling and ultra-microtome
sectioning will be addressed in the context of chapter 6.2.2, which covers the di�culty of
the preparation of bone, a biological material which contains both soft and hard matter.
An extensive study of the penetration of nanoparticles into human skin is presented in
chapter 6.2.3. Chapter 6.2.4 will report on measurements on dormant and high-pressure
treated wild-type (PS832) B.subtilis bacterial endospores. Investigations carried out in the
laboratory will be compared to synchrotron-based measurements. In addition, synchrotron
micrographs recorded at di�erent photon energies will be debated. Lastly, tomographic
reconstructions of dormant and high pressure treated spores will be presented. The last
chapter 6.3 gives an application example from material science and covers LTXM studies
of quartz-rich ball clay.

§possibilities for: Image =usable micrograph; Object = intact and interesting cell; Plunge = successful
vitrification; Trans1 = transfer from cell cultivation to plunge; Trans2 = transfer from plunge to cryo
workstation; Trans3 = transfer from cryo workstation to cryo sampleholder; Trans4 = transfer of cryo
sampleholder to sample chamber; Jet = laminar jet flow; Laser = laser functional
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2 Soft X-ray Microscopy

2.1 Introductory remarks

An objective-based transmission microscope, independent of the light source used, is
always based on the same principle: A source emits electromagnetic radiation which ad-
vances onto an object which modulates the radiation. The probing light which has passed
through the object is then focussed by an objective onto the image plane. Here, the result-
ing image can either be collected with a camera or in the case of visible light microscopy
be reproduced by the use of an ocular imaged onto the eyes of the observer.

To being able to evaluate such a projection image∗, the processes underlying its generation
have to be fully understood. The interaction of soft X-rays with matter, or more specifically
speaking, the scattering and absorption of soft X-ray radiation by a given medium and the
resulting complex refractive index for soft X-rays and its impact on X-ray optics, will be
addressed in the following chapter. It will provide a brief overview of the main properties
of soft X-rays, soft X-ray sources and optics and will elucidate basic mechanisms of the
interaction of soft X-rays with matter. For a more detailed treatise please see Ref. [6].

2.2 Interaction of soft X-rays with matter

Electromagnetic radiation with photon energies between 100 eV to several hundreds of
keV is called X-radiation or simply X-rays. Fig. 2.1 shows the extent of the different spec-
tral regions, such as infrared radiation, visible light, ultraviolet radiation, soft and hard
X-ray and gamma radiation with their respective photon energies and wavelengths. The
energy range of soft X-ray radiation lies between the high energy end of (extreme) ultra-
violet (EUV) (≈ 250 eV; ≈ 5 nm) and the low energy end of hard X-ray radiation (several
keV; ≈ 1 Å).

Figure 2.1: The electromagnetic spectrum from infrared to gamma rays. The water-window is highlighted
between 284 eV and 543 eV.

∗A projection image in microscopy can be regarded as a 2-dimensional "shadow" of a 3-dimensional
object. Structures in the projection originate from different absorptions of the projected object.
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2 Soft X-ray Microscopy

The interaction of X-rays with matter are mainly based on mechanisms of absorption
and scattering (elastic and inelastic), which will be discussed in the following.

Soft X-rays, in comparison to hard X-ray and visible and ultraviolet radiation, are
strongly absorbed by all materials and especially so by elements with low and medium
atomic numbers Z . Soft X-ray photon energies are similar to atomic binding energies of
electrons of low and intermediate Z atoms, resulting in a high number of atomic resonances,
absorption edges and therefore strong absorption†. This makes this spectral region hard
to access, but on the other hand o�ers the possibility of higher resolutions in imaging and
also the elemental and chemical investigation biological material containing elements such
as C, N, O, etc. [6].

Absorption, or photoionization, occurs when an incident photon with enough energy to
overcome the binding energy of a core or near-core electron (K, L, M shell) hits an un-
charged atom (as many protons as electrons in its shell). As a result, a photoelectron is
emitted with the incident photon’s energy minus the binding energy from this specific shell.
The resulting core vacancy can be filled by an electron from a higher shell which leads to
two competing element specific processes: the emission of an Auger-electron or fluorescence
radiation. For low Z elements Auger-emission heavily dominates while fluorescence is fa-
vored for Z > 30 atoms.

Absorption of X-rays, as well as the redirection of incident X-ray radiation over a wide
angular pattern from unordered systems or surfaces (scattering), can be explained with the
aid of a relatively simple semiclassical model [6]. An atom is assumed to be a massive pos-
itively charged (+Ze) nucleus which is surrounded by Z point electrons at discrete binding
energies and each possessing its own resonant frequency. The bound electrons respond
dynamically to an incoming electromagnetic wave by oscillating dependent of their binding
force with the incoming wave’s inflicted frequency Ê. This oscillation is strongly depen-
dent of the bound electrons’ resonant frequencies Ê

s

. In the case of forward scattering‡ the
calculation of an atomic scattering factor f0(Ê)§ results in:

f0(Ê) =
ÿ

s

g
s

Ê2

Ê2 ≠ Ê2

s

+ i“Ê
(2.1)

where g
s

stands for the oscillator strengths (in this model integers pointing to Z electrons
with a resonant frequency Ê

s

; the sum
q

s

g
s

= Z of the oscillator strengths equals the
total number of electrons per atom). “ represents damping rates.

Starting from Maxwell’s equations and assuming forward propagation of the incident
electromagnetic wave, the generally complex refractive index can be written as:

n(Ê) = 1 ≠ n
a

r
e

⁄2

2fi
f0(Ê) (2.2)

†Transmission of ¥ 1% through 2.5 mm of air (1 bar and 22¶C) for a photon energy of 500 eV (2.478 nm)
‡or a0/⁄ π 1, where a0 ¥ 0.5292 · 10≠10 m is the Bohr radius and ⁄ is the wavelength of the incoming

wave in vacuum. Note that the Henke database is only valid for energies below ¥ 25 keV: a0/⁄ ¥ 1 for
⁄ = 0.05 nm or 25 keV

§superscript 0 indicates the assumption of forward propagation
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2.2 Interaction of soft X-rays with matter

where n
a

is the atomic density, r
e

represents the classical electron radius¶ and ⁄ the
wavelength in vacuum.

As the incident wave is scattered both elastically and inelastically, the refractive index
describes not only an altered phase velocity compared to that in vacuum, but also the
attenuation of the wave’s amplitude progressing through the respective medium. Splitting
the atomic scattering factor into its real f0

1

and imaginary term f0

2

leads to the refractive
index for soft X-ray radiation [6, 175]:

n(Ê) = 1 ≠ n
a

r
e

⁄2

2fi
[f0

1

(Ê) ≠ if0

2

(Ê)] (2.3)

= 1 ≠ ” + i— (2.4)

At this moment it is possible to look closer into the correlation of the refractive index
and the absorption coe�cient µ, starting with a plane wave which runs through a specific
medium:

E(r, t) = E
0

e≠i(Êt≠k·r) (2.5)

where E
0

is the wave’s initial amplitude and k the wave vector.
With the complex dispersion relation:

k = Ê

c
(1 ≠ ” + i—) (2.6)

solved for k, it is possible to substitute k from equation 2.5, which gives:

E(r, t) = E
0

e≠iÊ(t≠r/c)

¸ ˚˙ ˝
propagation

in vacuum

e≠i(2fi”/⁄)rt≠r/c)

¸ ˚˙ ˝
shift

of phase

e(2fi—/⁄)rt≠r/c)

¸ ˚˙ ˝
decay

(2.7)

Here, the first factor embodies the wave had it been passing only through vacuum.
The second factor represents the phase shift of the incoming wave caused by the medium
through which it passes, while the last exponential term stands for the attenuation of the
incident wave’s amplitude by the medium. With µ = 4fi—/fl⁄ the last term resembles the
experimentally determined Lambert-Beer law:

I = I
0

e≠flµr (2.8)

with I
0

representing the initial radiation intensity, fl representing the mass density and
r the thickness of a given isotropic medium.

In Fig. 2.2 from [16] absorption and scattering cross sections for carbon are presented.
At 500 eV (water-window is labelled in grey) absorption is the most prominent process, but
diminishes at higher photon energies.

¶
re = e2

4fi‘0mc2 ¥ 2.818 · 10≠15 m
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2 Soft X-ray Microscopy
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Figure 2.2: Absorption and scattering cross sections for carbon. The water-window, where absorption
is the dominating process, is indicated in grey. While absorption diminishes at higher photon energies,
compton scattering becomes more prominent above ¥ 10 keV. Graph from [16]

Kramers-Kronig Relations

Henke et al. [73] determined f0

2

(Ê) by measuring the absorption, more specifically speak-
ing the wavelength dependent macroscopic mass absorption coe�cient µ(Ê), of radiation
penetrating thin elemental foils or gases for the region from 50 eV to 30 keV (representing
elements from Z = 1 to Z = 92). The following relationship connects the macroscopic
absorption e�ect by the elemental foils, µ(Ê), with the atomic scattering factor of a single
atom:

µ(Ê) = 2r
e

⁄

Am
u

f0

2

(Ê) (2.9)

where m
u

is the value for the atomic mass unit and m
u

Î representing the atomic mass
unit (the reciprocal of Avogadro’s Number N

A

).
The mathematical relationship between the imaginary, experimentally determined part

of the atomic scattering factor f0

2

(Ê) and the real part f0

1

(Ê) is called Kramers-Kronig
relation. It allows the determination of f0

1

(Ê) by the use of the experimental results for
f0

2

(Ê)úú. Values for the atomic scattering factor have been tabulated by Henke et al. in
1993 [73]. In the soft X-ray region between 1 keV to 3 keV discrepancies of 200 % between
presently used theoretical approaches exist, due to smoothing of edge structure, using
non-relativistic wave functions and the lack of proper convergence of wave functions [27].
Approaches resulting in a higher accuracy have been reported in [27] for the energy range
between 0.1 keV to 10 keV.

Î
mu = 1.66054 · 10≠24 g

úúif f

0
2 (Ê) has been measured over a wide energy range
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2.2 Interaction of soft X-rays with matter

Figure 2.3: The energy range between the carbon K-edge (284 eV) and the oxygen K-edge (543 eV) is called
water-window. The graph shows the attenuation length of soft X-rays through (biological) materials
and elements. The attenuation length in epoxy resin (standard embedding material for ultramicrotome
sectioning) will be discussed in 6.2.3. The attenuation curve for a protein (carbon 52.5%; oxygen: 22.5%;
nitrogen 16.5%; hydrogen 7.0%; sulfur 1.5%) shows (from left to right) the absorption edges of sulfur,
carbon, nitrogen and oxygen.

2.2.1 Contrast and Dose

2.2.1.1 Contrast

Generally, contrast in microscopy is achieved by radiation being modified while prop-
agating through an object, in such way that conclusions on its shape and structure can
be derived. In microscopy, two basic contrast mechanisms exist: phase- and amplitude
contrast. Amplitude contrast is achieved if radiation propagates through an object and is
partly absorbed, depending on the material’s constitution on the specific position. This at-
tenuation of the radiation’s intensity in contrast to unaltered radiation intensity is the basis
of amplitude contrast. O�ering high contrasts for structures becoming gradually smaller
is one of the main criteria for the performance of a microscope (see chapter 2.3). The
(Michelson-) contrast C

M

can be defined as the intensity di�erences between the unaltered
initial (highest) intensity I

max

and the attenuated intensities I
min

:

C
M

= I
max

≠ I
min

I
max

+ I
min

(2.10)

An object does not only change the incoming wave’s amplitude, but does also change its
phase velocity depending of the phase-object’s refractive index. The resulting phase shift
in comparison to the unaltered phase of the background illumination is called phase con-
trast. Phase contrast is especially useful if an object has a relatively homogeneous density,
like e.g. a cell, and thus does not o�er enough absorption for a su�cient amplitude con-
trast [65]. As neither the LTXM nor the visible light microscope presented in chapter 4.1
utilize phase contrast, the subject of phase contrast microscopy will not be further treated.
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2 Soft X-ray Microscopy

(a) Necessary radiation dose to resolve a 30 nm
protein structure to achieve an SNR of 3 as a
function of the radiation’s wavelength. Protein
composition: C94H139N24O31S with a density of
flp = 1.35 g cm≠3. Ideal optics and an ice layer
thickness of 10 µm are assumed.

(b) Normalized concentration of intact water
molecules at 73 K as a function of accumulated
photon density N0 for di�erent wavelengths. De-
composition processes of water begin at photon
densities 109 to 1010 photons/µm2 and become
severe between ¥ 1010 to 1011 photons/µm2.

Figure 2.4: Necessary radiation dose for high-resolution transmission X-ray microscopy and radiolysis of
water molecules as a function of accumulated photon density. Figures from [161]

Figure 2.3 shows the spectral range, known as the water-window, in which the prob-
ing energy (500 eV) of the LTXM was chosen. Between the absorption K-edges of carbon
(284 eV) and oxygen (543 eV) soft X-rays possess a high penetration depth (¥ 10 µm)
through materials, which consist mostly of oxygen, e.g. water, but on the other hand are
strongly absorbed by carbon, the basic element of all organic life. This absorption dif-
ference o�ers natural contrast and enables the investigation of biological cells, since their
main component is water and cell compartments consist of proteins (carbon 52.5%; oxygen:
22.5%; nitrogen 16.5%; hydrogen 7.0%; sulfur 1.5%). The relative transparency of water
furthermore allows the investigation of whole cells [162] without the need of embedding and
(ultra-)microtome slicing, as known from TEM. This makes the recording of a tomogram
possible.

Apart from the attenuation curves of water (blue), carbon (red) and proteins (black),
Fig. 2.3 also shows the curves for epoxy resin (green) and polymethylmethacrylat (PMMA)
(yellow). Both represent materials which can be used for the embedding of samples. Em-
bedding and subsequent slicing can be an option in soft X-ray microscopy, if a sample is
too thick and/or does not mainly consist of water and thus strongly absorbs soft X-ray
radiation. However, it must be evaluated if the use of soft X-ray microscopy instead of e.g.
TEM is still justified, since the more intricate preparation is time-consuming, a notable
part of the contrast is lost due to the embedding process and the information depth (in
case of very thin sectioning) is diminished. Embedding and sectioning was employed to
produce perpendicular slices of human skin (see chapter 6.2.3).
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2.2 Interaction of soft X-rays with matter

2.2.1.2 Dose

In most imaging methods, one of the major challenges is to keep the object of interest
in a steady, constant state throughout the investigation and, if possible, simultaneously
maintaining the original state of the sample. Especially biological specimens are prone
to structural changes, if exposed to radiation, heat or pressure alterations. In X-ray mi-
croscopy it is critical to protect the sample against radiation damage. Exposed to a certain
radiation dose, chemical bonds inside a cell may break, altering e.g. a cell’s deoxyribonu-
cleic acid (DNA), and in addition producing highly reactive radicals, which themselves can
cause more damage. Embedding and sectioning techniques, as briefly described in chapter
6.2.3.1, chemical fixation [80] and cryo-fixation by plunging (hydrated) cells into liquid
ethane (see chapter 4.2 and 6.2.1) halt dynamic cell processes and enable the investigation
of cellular structures at higher maximum radiation doses without causing artifacts. As
X-ray microscopy in the water-window allows imaging of whole cells with high natural con-
trast, cryo-fixation or vitrification of hydrated specimen is usually the fixation technique of
choice. Embedding and chemical fixation may both alter cellular structures more strongly
and imaging of thin sections only yields two-dimensional information.

In [161] G. Schneider reports on quantitative calculations of the radiation dose necessary
to image proteins inside a 10 µm ice matrix at nanometer resolutions imaged by an ideal
system. A brief summary of these calculations will be given here.

The radiation dose is a function of the photon density N
0

necessary for the illumination of
an object. The photon density scales with the signal-to-noise-ratio (SNR), which, according
to the Rose criterion, should be at least 3 to 5 and can be defined as:

S
SNR

N
SNR

= n
max

≠ n
minÔ

n
max

+ n
min

= SNR (2.11)

where n
max

and n
min

are the maximum and minimum photon counts on one resolution
element (here: pixel) of the detector. The model in [161] additionally assumes gratings
consisting of protein with a periodicity of 2t.

With S
SNR

= n
max

≠ n
min

= N
0

t2’
ZP

(I
max

≠ I
min

) the photon density can be expressed
as:

N
0

= 1
t2’

ZP

I
max

+ I
min

(I
max

≠ I
min

)2

(SNR)2 (2.12)

where, t2 is the area containing the feature to be resolved, ’
ZP

is the zone plate di�raction
e�ciency and I

max

and I
min

are the normalized intensities. Unsurprisingly, the necessary
photon density to resolve a structure inversely scales with the zone plate e�ciency ’

ZP

and
the size of the structure to be resolved and is quadratic dependent of the SNR. With the
photon density N

0

an expression for the dose can be derived:

D = N
0

t2(1 ≠ e≠µpt) h‹

m
p

(2.13)

with h‹ being the photon energy, µ
p

denoting the linear absorption coe�cient of proteins
and m

p

= fl
p

t3 representing the mass of a resolution element (here: protein). Fig. 2.4a
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2 Soft X-ray Microscopy

shows the applied dose to an object of interest, necessary to image a 30 nm protein structure,
while assuming an ideal imaging system, an SNR of 3 and an ice thickness of 10 µm. The
dotted line resembles the dose necessary for amplitude contrast. The graph illustrates that
the necessary dose within the water-window (also see Fig. 2.3) is about four orders of
magnitude lower†† than outside this spectral region. This makes the water-window the
ideal spectral region to chose the probing radiation’s wavelength in.

As biological specimens imaged with transmission X-ray microscopes are usually cryo-
frozen and surrounded by amorphous ice, its thickness d has to be considered. With
N Õ

0

= N
0

eµw(d≠t), DÕ = Deµw(d≠t)/2 and approximations for the image modulation terms,
an adapted expression for the radiation dose D can be evaluated:

DÕ ¥ ⁄2µ
p

h‹

8fi2’
ZP

fl
p

|n
p

≠ n
w

|2
1
t4

(SNR)2eµw(d≠t)/2 (2.14)

with n = 1 ≠ ”(⁄) ≠ i—(⁄) being the refractive index for water (w) and protein (p) (see
chapter 2.2 and equation 2.4) and µ

w

the linear absorption coe�cient of water. For pure
amplitude contrast ”

p

and ”
w

are zero.

To obtain an image with a resolution in the low two-digit nanometer regime the doses
needed can be estimated to approximately 105 Gy to 108 Gy (1 Gy=1 J kg≠1), whereas
unfixed cellular structures at ¥ 25 ¶C are already strongly harmed if exposed to 104 Gy
[161, 164]. In [164] G. Schneider et al. report on transmission X-ray microscopy measure-
ments of hydrated cryo-frozen algae. In their experiments, a vitrified algae (at ¥ 100 K)
was exposed for ¥ 2.5 h, corresponding to 1010 Gy, and showed no visible structural dam-
age. For cryo-fixed biological structures, Schneider et al. state that the applicable dosage
to a sample is dictated by the radiation chemistry of ice, as radiation products, such as
radicals, are embedded in the matrix of the surrounding ice, which decreases their dif-
fusion to an insignificant level until the ice evaporates or decomposes into hydrogen and
oxygen gases. By the aid of a radiolysis model‡‡, the critical photon density and dose
for noticeable changes of the elemental distribution in cryo-fixed hydrated biological spec-
imens can be calculated [161]. Fig. 2.4b (from [161]) shows the results of the radiolysis
model. The graph illustrates that decomposition processes of water, and thus radiation
damage of the specimen surrounding amorphous ice, begin at photon densities N

0

109 to
1010 photons/µm2 and become severe between ¥ 1010 to 1011 photons/µm2. At a wave-
length of 2.4 nm, this photon density is corresponding to ¥ 108 Gy to 109 Gy. Even for
exposure times of 10 min the LTXM remains well below this value (¥ 106 photons/µm2·s
at 70 W average laser power [103]). With that being said, high resolution transmission
X-ray microscopy studies of cryo-fixed hydrated biological specimens are feasible without
excessive risk of causing significant structural alteration in the sample [161]. One still has
to keep in mind that the quality of the vitrification can be imperfect (especially for bigger
samples) and that radiation damage can never be completely ruled out.

††at 500 eV the necessary dose for a SNR of 3 accounts for ¥ 5 · 105 Gy
‡‡Radiolysis: breaking of chemical bonds due to ionizing radiation
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2.3 Resolution

2.3 Resolution

2.3.1 Coherence

Coherence is a characteristic of waves and electromagnetic fields which renders stationary
interference possible. The mutual coherence function � provides a measure, as a function
of separation in time and space, to which extent an electric field at one point is predictable,
if it is know at some other point [6]:

�
12

(·) = ÈE
1

(t + ·)Eú
2

(t)Í (2.15)

where · is the time delay and E
1

and E
2

are electric fields at points 1 and 2. The normalized
complex degree of coherence “

12

, as its name suggests, allows to estimate the degree of
coherence of a wave.

“
12

(·) = �
12

(·)


È|E
1

|2Í


È|E
2

|2Í
(2.16)

It refers to the visibility of an interference pattern, resulting from electric fields 1 and 2. A
uniform plane wave gives |“| = 1 everywhere and is considered coherent radiation, whereas
waves, of which no interference patter can be recognized have a |“| value close to zero and
are related to as incoherent.

To further describe coherence it has proven useful to distinguish between temporal (lon-
gitudinal) and spatial (transverse) coherence.

Temporal and spatial coherence

Temporal coherence: Temporal coherence or longitudinal coherence describes the main-
tenance of coherence in the direction of propagation. The coherence length l

temp

is defined
as:

l
temp

= ⁄

2�⁄
(2.17)

If the spectral bandwidth �⁄ of radiation emitted by a light source approaches zero, the
temporal coherence is highest. But as �⁄ = 0 does not exist in nature, light is always
emitted at slightly di�ering wavelengths, which results in a phase shift of 180¶ at the
coherence length l

temp

and hence destructive interference.
Spatial coherence: A light source is spatially (or transversely) coherent if the relation

d
source

· „ = ⁄

2fi
(2.18)

is fulfilled, with d
source

being the spatial extent of the source. Perfect spatial coherence
can be achieved by a spherical wave front emitted from a point source, whose phase is in
perfect accordance at all points transverse to the propagation direction. As seen in eq.
2.18 it is possible to also achieve that by observing an extended light source from a long
distance at small angles „. At the expense of the intensity, it is possible to enhance the
spatial coherence of a source, if it is observed at very small observing angles through a
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2 Soft X-ray Microscopy

small pinhole.

Laboratory X-ray microscopes are neither coherent nor incoherent, and are correspond-
ingly called partially coherent [139]. While a coherent system will provide best contrasts,
an incoherent system will yield best resolutions. Contrast transfer calculations of X-ray
microscopes with di�erent degrees of coherence with a special emphasis on partial coher-
ence are given in [16, 87, 185]. Phase contrast based X-ray microscopy in the laboratory is
presented in [184].

2.3.2 Definition - Rayleigh resolution

Figure 2.5: a): Two Airy patterns within a distance below the Rayleigh criterion. The two point sources
are not resolved b): Two Airy patterns with a distance corresponding to the Rayleigh criterion. The
maximum intensity of one pattern is aligned with the first null of the other. The sum of intensities shows
a small drop-o� of 26.5%. The point sources are still discernible c): Periodic array of intensity pat-
terns. Peak intensities lie within the first minimum of their corresponding neighbor (Rayleigh criterion).
The resolution limit for single structures equals to half the value of the Rayleigh resolution (half pitch
resolution).

The resolution of a microscope is a measure for its capability to image smallest struc-
tures so that they are still discernible for the observer. A lens, or more generally speaking
an imaging system, will always "wash out" a discrete point source and produce an inten-
sity distribution in the image plane, which is called the point spread function (PSF) and
represents the Fourier transform of the aperture.

A projection image formed by a linear imaging system can be described as follows:

Img(x, y) =
⁄ ⁄

O(xÕ, yÕ) · PSF(x, xÕ, y, yÕ)dxÕdyÕ (2.19)

It becomes clear that the projectional image Img(x, y) constitutes from points of the object
O(xÕ, yÕ) broadened by the PSF . Given that the image formation of an optical system is
independent of (small) translations of the object, Eq. 2.19 can be expressed in the frequency
domain by their respective Fourier transforms Img(x, y) F≠æ IMG(‹

x

, ‹
y

):

IMG(‹
x

, ‹
y

) = ‚O(‹
x

, ‹
y

) · OTF(‹
x

, ‹
y

) (2.20)

where the so called object transfer function (OTF) is defined as the Fourier transform
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2.3 Resolution

of the PSF . The absolute value of the OTF , which is equivalent to the relative contrast
(the contrast reduction) of the image and the object, is su�cient to describe the image
formation capabilities of a microscope, which is based on amplitude contrast. The absolute
value of the OTF is referred to as modulation transfer function (MTF):

|OTF(‹)| = MTF(‹) (2.21)

The resolution of an imaging system can be defined, starting with its PSF . For small
angle approximation and given that a pinhole with a diameter of d

A

in combination with
a monochromatic point source with a wavelength ⁄ is used, the PSF has the form of an
Airy pattern with an angle dependent intensity distribution. It is given by:

I(„) = I
0

·
A

2J
1

(x
„

)
x

„

B
2

(2.22)

where J
1

is a Bessel function of the first kind and order one, x
„

= (fid
A

/⁄)„ and I(„) the
angular intensity distribution measured from the optical axis. The Airy function is unity
for x

„1 = 0 and zero for x
„0 = 3.832.

The Rayleigh resolution is probably the most well known definition of resolution. Two
independent incoherent point sources, as described above, each produce an Airy pattern [6].
The Rayleigh resolution criterion (see Fig. 2.5b) states that two such point sources are
being resolved by an objective lens with a numerical aperture NA and a diameter d

A

if
the di�raction maximum of one pattern lies at the position of the first null of the other
pattern. The sum intensity (indicated in dark-gray) of the two patterns features a small
but visible drop-o� of 26.5%. The distance (fid

A

/⁄)„
0

= 3.832 between the peak intensities
of the two patterns defines the Rayleigh resolution �x

Rayleigh

, which in the small angle
approximation (NA = sin „ ƒ „) in the focal plane is given by [6]:

�x
Rayleigh

= 0.610⁄

NA (2.23)

Equation 2.23 reflects the resolution capabilities of a perfect, di�raction limited lens, depen-
dent only of its numerical aperture and the wavelength of the illumination. Understandably,
optics are never ideal. Zone plates, di�ractive optics (see chapter 2.5.2) which are often
used as an objective in X-ray microscopy, su�er from chromatic aberrations and fabrication
di�culties, as their smallest structures lie in the low nanometer regime.

The case in which the distance of the patterns’ maxima is smaller than defined by the
Rayleigh criterion is displayed in Fig. 2.5a. The sum of the intensity distributions of the
two Airy patterns shows no dip; the point sources were not resolved.

It is a di�cult task to measure a microsope’s resolution corresponding to Rayleigh. To
perform a direct measurement of a point source, the plasma source were to be measured
at a large object distance, which would lead to an insu�cient SNR and an image size too
small for a CCD camera to resolve. Creating a point source by using/placing a pinhole
in the object plane is also hardly practicable.. The diameter of such a pinhole would be
required to be in the sub-nanometer range. Furthermore, the illumination of such a pinhole
would result in insu�cient illumination.
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2 Soft X-ray Microscopy

90%

75%

25%

10%

∆x10/90

∆x25/75

Figure 2.6: 10/90 and 25/75 knife-edge method clarified by the use of the horizontal intensity distribution
from Fig. 3.22

Several methods presented in the following o�er the possibility to determine the resolution
of an imaging system in relation or approximation to the Rayleigh resolution.

2.3.3 Methods to determine the resolution
Knife-edge method: Commonly, the resolution can be determined by the use of a

knife-edge, an opaque structure with a straight edge in the range of the illumination’s
wavelength. The realization of this measurement is relatively easy, if such a structure is
available, and is feasible even with noisy data. An intensity profile perpendicular to the
knife-edge, such as the one presented in Fig. 2.6 is recorded. If the illumination has the
form of an Airy pattern and given that the knife-edge is perfect§§, the distance �x

10/90

from
10% to 90% of the intensity distribution, as illustrated in 2.6, compares to the Rayleigh
criterion. �x

25/75

(the distance from 25% to 75%) overestimates the resolution compared
to the Rayleigh resolution by a factor of two, but is usually promptly available even for
data with a low SNR [6].

MTF-method: In Fig. 2.5c a periodic array of intensity patterns is illustrated. As for
Fig. 2.5b, these intensity patterns correspond to independent incoherent point sources all
aligned so that their peak intensities lie within the first minimum of their corresponding
neighbor. It is visible that one period accords approximately to �x

Rayleigh

. With that in
mind, it becomes clear that, when imaging gratings or periodic structures like a Siemens
star pattern (Fig. 3.21) at a specific spatial frequency, the resolution limit for single
structures, such as transparent and opaque lines for a grating, equals to half the value of

§§not the case for the example given in Fig. 3.22
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2.4 Soft X-ray sources

the Rayleigh resolution¶¶ [6].
Periodic test structures with di�erent spatial frequencies, such as a Siemens star pattern

(Fig. 3.21), allow a direct measurement of the MTF . By the definition of a threshold for
the MTF , a resolution limit can be given. As suggested in [173] the threshold of 10%
corresponds to the value of the Rayleigh resolution.

2.4 Soft X-ray sources
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Figure 2.7: Soft X-ray sources with their respective average spectral brightnesses. The water-window is
indicated in grey featuring laboratory sources like laser and discharge plasmas at lower spectral bright-
nesses. The respective letters denote bending magnet (BM), undulator (U) and wigger (W) radiation.
Graph from [16]

One of the main reasons why X-ray microscopy in the water-window is still only very
sparsely used as a standard investigation method in the laboratory, is the challenge of
generating soft X-ray photons. As opposed to hard X-rays, soft X-rays with an energy
between 284 eV and 543 eV, cannot be generated e�ciently by the use of a common com-
pact X-ray tube. Chapter 1.3.1 in [11] treats the topic of X-ray tubes for the generation
of soft and ultrasoft X-rays and reports on X-ray tubes with a copper (L-line emits at
929 eV) or aluminum target (K

–

-line at 1.486 keV). Nevertheless, the spectral brightness
provided by such X-ray tubes is not su�cient for imaging. Fig. 2.7 provides a good
overview about present and future (illustrated by dashed lines) radiation sources and their
respective spectral brightness in photons/(s·µm2·sr·0.1%BW). The water-window is high-
lighted in grey and shows the two most common laboratory sources: laser induced plasma
and discharge plasma sources. New photon sources could be X-ray lasers, which emit

¶¶often related to as half-pitch resolution
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2 Soft X-ray Microscopy

Figure 2.8: Examples for plasmas with different temperatures and electron densities. Graph adapted
from [6]

radiation in the extreme ultraviolet (EUV) and soft X-ray regime. They can be divided
into atomic inner-shell [147] and plasma based [131] X-ray lasers and have been utilized for
EUV microscopy [21]. Although they have the potential to be used for water-window X-ray
microscopy, up until now no application has been reported. A review on the development
of X-ray lasers can be found in [146]. At higher spectral brightnesses synchrotron facilities,
such as Berkeley’s Advanced Light Source (ALS) and the Berliner Elektronen-Speicherring
Gesellschaft für Synchrotronstrahlung (BESSY II), are indicated in Fig. 2.7. The highest
spectral brightness will be achieved by future X-ray free electron lasers (X-FEL).

In the following, sources for the generation of soft X-rays in the water-window will be
introduced briefly, based on [6].

2.4.1 Laser plasma sources

Plasmas are, when viewed as a whole, an uncharged multi-particle system consisting of
ions and free electrons. Plasmas usually emit a continuous spectrum and characteristic
emission lines dependent of the elements present in the plasma. The continuous spectrum,
bremsstrahlung, is generated by free-electron-ion interactions, while the emission lines are
generated by transitions between different charge states of the ions [6]. Plasmas can be
generated by focussing a laser with high energy (femto- or nanosecond) pulses onto a
target material. Spectra of plasmas generated from high-Z elements are dominated by
the continuous spectrum, while low-Z element plasmas generate spectra dominated by
emission lines (e.g. for N2 see Fig. 3.16). The main physical quantities of a plasma are
its electron temperature Te, electron density ne and the magnetic induction B, with which
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2.4 Soft X-ray sources

characteristic parameters of the plasma can be estimated [6].

Laser induced plasmas with a high density and a high temperature, often referred to as
hot dense plasmas, provide radiation with a high spectral brightness and can be utilized
in the laboratory to generate soft X-rays and EUV radiation. Although a plasma is not
in equilibrium, due to its spatial and temporal gradients, characteristic temperatures and
rapid expansion, its emission can be approximated by black body radiation, as the energy of
the plasma is mostly distributed near-thermal. The intensity distribution of blackbody ra-
diation is bound to its temperature: the higher the temperature, the further the maximum
lies at shorter wavelengths. Wien’s displacement law describes this physical phenomenon:

⁄
peak

= 2.8978 · 106

T
in nm (2.24)

~Ê|
peak

= 2.822Ÿ
B

T in eV (2.25)

With Ÿ
B

being the Boltzmann constant and ~ the Planck constant. The plasma tem-
perature can be estimated with the Stefan-Boltzmann radiation law, which is given by:

I = ‡T 4 (2.26)

with ‡ representing the Stefan-Boltzmann constant and I being the radiated intensity. If
the maximal photon emission of a given plasma shall lie within the water-window at, e.g.
2.478 nm, the plasma’s temperature has to be in the order of ¥ 106 K [16].

As mentioned above, a plasma is basically fully ionized, which allows the calculation of
the electron plasma frequency Ê

p

with the plasma’s electron density:

Ê
p

=
Û

e2n
e

‘
0

m
e

(2.27)

where e is the electron charge, m
e

the electron mass and ‘
0

the vacuum permittivity. The
electron plasma frequency Ê

p

is an important parameter, as it defines the penetration depth
of incoming electromagnetic waves, such as the incident laser beam. Fig. 2.9 illustrates the
principle of a hot dense plasma with an electron density gradient, on which a laser with
a high intensity is focussed at. An incoming electromagnetic wave can only penetrate the
plasma if its frequency Ê is greater than the plasma frequency Ê

p

. At the critical density n
c

(near solid state densities n
c

¥ 1021 e/cm3; in Fig. 2.9 indicated by dashed horizontal line)
the frequencies of the incoming wave and the plasma are equal, leading to total reflection of
the incoming electromagnetic wave. The short region, labeled in orange, from 1021 e/cm3

to 1023 e/cm3 represents the region where Ê < Ê
p

, hence the area impenetrable for the
incoming radiation. Energy transport to this region from the area just below the critical
density region leads to intense X-ray emission [6].

Another important parameter to describe a plasma is the Debye screening distance ⁄
D

:

⁄
D

=
Û

‘
0

Ÿ
B

T
e

e2n
e

(2.28)
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2 Soft X-ray Microscopy

Figure 2.9: Generation of a hot dense plasma. Incoming radiation is absorbed by the plasma and reflected
at the critical density nc. Energy is transported to the area above the critical density, which leads to
high X-ray emission.

It describes the interspace, in which charged particles screen other charged particles in
solution, or in this case the plasma. For an electron temperature of Te =2 × 106 K and an
electron density of ne =1021 e/cm3 this leads to a Debye screening distance of about 3 nm.

The electron cyclotron frequency ωcyclo describes the frequency imposed by the magnetic
induction B, with which electrons circle about within the magnetic field [6].

ωcyclo =
eB

me
(2.29)

In a plasma, electrons follow magnetic field lines, interrupted only by collisions. This
constraints energy transport to aforementioned hot dense regions and hence potentially
decreases the X-ray emission.

The rate at which a plasma expands into vacuum is another crucial characteristic. If
the plasma shall reach a high temperature, the energy input has to be adjusted to the
expansion rate of the plasma. It is determined by the electron temperature Te and ion
mass Mion. The electron–ion thermal expansion velocity vexp is given by:

vexp =

√
ZξκBTe

Mion
(2.30)

with Z being the average ionization state of the ions and ξ = 1 + 2/X the thermodynamic
ratio of specific heats with X degrees of freedom. vexp is hindered by the inertia of the ions
with their respective mass Mion and increased by the electron pressure (by neκBTe).

An approach to exactly describe a plasma in its entirety, such as a model depicting every
position and velocity of every electron and every ion in the plasma dependent of the time,
is analytically insoluble. Klimontovich’s numerical microscopic description simplifies the

20



2.4 Soft X-ray sources

problem by describing the plasma with less particles in a 6-dimensional velocity-position
phase space. The microscopic model leads to a highly stochastic, discontinuous distribution
function and its derived velocity distribution function. The kinetic description averages over
space and thus leads to less varying velocity distribution functions where no information
about single particles is needed and which can be solved analytically. In some cases the
velocity information is not required, which allows further simplifications. Based on the
kinetic equation, fluid mechanical functions, or velocity weighted integrals, for the particle
density, average velocity and partial pressure can be derived. With the fluid description
wave propagations in a plasma, as well as dispersion relations can be calculated.

More details on laser produced plasmas can be found in [6, 92,95].

Laser induced plasma target types

Choosing a target type should be evaluated based on the achievable brightness of the
source (short exposure times), favorably low debris (less or no deterioration of optics),
the plasma’s stability and reliability [37] and the respective application. For soft X-ray mi-
croscopy, nitrogen [86] and carbon, in the form of alcohols, such as methanol or ethanol [37],
liquid jet systems have been successfully presented, as they possess intense emission lines
(carbon: C-Ly

–

line at 368 eV; nitrogen: N-Ly
–

at 500 eV) in the water-window and pro-
duce a relatively low amount of debris in contrast to solid targets. Plasmas generated from
solid targets, due to their high density, potentially o�er a high photon output. The target
material has to be renewed for every laser pulse, which can be realized by, e.g. a moving
tape [120] or in case of a metal target with a rotating and translating cylinder [107]. Debris
is the biggest drawback of solid targets.

That being said, plasma sources which utilize solids are generally not employed in recent
soft X-ray microscopes since their strong debris can degrade the microscope’s intricate op-
tics. Other low-debris targets are gas pu� targets [45, 186], which have lower density than
liquid jets and thus also a lower photon flux, and droplet targets [14,72].

The LTXM presented in this thesis employs a liquid nitrogen jet target. The experimental
arrangement of the jet system can be found in chapter 3.3, while parameters of the plasma
source, such as the spatial dimensions and spectral radiance, are presented in chapter 3.5.

2.4.2 Gas discharge plasma sources

In gas discharge sources the plasma is generated by pulsed currents. A gaseous target at
pressures below 1 mbar is positioned between two electrodes, which create a pulse with a
high current producing the discharge plasma. This current generates an azimuthal magnetic
field which compresses, or "pinches", the plasma to a diameter of ¥ 1 mm [15], which is
large in comparison to laser plasma sources (see chapter 3.5.1), but eases adjusting the
microscope. Plasmas of low-Z elements like oxygen or nitrogen produce spectra with
dominant emission lines which can be used for soft X-ray microscopy. Benk et al. [12]
report on a compact soft X-ray microscope using a pinch plasma in a pseudo spark-like
electrode geometry, which can be operated at 1 kHz (equivalent to 15 kW electrical input
power). The main advantage of gas discharge sources is their easy handling and high
reliability. The average line brightness of a gas discharge source is lower than the one
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of laser plasma sources. For a gas discharge source and a laser produced plasma source
employed in soft X-ray microscopes, the line brightnesses have been reported to be ¥
4 · 109 photons/(s · µm2 · sr · line) at 2.88 nm [12, 25] while laser produced plasmas reach
highest reported brightnesses of > 1.5 · 1012 photons/(s · µm2 · sr · line) at 2.478 nm [111].
The experimental arrangements of laboratory full-field transmission X-ray microscopes
resemble strongly (central stop, zone plate objective, CCD camera), but compared to laser
plasma based laboratory X-ray microscopes, which usually use multilayer mirrors as their
condenser, the soft X-ray microscope presented in [12] employs an ellipsoidal condenser
positioned between the gas discharge source and the specimen to collect and focus the
radiation from its source. It utilizes the 2.88 nm emission line of helium-like nitrogen
for water-window imaging. Micrographs of diatoms and latex spheres with a resolution of
around 40 nm are presented. For nitrogen discharge sources studies on reducing the source’s
size to 300 µm, which, with restraints, can be achieved by adding an admixture of xenon [15],
and simultaneously maintaining or increasing the conversion e�ciency could enhance the
microscope’s brilliance, shorten exposure times and make tomography feasible [12].

A detailed description of gas discharge sources is given in [154].

2.4.3 Synchrotron radiation
When a charged particle is accelerated, it emits electromagnetic radiation. A synchrotron

light source usually consists of a linear accelerator, a so called circular booster (synchrotron)
and a storage ring. The linear accelerator and subsequently the booster accelerate the elec-
trons to the desired energy before they are injected in the storage ring. In the storage ring,
these bunches of electrons or positrons are at relativistic speeds (at BESSY II standard
kinetic energy: 1.72 GeV), and their trajectories are bent by magnetic fields, leading to
emission of synchrotron radiation. This bending of the trajectories is generally achieved
by magnetic arrangements, such as bending magnets, undulators and wigglers, which will
be briefly described below. Modern (third generation) synchrotron storage rings usually
employ straight interceptions for undulators and wigglers. Synchrotrons achieve a high
spectral brightness and generate photons over a wide energy range. The transmission X-ray
microscopy undulator beamline U41 at BESSY II, for example, o�ers an energy range from
250 to 1500 eV, allowing spatially resolved spectroscopy in the nanometer regime [56,67].

Bending magnets: Bending magnets are utilized to create a uniform magnetic field
to force relativistic electrons to stay on a circular trajectory with the acceleration vector
pointing towards the trajectory’s center (storage ring’s center). Hence, synchrotron radi-
ation is generated tangentially in the shape of a cone. The emission angle ◊

BM

= 1/“
scales inversely with the Lorentz contraction factor úúú. One way to characterize radiation
emitted by relativistic electrons whose trajectories are defined by bending magnets is the
critical photon energy E

c

, which divides the broad "white" spectrum generated by bending
magnets in half, so that half the emitted power lies above and half the emitted power below
E

c

.

E
c

= 0.665 · E2

e

· B (2.31)

úúú
“ = 1/


(1 ≠ (v/c)2) with c being the speed of light and v the relative velocity of electrons.
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where E
e

is the electron beam’s energy and B the magnetic field.

Undulators and wigglers: Undulators are periodic magnetic arrangements with rela-
tively low magnetic field strengths. If an electron bunch passes an undulator, it starts to
oscillate near sinusoidally with a small amplitude and small angular variations. If the elec-
tron bunch travels at relativistic speeds, the resulting radiation will have a by far shorter
wavelength (⁄ = ⁄

u

/(2“2)) than the magnetic periods ⁄
u

, due to Lorentz contraction and
relativistic Doppler shift. Like this, although undulator periods are usually in the centime-
ter range (BESSY II U41 undulator: 4.12 cm; Advanced Light Source (ALS): 5 cm), X-ray
photons with wavelengths of nanometers or Ångströms can be generated. Undulators gen-
erate a more narrow radiation cone (◊

U

= 1/“
Ô

N with N being the number of periods of
the undulator; BESSY II U41 undulator: N = 81; ALS: N = 89) and spectral bandwidth
(�⁄/⁄ = 1/N) than bending magnets and wigglers. Undulator radiation is partially co-
herent and possesses a high spectral brightness. Wigglers are essentially very similar to
undulators, but have a stronger magnetic field and thus produce higher photon fluxes at
larger emission angles. Radiation generated by a wiggler has a spectral continuum with
higher photon energies than undulators and bending magnets.

X-ray free electron lasers (XFEL) are seen as the next generation synchrotron. An elec-
tron bunch is accelerated to relativistic speeds and injected into a long undulator with
a much higher number N of periods than undulators in synchrotrons. By synchronizing
the electron bunch’s speed with the undulator’s periods, the emitted radiation interferes
with the relativistic electron bunch, causing a modulation of the electron density. The
electrons form microbunches with a spatial distance of the wavelength of the emitted ra-
diation. As these microbunches continue to undulate and emit radiation in phase, the
radiation field further increases leading to stronger microbunching until the process satu-
rates. The emitted femtosecond pulses are spatially coherent and possess powers several
orders of magnitude higher than third generation synchrotrons. A detailed review of X-ray
free electron lasers is given in [117].

2.5 Optics

In this chapter, optics available for soft X-ray microscopy are considered. Subchapter
2.5.1 briefly treats the working principle of reflective and refractive optics for XUV and soft
X-rays, while subchapter 2.5.2 explains di�ractive optics. Advantages and disadvantages
are being discussed. A more detailed treatment can be found in [6, 175].

When an electromagnetic wave, coming from vacuum, hits an interface with a di�erent
refractive index n to the one of vacuum (n = 1), the incoming wave can be refracted,
di�racted, reflected and/or absorbed.

Generally, imaging or focusing optics in microscopy, have to be carefully chosen depend-
ing on the source of the microscope. The photon emission of a synchrotron is cone-shaped,
whereas a laboratory plasma source emits soft X-ray radiation in the whole solid angle.
As a consequence, a condenser optic, such as an ellipsoidal glass capillary as employed at
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the transmission X-ray microscope at the U41 beamline at BESSY II [58], or a zone plate
condenser as employed at the XM-1 at the ALS in Berkeley are not practicable, as they
would need to be placed close to the source and would degenerate due to the emitted debris.

The LTXM at Berlin Laboratory for innovative X-ray Technologies (BLiX) uses a spherical-
shaped multilayer mirror as its condenser and a Fresnel zone plate as its objective.

2.5.1 Reflective optics
Refraction is defined as the redirection of an incident wave at an interface of a material

with a disparate refractive index n (for soft X-rays usually written as in equation 2.4). The
turning of an incident wave entering an isotropic medium is described by Snell’s law [6]:

sinÂÕ = sinÂ

1 ≠ ” + i—
= sinÂ

n
(2.32)

where Â††† represents the incident angle and ÂÕ the refractive angle.
While glass lenses for visible light have a refractive index in the area of n ¥ 1.5, providing

strong refraction, the refractive index for soft X-rays as well as EUV radiation is very close
to unity.

Refractive optics for the soft X-ray regime exist, but are ine�cient, especially within the
water window. Low values for ” and — (<10≠2), result in a complex refractive index of
n Æ 1, which in turn leads to very low refracting angles, what can be seen when looking at
eq. 2.32. That combined with the high absorption for soft X-rays makes refractive optics,
as used with visible light, less favorable.

A refractive index greater than unity, as for visible light, gives rise to total internal
reflection. As stated above, the refractive index for soft X-rays lies slightly below unity. As
a consequence, total external reflection is possible for low incident angles without strong
absorption at the reflective medium’s surface. The occurrence of total external reflection
is given by the critical angle ◊

c

=
Ô

2”, which is measured from the medium’s surface [32].
Total external reflection optics were presented by Kirkpatrick and Baez [90] and Wolter
[193]. Kirkpatrick and Baez suggested imaging by two slightly bent reflection surfaces
perpendicular to each other under grazing incidence, while Wolter presented parabolical or
elliptical rotation symmetric mirrors usually followed by a hyperbolic rotation symmetric
mirror. Since these mirrors require low incidence angles, they are aberration prone and their
reflectivity su�ers from surface roughness, which has to be in the order of the radiation’s
wavelength.

The third potential reflective optic, called multilayer mirror, will be discussed in the
following paragraph.

Multilayer Mirrors

In general, the reflectivity of soft X-ray and EUV radiation is very low, except for in-
cidence angles below the critical angle ◊

c

(total external reflection). At larger angles and

†††both angles are measured from the surface’s normal
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θ

d

(a) Incident radiation hits the surface of a multi-
layer mirror with a periodicity d at an angle ◊.
It passes through several layers of a multilayer
and is reflected at each interface.

d

θ

θ

incident radiationreflected radiation

(b) If Bragg’s law (see Eq. 2.34) is satisfied,
the reflected waves interfere constructively, and
thus greatly increase the multilayer’s reflectiv-
ity.

Figure 2.10: Schematic illustration of the reflection of near normal incident soft X-rays from a multilayer
mirror. Idealized: incident radiation not refracted by layers.

especially at normal incidence a reflective optic would permit higher numerical apertures, a
larger solid angle for radiation collection, a high spectral selection and less aberrations [6].
The reflectivity at normal incidence for soft X-rays, for which ” and — are greatly smaller
than unity, is given by:

R‹ ƒ ”2 + —2

4 (2.33)

It is clear, when looking at eq. 2.33 that the reflectivity at normal incidence („ = 0)
is very low for a single interface. Underwood et al. [181] proposed layered synthetic mi-
crostructures, called multilayer mirrors, for soft X-ray imaging at ⁄ = 4.48 nm. Multilayer
mirrors are periodically layered. Usually two alternating materials are deposited onto one
another, one with a high Z number and one with a low (di�ering refractive index). To
reduce di�usion e�ects between the individual layers, sometimes it is necessary to add
a third barrier layer. This layered structure enables high reflectivity at near normal in-
cidence in the EUV and soft X-ray region. If Bragg’s law (2.34) is satisfied, multiple
interfaces back-scatter the incident radiation constructively and thus greatly increase the
optics reflectivity.

m⁄ = 2dsin◊ (2.34)

Here, m is the Bragg order number (œ N
1

), ⁄ represents the wavelength and d the multi-
layer’s periodicity, as seen in Fig. 2.10. As Bragg’s law does only require a specific thickness
for each bi-layer, the thickness of the individual layers should be chosen corresponding to
their level of absorbance (thicker for low Z numbers). For normal incidence, m equals 1 and
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Figure 2.11: Fresnel zone plate.

θ = 90◦, which leads to d = λ/2 ≈ 1.2 nm for a working wavelength of 2.48 nm. d = λ/2
corresponds to individual layer thicknesses in the area of λ/4, making the production of
multilayers for the soft X-ray regime a delicate process, as layers have to consist of only
several stacked atoms. At this scale, diffusion effects and irregularities greatly diminish
a multilayer’s reflectivity. Wavelength matching in combination with a high reflectivity is
still a challenge to be solved particularly within the spectral region of the water-window.
A reflectivity of 9% at λ = 2.42 nm has been presented [55] for small flat surfaces. The
fabrication of a spherical multilayer mirror, as used in laboratory X-ray microscopy, for
which the bi-layers have to be deposited over ≈ 20 cm2 with a defined thickness is still very
challenging and has not yet been solved to a satisfactory degree [16].

2.5.2 Diffractive optics

As inducted in [6], diffraction is the process of the redirection of incoming radiation near
sharp edges into relatively well-defined directions by ordered arrays of scatterers. These
diffraction patterns, or more specifically speaking diffraction maxima and minima, originate
in constructive and destructive interference. The so called multilayer mirror, which was
described in the previous chapter (see 2.5.1), but also reflective crystals, could therefore
also be described as diffractive optics, which satisfy Bragg’s law (eq. 2.34: the incident
radiation is diffracted by the well-ordered different reflective planes (or atoms for a crystal)
and constructively interfere in certain well-defined angles.

As stated above, image formation in the soft X-ray regime is complicated. Where refrac-
tive optics of all materials do not offer enough refraction (complex refractive index (eq. 2.4)
close to unity) in comparison to the absorption they cause, the resolution of total external
reflective optics suffers due to aberration, making the use of both futile.

Diffractive optics like Fresnel zone plates offer spatial resolutions in the low nanometer
regime near the diffraction limit. The working principle of a Fresnel zone plate is similar to
the one of a diffraction grating. On a diffraction grating, a repetitive structure consisting
of parallel absorbing and non-absorbing lines, incoming radiation is redirected at each
line pair. Given that the angle provides an increase of the redirected wave’s path length
by one wavelength (±1st order), the diffracted radiation interferes constructively (and
destructively; path length increase by λ/2), producing diffraction patterns. The working
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principle of di�raction is illustrated in Fig. A.1 (in the annex) for the 0th and the ±1st
orders. Orders m = 0, ±1, ±2, ... occur at angles „

m

for m⁄:

sin„
m

= m⁄

d
(2.35)

As seen in Fig. A.1, di�raction patterns, or the respective wavelength they embody, are
redirected away from a defined center of the grating by an angle of order „ ≥ ⁄/d, where
⁄ is the wavelength and d the di�raction grating constant‡‡‡ [6]. It becomes clear that
focussing can be obtained by continuously minimizing the grating constant away from the
grating’s center, provided that the incident radiation is monochromatic. A zone plate is a
rotationally symmetrical grating with a radius dependent grating constant (shorter periods
the further away from the optical axis). The working principle of a Fresnel zone plate is
illustrated in Fig. 2.11.

A Fresnel zone plate’s properties (NA, lens diameter D, focal length f , depth of field
(DOF) and spatial resolution) can be derived from basically two of its physical parameters:
the total number of zones N (opaque and transparent) and the outer zone width �r,
pointed out in Fig. 2.11. From simple geometric considerations illustrated in Fig. A.2,
the following relationship can be derive for a NA π 1: r

N

ƒ
Ô

n⁄f . Starting from this,
important formulae for a Fresnel zone plate’s main properties can be calculated:

Lens diameter: D = 4N�r (2.36)

Focal length: f = 4N(�r)2

⁄
(2.37)

Depth of field: DOF = ±2(�r)2

⁄
(2.38)

Numerical aperture: NA = ⁄

2�r
(2.39)

Rayleigh spatial resolution: �x
Rayleigh

= 0.61⁄

NA = 1.22�r (2.40)

The comparison of eq. 2.37 and eq. 2.40 shows a crucial drawback of zone plate when
used as an objective for imaging. The focal length scales directly with the outermost zone
width �r, whereas the spatial resolution �x

Rayleigh

inversely scales with �r. That being
said, it becomes clear that highest resolutions can only be obtained with small outer zone
widths and subsequently short focal lengths. For example, a zone plate with an outer zone
width of �r = 25 nm has a focal length f = 692 µm, the focal length of a zone plate with
an outer zone width of �r = 40 nm, on the contrary, is f = 1500 µm. This, depending
on the sample holder, spatially limits the recording of a tomogram at a high resolution at
high rotation angles (see chapter 5).

Parameters of the Fresnel zone plate objectives available for the LTXM at BLiX are
presented in chapter 3.7.

‡‡‡for small di�racting structures
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2 Soft X-ray Microscopy

2.6 Correlative methods
2.6.1 (Super-resolution) fluorescence microscopy

Fluorescence microscopy is still the most commonly used imaging technique to visual-
ize the processes and dynamics in life on a sub-micron scale. And while relatively new
far-field super-resolution methods, like STED [69, 70] or STORM and PALM, are rapidly
catching up and electron microscopy (EM) has been established for a longer time, X-ray
microscopy is still well under-represented. A possible explanation for the low awareness of
X-ray microscopy could be its previous limitation to synchrotron facilities. Super-resolution
microscopy (SRM) methods obtain a compact design, and are also based on renowned meth-
ods, which might raise the user’s inclination to use such a tool. Additionally, companies
like Leica, Nikon and Zeiss have quickly started to adopt the methods and introduced
laboratory devices. The term SRM refers to fluorescence microscopy methods which sur-
pass the di�raction limitation of standard light microscope’s resolutions [2]. STED, for
example, is based on fluorescence microscopy, where a fluorophore (fluorescent molecule
which covalently bonds to another molecule or protein in an area of interest) is used to
stain specific areas in cells or materials and is, in the case of STED, excited by a laser.
To break the di�raction limit, STED uses stimulated emission by a second laser (STED
beam) to prevent the induced fluorescence from outer regions of the fluorophore’s PSF ,
which directly translates into a higher (low-digit nanometer regime) resolution. The main
drawbacks of STED are photobleaching, the destruction fluorescent molecules, and that
it is basically void of structural information. And, as for all methods where labeling is
inevitable, the degree of changing the organism by intrusively changing its chemical bonds
with a fluorophore will remain. STORM [150] and PALM [18] take a stochastic approach
to achieve resolutions an order of magnitude higher than common fluorescence microscopy.
Here, a large number of fluorescence images is collected over time with each containing
just a limited number of separated fluorophores. Separation is obtained by recording a
fluorophore in a cycle of light-emitting, non-emitting and again light-emitting state. Flu-
orophores, which were firstly inseparable due to their small spatial distance, can now be
recognized as single fluorophores. Their PSF can now be fitted by a (typically) Gaussian
function with a fluorescence dependent accuracy. A review of all SRM methods can be
found in [83]. As for STED, PALM and STORM images lack structural information. It
must be added, that single-digit nanometer resolutions in SRM have surfaced a relatively
new problem. Labeling with antibodies, which are large in size when compared to the
method’s resolution, adds uncertainty (10 to 20 nm) to the localization of the point of
interest.

2.6.2 Coherent X-ray imaging
In the recent past, lensless X-ray imaging has been the subject of intensive research.

As objective based X-ray microscopy is limited to the width of the outermost zone of its
zone plate objective (see eq. 2.40), and thus to the manufacturing quality of the objective,
coherent lensless imaging takes an approach to avoid this limitation. Coherent di�ractive
(lensless) X-ray imaging (CDI) is based on the principles of crystallography, but is able
to image isolated non-periodic objects at a high resolution [29]. For CDI the di�raction
pattern of an isolated object is recorded in the far-field, while a central stop blocks the
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coherent planar direct wave of X-rays. These di�raction patterns are then back calculated
by iterative algorithms to retrieve the image of the object. In doing so, the system stays
void of optical elements and therefore theoretically could achieve spatial resolutions only
dependent of the incident beams wavelength. One main advantage of crystallography is
lost by imaging isolated non-periodic structures. In crystallography, in contrast to CDI,
the di�raction patterns coherently add up permitting a much lower radiation dose [29].
This issue limits the achievable resolution in CDI and has been discussed in publications
[81, 168]. Thus, radiation resistant objects, like gold particles, will allow longer exposures
than biological samples and will subsequently yield higher resolutions. That being said,
up until now resolutions achieved when imaging biological objects are roughly one order
of magnitude worse than the theoretical resolution. As CDI is independent of ine�cient
objectives, it might have the potential to overcome the DOF problem of objective-based
X-ray microscopy: a zone plate with an outermost zone width of 25 nm has a DOF of
only 1 µm, which lowers resolutions in tomographic reconstructions of bigger (¥ 10 µm)
cells [163]. One main limitation of CDI is that the object of interest has to be located
within a well defined area, called the "support" region. This real space constraint has to
be introduced to being able to retrieve the phase from the di�racted intensities. To grow
and prepare flat vitrified adherent cells according to this confinement is an intricate task
and has not been demonstrated, as stated in [163].

Several related methods, like ptychography (also called scanning di�raction microsopy),
are presented in [29] and will not be discussed here. Other coherent imaging methods
are Fourier transform X-ray holography (FTH) [42, 118], which also has been carried out
in the laboratory by Sandberg et al. [153], and holography with extended reference by
autocorrelation linear di�erential operator (HERALDO) [54].

CDI applications have been presented, ranging from 2-dimensional imaging of unstained
unsliced freeze-dried yeast cells (saccharomyces cerevisiae) [122,172], frozen hydrated yeast
cells [84] to radiation resistant bacteria (deinococcus radiodurans) [50] (ptychography). In
Fig. 2.12 LTXM (left) and CDI (right; from [84]) micrographs of frozen hydrated yeast cells
(Saccharomyces cerevisiae) are illustrated. The yeast cells are not completely comparable,
as the yeast cell imaged by CDI carries a whi5 mutation, which results in smaller sized cells.
Huang et al. claim a resolution better than 25 nm, but compared to the projection image
obtained with the LTXM, which has a resolution around 35 nm, the yeast cell reconstructed
from the CDI measurements appears to be, except for the membranes, void of features.
The alleged mitochondrion, indicated by the red pointer, is, at least in the micrograph
that was at our disposal, not recognizable. Larabell and Nugent draw basically the same
conclusion in [100].

One main advantage of full-field transmission X-ray microscopy in comparison to CDI is
its immediacy. For true applications, especially in life science, a series of samples has to be
investigated. Cells can, if they have to be cultivated, grow di�erently than in their natural
environment, be damaged in the cryo-fixation process or even die, as seen in Fig. 6.12a.
With a full-field transmission X-ray microscope, cells to be investigated can be imaged
instantaneously or, if not of interest, be rejected. This is not possible with CDI, as data
has to be collected and afterwards be analyzed and back calculated. The combination of
scanning X-ray microscopy and ptychography has been reported, which eases this issue to
a certain degree [179].

E�orts are being made to 3-dimensionally study frozen hydrated specimens using CDI.

29



2 Soft X-ray Microscopy

Figure 2.12: Comparison of frozen hydrated yeast (Saccharomyces cerevisiae) imaged by the LTXM and
CDI. Left: Cryo-fixed budding Saccharomyces cerevisiae from commercially available dry yeast imaged
with LTXM at 500 eV. Cell structures are clearly resolved and pointed out. Right: Coherent X-ray
di�raction image (Recorded at 520 eV) of Saccharomyces cerevisiae strain with whi5 mutation (smaller
cells). Red arrow points to an alleged mitochondrion. Magnitude is represented by brightness; phase by
hue. Micrograph from [84]

But to date, as three-dimensional imaging of frozen hydrated cells is not yet feasible and
resolutions are limited due to radiation damage, CDI is not yet ready for true applications
in life science.

2.6.3 Transmission X-ray microscopy compared to standard methods

Fig. 2.13 shows a comparison of three imaging methods (from left to right): scanning
electron microscopy (SEM), X-ray microscopy (XM) and visible light microscopy (VLM).
The three images each show the same diatom and will be used to briefly elucidate each
of the methods advantages. In chapter 3.8.1.3 diatoms and achieved resolutions are being
discussed in more detail. As expected, the SEM image has the highest resolution, but, in
contrast to the XM image, only contains surface information. The branch (seen on the left
side of the white circular indicators), which reaches over the diatom, obscures the structures
below in the SEM image, but is relatively transparent in the XM image. The same can be
said about other structures of the diatom. Fig. 3.25, on which the elongated diatom above
the one discussed here (seen above white circle on the VLM image on Fig. 2.13) is imaged,
also shows this high transmission of the soft X-rays. The high transmission, especially
in the water-window (see Fig. 2.3), combined with resolutions, which are approximately
an order of magnitude worse than the ones achieved by EM and an order of magnitude
better than for VLM, make XM a tool which closes the resolution-gap between these
established methods, while o�ering the possibility of imaging three dimensional objects
as a whole. It must be noted, that in XM it is not possible to change the field of view
(FOV) during measurements, which is possible in EM and VLM. For an e�ective workflow
it is recommended to combine an X-ray microscope with a bright field microscope, such as
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Figure 2.13: The same diatom (genus: navicula) imaged by scanning electron microscopy (left), our
laboratory transmission X-ray microscope (center) and visible light microscopy (right). The SEM image
was taken with an acceleration voltage of 10 kV. Exposure time for the LTXM image was 5 min with
an average laser power of 60 W. Highlighted with a white circle is an area where the advantage of high
transmission of X-ray microscopy is clearly visible.

described in chapter 4.1.

2.6.4 Complementary methods to X-ray microscopy
’One method is no method’ generally applies for all analytic investigations. It is how-

ever not possible to proclaim a standard procedure or combination of specific analytic and
imaging methods, autonomous from the respective object of investigation. As imaging
techniques like (full-field or scanning) transmission X-ray microscopy and for example elec-
tron microscopy are methods, which provide insight into the structure of a sample system,
X-ray microscopy and electron microscopy investigations, as a rule, benefit from a com-
bination with a method which delivers functional information. More generally speaking,
methods should be considered of which the results are expected to have the least overlap
of information.

If one looks at publications in structural biology, the correlative method which is most
commonly combined with (full-field or scanning) transmission X-ray microscopy is optical
fluorescence microscopy§§§. Leading full-field X-ray microscopy research groups have re-
cently updated their microscopes with integrated optical fluorescence microscopes, which
allow true correlative multi-modal investigation of vitreous samples [101,163]. Applications
range from correlative imaging of a fluorophore-tagged (green fluorescent protein (GFP))
protein in pseudorabies virus pUL34-GFP/pUL31 coexpressing porcine kidney cells [59] to
yeast cells (Schizosaccharomyces pombe) [116].

In chapter 6 more correlative methods will be addressed in relation to the respective
sample system.

§§§Normally, fluorescence microscopy is favored to X-ray fluorescence microscopy, since X-ray fluorescence
"only" delivers elemental information, which can also be obtained by X-ray microscopes with a tunable
photon source to a certain degree and usually does not yield functional information.
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Figure 3.1: Experimental arrangement of the laboratory transmission X-ray microscope.

3.1 The Laboratory Full-Field X-ray Microscope

The LTXM described in this work is located at BLiX and uses a laser plasma as its pho-
ton source. This laser plasma is generated by focusing a high power (slab) laser onto a jet
of liquid nitrogen. The intense laser pulses produce a hot dense laser plasma which emits,
apart from ions, electrons and clusters, X-ray photons in the soft X-ray regime. This soft
X-ray radiation originates from bremsstrahlung, relaxation and recombination processes,
of which the two predominant emission lines at 2.478 nm (Lyα) and 2.879 nm (Heα) have
the N-VII and N-VI ions as their source (see Fig. 3.16). The instrument has to be used in
vacuum, as photons with a wavelength of 2.478 nm are strongly absorbed in atmospheric
air∗. As the plasma emits photons in the whole solid angle, a condenser is needed to collect
and focus the probing radiation onto the sample. A multilayer mirror, only reflecting pho-

∗Transmission of ≈ 1% through 2.5 mm of air (1 bar and 22◦C)
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tons with a wavelength of 2.478 nm (an energy of 500 eV), just below the K-edge of oxygen,
is used as a condenser, thus only selecting the Ly

–

line and monochromatizing the plasma
source’s radiation. To protect the sample from direct exposure from reflected laser light
and polychromatic radiation from the nitrogen plasma, a central stop is positioned in the
center of the optical axis between the plasma source and the sample plane. Additionally,
it blocks debris from the sample and the sensitive objective. For further debris and stray
light protection a 200 nm filter is placed just behind the central stop on the side of the
sample plane. The multilayer, as well as the sample, can also be sheltered from debris
by two shutters. Photons are scattered and absorbed depending the respective absorption
coe�cient by the sample and imaged by a Fresnel zone plate objective onto a back illu-
minated 16-bit XUV CCD (model: PI-SX NTE 2048 x 2048) with a pixel size of 13.5 µm.
The specimens are inserted into the vacuum chamber of the microscope though an airlock
with a sample holder either for dry or for cryo-fixed aqueous samples (Gatan Inc., model:
626). A schematic illustration of the LTXM is depicted in Fig. 3.1.

In the following, the di�erent elements of the LTXM, which were introduced above, will
be discussed and characterized in more detail.

3.2 Slab-Laser System and Beam Propagation

As stated in the introduction to this section, the plasma source of the LTXM is induced
by a high power (slab) laser, developed by the Fraunhofer Institut für Lasertechnik (ILT)
in Aachen, whose pulsed laser beam is focussed onto a liquid nitrogen jet. For comparison,
measurements with a second high power laser system (thin disk) were carried out. But as
all applications presented in chapter 6, except the measurements of the clay particles in
chapter 6.3, were performed using the slab laser system, the properties of the thin disk laser
(TDL) will not be discussed here. A short report on the TDL is given in [107]. Parameters
of the two laser systems are presented in table 3.1.

The slab laser emits radiation in the infrared at 1064 nm with pulse durations of 450 ps
to 1 ns and pulse energies of 100 mJ. With a repetition rate of 1300 Hz, average powers of
¥ 130 W are achievable.

The laser (Master Oscillator Power-Amplifier - MOPA) consists of a diode seeded regen-
erative amplifier and three INNOSLAB power amplifier stages aligned in series [103] (see
Fig. 3.2). A diode seeder injects a 1 pJ pulse (indicated with an orange colored line), which
is subsequently boosted to ¥ 2.3 mJ in the regenerative amplifier (indicated by a blue line).
The beam then passes, see red line in Fig. 3.2, the first slab six times, where it is bolstered
up to about 25 mJ. When leaving slab 3 the pulse has been amplified to ¥ 100 mJ.

The three crystals (Nd:YAG) are slab-shaped (dimensions: (20 ◊ 1 ◊ 15) mm3) and end
pumped by diode laser stacks. Slab-crystals can e�ciently be cooled from above and below,
but produce stronger di�raction e�ects in their horizontal axis, than e.g. disc-shaped
crystals of a thin-disc laser. With a beam propagation analyzer (Spiricon M2 ≠ 200s) the
quality of the horizontal axis was measured to be M2

horiz

¥ 3 using the 10/90 knife-edge
method. The vertical axis was M2

vert

¥ 1. That is why, after slab 3, the laser beam’s
horizontal axis is shaped in order to adjust the beam size and divergence of both axes [103]
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Figure 3.2: Experimental arrangement of the slab laser system from a bird’s eye view. A laser pulse is
injected by the diode seeder (orange line), which is then amplified in the regenerative amplifier (blue
line), and subsequently in slabs 1 to 3 (red line), before it leaves the laser for the beam shaping optics.
The output power of the regenerative amplifier is constantly monitored. Colors of the beam’s path do
not resemble the wavelength.

35



3 Experimental

Figure 3.3: Experimental arrangement of the beam shaping optics of the slab laser system from a bird’s
eye view. Coming from slab 3, the divergence and size of the amplified laser beam are adapted, before
the beam is expanded by a telescope and refocussed into the plasma chamber by a motorized lens
triplet [103]. The average power output of the laser can be constantly monitored by a power sensor
(Coherent PowerMax-USB PM150-50C). Dimensions and parameters of the beam shaping optics are
illustrated in 3.4.
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Figure 3.4: Dimensions and parameters of the ILT laser’s beam shaping optics. Dimensions are given in
millimeters.
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Table 3.1: Parameters of the slab laser system and the thin disc laser system available at BLiX

Slab laser Thin disc laser

laser crystal Nd:YAG Yb:YAG

wavelength 1064 nm 1030 nm

max. pulse energy 100 mJ 250 mJ

pulse length 0.45 ns to 1 ns 0.2 ns, 1.2 ns, 12 ns

repetition rate 1.3 kHz >100 Hz

average power 130 W >22 W

M2 (horiz.) ¥ 3 <1.2
M2 (vert.) ¥ 1 <1.2

(see Fig. 3.3 and for dimensions and parameters of the beam shaping optics also see Fig.
3.4). Before entering the plasma chamber, the laser beam is expanded by a telescope and
afterwards refocussed by a motorized lens triplet with a focal distance of 135 mm.

This lens triplet focusses the slab laser’s beam onto the target, where the target material
is ionized. Consequently, the generated plasma emits electromagnetic radiation, clusters
and ions in the full solid angle. The beam focus of the laser as it is shaped in the position
where it hits the jet, is depicted in Fig. 3.6. The focus size (x: (20 ± 0.5) µm; y: (24 ± 0.5)
µm) was measured using a laser beam analyser (Spiricon LBA-FW-SCOR). The value for
the full width at half maximum (FWHM) for the horizontal axis was determined to be
(10.5±0.5) µm and (11.4±0.5) µm for the vertical axis. When looking at the vertical axis,
approximately 15 µm above of the intensity maximum, the beam intensity rises again from
1 ≠ 2% to 5%. This is due to stronger di�raction in the laser’s slab crystal’s longer axis,
resulting in the lasers relatively high M2 value of ¥ 3 for this axis.

The measured FWHM
x,y

and the laser beam intensity in the focus I
F

:

I
F

:= E
pulse

t
pulse

· fi

4

· FWHM
x

· FWHM
y

(3.1)

result in values of up to I
F

= 1.4 ·1014 W/cm2 on the liquid nitrogen jet. In equation 3.1
E

pulse

corresponds to the laser energy of a single pulse, while t
pulse

stands for the length
of a single laser pulse (450 ps). Table 3.6 lists calculated values for I

F

for average laser
powers of 100 W, 81 W and 60 W.

3.3 Liquid Nitrogen Jet System and Plasma Source

3.3.1 Experimental arrangement

The LTXM uses a laser plasma, which is induced on a liquid nitrogen jet, for the gen-
eration of photons in the soft X-ray regime. The jet system was developed at the KTH
Stockholm and later modified by us. A detailed review of the system is given in [86].

Fig. 3.5 gives a schematic overview (not true to scale; sliced view from the multilayer’s
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Figure 3.5: Schematic illustration of the jet system and the plasma chamber of the LTXM (view along
the optical axis from the multilayer’s side.). High-purity, in the beginning gaseous, nitrogen is ducted
through an injection channel and finally through a glas capillary with a pressure of p = 8− 25 bar. The
injection channel proceeds through a cryostat filled with liquid nitrogen to liquefy the gaseous high-purity
(7.0) nitrogen. The liquid high-purity nitrogen is injected into the plasma chamber where it is aligned
with the laser focus. The laser focussing is done by a lens triplet, which is positioned outside of the
plasma chamber and can by manipulated by motor stages. The nitrogen jet is extracted off the chamber
by a heated suction socket. The plasma chamber is kept at ≈ 10−3 bar. If the jet is not laminar, sprays
or becomes gaseous because the cooling nitrogen from the cryostat has completely evaporated, the laser
beam hits the beam dump and is readily absorbed. During operation, the jet system is under continuous
surveillance with a CCD camera attached outside the chamber in a 45% degree angle in front of an
observation window.
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Figure 3.6: Laser focus of the slab laser system at an average power of 20 W. The FWHM was (10.5±0.5)
µm for the horizontal and (11.4 ± 0.5) µm for the vertical axis.

direction) of the liquid nitrogen jet and the plasma source. The plasma chamber is octagon
shaped and thus enables the observation of the jet and the laser plasma from a 45¶ angle
with a CCD camera. Since a higher stability of the jet and the laser plasma directly
corresponds to shorter exposure times and a higher resolution, the surveillance of the
plasma source has to be done very cautiously. The plasma is generated by focussing a pulsed
laser beam onto the surface of a target, chosen depending on the respective application.
In our case, high-purity (7.0) nitrogen is used. The high-purity nitrogen, which is still
gaseous when starting the jet system, is ducted through an injection channel and ultimately
through a tapered fused silica capillary. A higher operational average laser power usually
implies a higher operational pressure of the N

2

jet (p
jet

= 8 ≠ 25 bar). The injection
channel is surrounded by a cryostat filled with liquid nitrogen to liquefy the high-purity
nitrogen current. The cryostat is kept below atmospheric pressure at p

cryo

=130≠150 mbar
which results in lowering the temperature of the cooling liquid nitrogen to T¥ 63 K. The
liquefied high-purity nitrogen is shot into the plasma chamber (p

chamber

=10≠3 mbar) where
it is aligned with the laser focus of the slab laser. When the laser beam exits the laser, it
passes through beam shaping optics and is rotated by 90¶. Finally, the focussing onto the
nitrogen jet is done by a motorized lens triplet outside the plasma chamber.

Below the overlap of the laser focus and the nitrogen jet, the nitrogen droplets are
extracted through a heated suction socket. If the jet is not working properly, e.g. spraying
or gaseous due to insu�cient cooling, the laser is absorbed by a beam dump which is
positioned opposite to the laser entrance window.
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~ 20 µm

1 mm

thin-walled
capillary

laser-induced
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jet

extraction socket

liquid N
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2

Figure 3.7: Laminar nitrogen jet with
laser-induced plasma at 100 W average
laser power and 15 bar N2 pressure. The
plasma has a "lemon-shaped" appear-
ance, which was a sign for a good align-
ment of the laser focus and the nitrogen
jet.
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3.3.2 Laser-induced Plasma

Fig. 3.7 shows the liquid nitrogen jet system in operation, viewed from the top down in
a 45¶ angle (see the camera’s position in Fig. 3.5). The jet system employs a thin-walled
tapered fused silica capillary with an outer diameter of 1 mm and an inner diameter of
0.8 mm. The capillary’s nozzle has an opening of ¥ 20 µm. Table 3.2 lists parameters of
capillaries available for the jet system of the LTXM. We have found that the capillary’s
tapering and the nozzle openings di�er in such a strong way, that no capillary can be
operated with the same parameters as the previous one. This becomes especially visible
when operating the jet with di�erent N

2

pressures. While some capillaries spray at low
pressures, such as 10 ≠ 13 bar, others produce a stable, laminar jet up to 25 ≠ 30 bar.
Here, the pressure of the N

2

jet was 15 bar, while the laser was operated at 100 W average
power. We found that the most stable plasma and highest photon fluxes were achieved
when the plasma had a ’lemon-shaped’ appearance, as seen in Fig. 3.7. This look is also
visible in Fig. 3.11, which shows the laser plasma imaged by a Navitar microscope with an
approximate resolution of 3 µm (objective: high magnification 12◊ zoom lens).

Table 3.2: The LTXM’s jet system can be operated using two di�erent tapered fused silica capillaries. The
parameters of these thick- and thin-walled capillaries are listed above.

outer diameter inner diameter opening length

Thick-walled 1 mm 0.24 mm ¥ 20 µm 50 mm

Thin-walled 1 mm 0.8 mm ¥ 20 µm 50 mm

3.4 Multilayer Condenser Mirror

(a) Reflectivity of the M3432-C multilayer con-
denser mirror.

(b) Reflectivity of the M3433-B multilayer con-
denser mirror.

Figure 3.8: Measured reflectivities of two multilayer condenser mirrors. All data was obtained by the
Physikalisch-Technische Bundesanstalt (PTB) at BESSY II. The reflectivity was measured at an incidence
angle of � = 2¶ at di�erent radial positions. Fig. 3.8a shows reflectivity data of the multilayer condenser
mirror (ML), which was mainly used for the measurements in chapter 6, while the reflectivity data in
Fig. 3.8b corresponds to the ML currently in use. The Ly– emission line is indicated at 2.478 nm.

As stated in the introductory remarks to this chapter, a normal-incidence spherical
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3.4 Multilayer Condenser Mirror

Cr/B4C†/V multilayer mirror is employed as the LTXM’s condenser. The ML is fixed
to a vacuum-compatible stage which offers translatory positioning in three dimensions and
horizontal and vertical rotation for the alignment of the ML. The experimental arrange-
ment also features a shutter between the ML and the plasma source for debris protection
and experiments such as the one presented in chapter 3.5.2. The ML is positioned in a dis-
tance of 264 mm to the laser plasma source. Here, the NA of 0.05 of a zone plate objective
with a outermost zone width of 25 nm fits a mirror diameter of 52 mm.

The three multilayer condenser mirrors currently available for the BLiX LTXM were
developed by the Fraunhofer-Institut für Angewandte Optik und Feinmechanik (FhG-IOF
Jena). All are of identical construction. DC-magnetron sputtering was used to deposit N
Cr/V bi-layers onto a fused silica substrate with a usable radial aperture of 54 mm and
a curvature radius of 350 mm [176]. The major challenge of the deposition is to fabricate
a multilayer mirror that provides a high and homogeneous reflectivity, but also matches
the preferred probing wavelength of the microscope, in our case the Lyα emission line at
2.478 nm.

That being said, the d-spacing of the multilayer mirror’s Cr/V bi-layers is purposely
adapted to reflecting only photons with a wavelength corresponding to the Lyα line, thus
monochromatizing the polychromatic emission spectrum of the nitrogen plasma. The band-
width at 2.478 nm is 0.008 nm (FWHM). The reflectivity, perhaps the most critical param-
eter of the whole microscope with respect to exposure times, of the available multilayer
condenser mirrors was determined by the PTB. Measurements were carried out at an in-
cident angle of Θ = 2◦ at different radial positions with a reflectometer at the PTB soft
X-ray beamline at BESSY II [166]. Fig 3.8 displays the results for the reflectivity mea-
surements of ML M3432−C (Fig. 3.8a) and ML M3433−B‡ (Fig. 3.8b). The maximum
values for reflectivities of the MLs were specified by the PTB: R2.475 ≈ 0.45% (M3466),
R2.474 ≈ 0.5% (M3432−C) and R2.475 ≈ 0.6% (M3433−B) (see table 3.3). It must be noted
that the highest reflectivity of 0.6% for the M3433-B ML, which is the ML currently in use,
is achieved ≈ 0.003 nm below the Lyα line. The actual value at 2.478 nm reaches a mere
R2.478 ≈ 0.4%. As stated above, only the combination of a high reflectivity and wavelength
matching for the desired operational wavelength makes a great condenser. A look at Fig.

M3466 M3432-C

Figure 3.9: Multilayer condenser mirrors. Both MLs had an operation time of ≈ 150 hours and show a
distinct iron deposition. They are of identical construction, have a usable radial aperture of 54 mm and
a curvature radius of 350 mm.

†Boron Carbide (B4C) is used as diffusion barrier between Cr and V
‡The great majority of the measurements presented in chapter 6 were carried out with M3432−C, while

M3433−B is the ML currently in use.

43



3 Experimental

3.8a and 3.8b adds proof to this argument. M3433-B (Fig. 3.8b) has a higher maximum re-
flectivity but a worse wavelength matching than M3432-C (Fig. 3.8a), resulting in basically
the same reflectivity at 2.478 nm. The number of the ML’s bi-layer periods N generally
scales directly with the reflectivity of the ML. However, the production of multilayers for
the sources emitting in the water-window is an intricate process, since the d-spacing of
the bi-layers have to match the desired wavelength, which, for the water-window, lies in
the single digit nanometer regime. A high value for N bears the risk of aggravating the
interface quality. The tradeo� between the benefit of a high number of periods and the
drawback of possible aggravation of the interface by such means, must be carefully assessed
in the production process of a multilayer [176].

Table 3.3: Parameters of multilayer condenser mirrors available for the LTXM. Reflectivity measurements
were carried out at the PTB at an incident angle of � = 2¶.

Condenser Design N Reflectivity in % at ⁄

M3466 Cr/B4C/V/B4C 413 0.45 at 2.475 nm
M3432-C Cr/B4C/V/B4C 400 0.5 at 2.474 nm
M3433-B Cr/B4C/V/B4C 450 0.6 at 2.475 nm

3.4.1 Iron layer on multilayer condenser mirror

On Fig. 3.9 two multilayer condenser mirrors are displayed. Both have been in opera-
tion (exposed to the nitrogen plasma) for approximately 150 h and show a central coloring
(slightly right-sided for multilayer M3432-C). This deposition, probably caused by debris,
appears to be stronger for multilayer M3432-C and is supposedly compromising the con-
densers’ reflectivity.

We performed X-ray fluorescence measurements on ML M3466 to determine the material
of the deposition and to quantify its thickness with the Fisher Scope XDV-SDD available
at BLiX.

Measurements were carried out on 33 points, of which the first one was chosen in the
center of the deposition and additional 4 ·8 equidistant points on 4 circles around the center
with an increasing radius (see Fig. 3.10 left). The X-ray fluorescence (XRF) measurements
revealed that the coloured deposition on the ML is caused by a thin iron layer. The results
for the quantification of the thickness of this iron layer are depicted in Fig. 3.10 right. As
for its reddish coloring, the layer thickness decreases with increasing distance from the ML
center. The Fe layer is thickest in the center of the ML ((18 ± 1)nm) and thinnest for the
data points on circle 5 ((11 ± 1)nm). Since the X-rays from the source pass the iron layer
twice, this results in a reduction of the reflectivity of the ML by ¥ 20%. To this point, it
is not clearly known where the iron deposition on the MLs comes from. One suggestion
is, that it is removed from the plasma chamber’s walls or the extraction socket by laser
ablation.
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Figure 3.10: XRF layer thickness determination of the iron deposition multilayer condenser mirror. Left:
image of ML M3466 with XRF data points; Right: iron layer thicknesses determined with a Fischer
Scope XDV-SDD

3.5 Characterization of the Laser Plasma Source

The following chapter considers the characterization of the photon source. While chapter
3.5.1 depicts the determination the laser plasma source’s size, chapter 3.5.2 analyses the
emission spectrum of the nitrogen plasma and determines the spectral radiance of the laser
plasma source based on [9].

It is important to mention, that a high brightness is always worth striving for, but one
always has to weigh in, if this comes to the cost of the system’s operational stability. We
found, that operating the LTXM at its highest laser power (up to 150 W) often results in
an unstable plasma and also an earlier structural alteration or breaking of the jet system’s
nozzle. The statement higher laser power equals higher photon counts will be discussed
from this perspective.

Figure 3.11: Setup for the determination of the size of the plasma source. The plasma source is projected
onto the CCD camera with a 2 : 1 magnification. A central stop prevents direct illumination of the CCD
camera by the plasma source, while three aluminum filters with a thickness of 2 μm protect the CCD
chip from stray light of the laser.
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Figure 3.12: Shape and size of the plasma source at 60 W average laser power.

3.5.1 Source size

For the determination of the plasma source’s size, the plasma has to be projected onto
the CCD camera, as seen on Fig. 3.11. On that account, the CCD camera is positioned in
the focus of the multilayer, which is located in a distance of 514 mm from the multilayer
and 257 mm from the plasma source, respectively. This results in a 2 : 1 magnification of
the plasma as indicated on Fig. 3.11. A central stop prevents the CCD camera from direct
exposure by the plasma source. Three aluminum filters with a thickness of 2 µm each were
placed between the central stop and the CDD camera. Thereby, stray light from the laser
is absorbed and measuring times of 1 s to 5 s are possible within the 16-bit dynamic range
of the CCD chip. All processed images were dark frame corrected.

The size of the plasma source was determined by fitting the source’s intensity distribution
with a 2-dimensional gaussian function. The horizontal and vertical FWHM should indicate
the source’s symmetrical properties, as well as the laser’s beam path for the horizontal
and the liquid nitrogen jet’s propagation direction for the vertical axis. For reasons of
simplification, the horizontal axis may be referred to as x-axis, while the vertical axis may
be referred to as y-axis.

We carried out experiments to measure the size of the plasma source for laser energies
of 30 W, 60 W, 80 W, 100 W and 120 W to investigate the source size’s behavior towards
higher average laser powers. As an example, one measurement at 60 W average laser power
is displayed in Fig. 3.12. The graphs below and to the right side of the image of the plasma
source indicate a one-lined (bottom: horizontal; right: vertical) intensity profile through
the maximum intensity value of the source with the measured values figured as white circles
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3.5 Characterization of the Laser Plasma Source

Figure 3.13: Horizontal and vertical extent of the plasma source at di�erent average laser powers.

and the respective gaussian function color-coded like imaged plasma itself. The pixel size
of the CCD chip is 13.5 µm, so as the experiment is set up to project the plasma onto the
CCD camera with a 2 : 1 magnification, every square in Fig. 3.12 corresponds to 6.75 µm.

The plasma source is slightly asymmetrical, as it is further extended vertically than
horizontally. The calculated source size (FWHM) at 60 W was (23.3 ± 0.5) x (33.7 ± 1)
µm2. As described in chapter 3.2, the focus of the slab laser was adjusted to approximately
10 µm (FWHM), while the diameter liquid nitrogen jet is about 20 µm. The expansion
velocity v

exp

of the plasma, which can be calculated using eq. 2.30, is in the range of
100 µm ns≠1, which can be explanation for the size of the plasma being larger than the
respective size of the jet and the laser. The discrepancy between the larger expansion of
the source’s size in the vertical direction in comparison to the horizontal direction might
have two reasons. One reason could be the slab laser’s larger di�raction index for this
axis. It is also possible that the y-axis may be extended, since this is the nitrogen jet’s
propagation direction. As previously mentioned in chapter 3.3, the liquid nitrogen jet is
under steady surveillance to ensure the presence of a laminar flow during measurements.
We found that, whenever we received highest count rates, the elliptical-shaped plasma had
vertical ’spikes’ on top and on the bottom reaching into the jet. Especially the bottom
extent of the plasma in Fig. 3.12 could resemble this phenomena.

Fig. 3.13 shows the source size dependent of the average laser power. As for the example
given for 60 W, the shape of the plasma source is elliptical for all laser powers. The extent
of the vertical axis (indicated as blue circles) is in the range of 15 µm to 20 µm larger than
the one of the horizontal axis (yellow circles). Except for horizontal axis at 30 W and the

Table 3.4: To keep the jet stable for measurements carried out with higher laser powers the liquid nitrogen
jet’s pressure was modified between measurements

laser power / W 30 60 80 100 120

jet pressure / bar 12 13 13 11 13
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Table 3.5: Experimental parameters for the qualitative investigation of the influence of experimental
conditions on the plasma source’s size

Measurement 1 Measurement 2 Measurement 3

Temperature 26 ¶C ± 2 ¶C 20 ¶C ± 2 ¶C 20 ¶C ± 2 ¶C

Relative humidity (55 ± 3)% (41 ± 3)% (30 ± 3)%

Nitrogen jet unstable stable stable

Laser focussing slightly displaced be-
side the N2 jet axis

slightly displaced be-
side the N2 jet axis

ideal

results at 80 W (range of 5 µm), the results for the vertical and horizontal FWHM vary
within a range of about 10 µm. Up to 100 W, the respective FWHM are slightly ascending,
with the 80 W results again representing an exception. The results for 120 W are similar
to the ones at 30 W, which was not expected. To keep the liquid nitrogen jet stable and
laminar, the jet’s pressure was modified between the measurements. The corresponding
values are listed in table 3.4. Although the jet is under constant supervision, it cannot be
ruled out that the jet’s properties change in the course of an experiment. As the liquid
N

2

in the dewar (see chapter 3.3) evaporates during the experiment, the cooling e�ciency
as well as the position of the jet system changes and so is the behavior of the jet. Since
we changed the pressure of the jet from 12 bar for 30 W to 11 bar for 100 W, there is a
possibility that the jet’s position had changed within the plasma chamber. Although the
focus of the laser was always adjusted between the measurements, the possibility of a better
(80 W measurements) or worse (100 W measurements; slight spraying of the jet) alignment
cannot be excluded. It seems, however, that the pressure of 11 bar was set too low for the
100 W measurement. Nevertheless, all source sizes presented in Fig. 3.13 are suitable for
X-ray microscopy. It is, nonetheless, important to note, that a continuous operation of the
jet with 13 bar and laser powers above 120 W will certainly wear down the glas capillary
of the jet system more quickly than a controlled operation at 80 W with 13 bar or less.
For the highest laser power of 120 W we achieved a source size of (21 x 34) µm2 with an
uncertainty of 5%.

As mentioned in the previous paragraph, the properties of the N
2

jet and the focus
of the laser influence the source size. And since the source size directly translates into
brilliance and thus longer or shorter exposure times of the LTXM, we carried out qualitative
measurements of the source size under di�erent conditions. The experiments were carried
out with the TDL on three days without changing the experimental setup, but under
di�erent measuring conditions, which are listed in table 3.5. The TDL possesses a more
circular shaped laser focus, which, in best conditions, results in smaller di�erences between
the horizontal and vertical source axis compared to measurements carried out with the slab
laser. Although the energy of the TDL’s pulses is higher than the ones of the slab laser,
the influence of experimental and external conditions on the source size should be fairly
comparable independent of the laser system used. Due to a high temperature (26 ¶C ±
2 ¶C) and a high relative humidity ((55 ± 3)%) on the day of measurement 1 the jet was
unstable, resulting in spraying. For the two other days, both values, temperature (20 ¶C ±
2 ¶C) and the relative humidity ((41 ± 3)% and (30 ± 3)%), were lower and the jet stable
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3.5 Characterization of the Laser Plasma Source

Figure 3.14: Qualitative investigation of the influence of di�erent experimental conditions on the plasma
source’s size (with thin disc laser). The connective dotted lines have no physical evidence and only serve
the purpose of clarity.

and laminar. For measurement 2 the laser focus was intendedly positioned slightly beside
the N

2

jet’s axis, which resulted in an irregular flickering of the plasma and a less laminar
jet flow. Measurement 3 was carried out under ideal conditions (laser focus ideally aligned
to the laminar jet), making the plasma, at least appearing, more stable.

Fig. 3.14 shows the determined values for the horizontal and vertical FWHM of the
plasma source for the three experimental conditions described above. All values presented
here are an average of up to five measurements. As expected, the conditions of measurement
1 (unstable N

2

jet and displaced laser focus) result in the largest widening of the plasma
source. A stable jet (measurement 2) leads to a reduction of the FWHM. An explanation
is, that a laminar jet with less spraying than in M1, lessens the distribution of the target
material in the plasma chamber and thus prevents the badly focussed laser from generating
a plasma away from the laminar part of the jet. If the laser is correctly focussed onto the
propagation axis of the jet, as for M3, the precondition for an ideal energy coupling from
the laser to the N

2

jet is fulfilled, which translates to further reduction of the plasma
source’s size and higher average intensities.

The measurements have shown, how decisively external and experimental conditions in-
fluence the FWHM of the plasma source, and consequently the exposure times for recording
microscope images.

3.5.2 Spectral radiance

For the determination of the spectral radiance I
S

of the liquid nitrogen plasma source, we
attached a wavelength dispersive transmission slit-grating spectrograph [191] to the laser
plasma chamber. To count the photons from the Ly

–

emission line, the plasma source
is projected on a cooled 16-bit thinned back-illuminated CCD camera using a slit with a
height of 1 mm and a width of 0.05 mm. Behind the slit, the emission spectrum of the
plasma source is di�racted by a transmission grating (gold coated silicon bars) with the
grating constant g

x

= 100 nm. The energy resolved spectrum of the source is recorded
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1: chromium filter (200 nm)
2: slit (0.05 mm x 1 mm)
3: transmission grating (10000 lines/mm)

1060 mm

CCD 

camera

400 mm

1 2 3

-1.
 or
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0. order
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Figure 3.15: Experimental setup for the spectroscopic measurement of the laser plasma source by the use
of a transmission slit grating spectrograph presented in [191].

with a position sensitive detector (CCD camera). The experimental arrangement with the
respective distances is depicted in Fig. 3.15.

The slit-grating spectrograph’s theoretical resolution is ⁄/�⁄ ¥ 130 for the first order
of di�raction, which enables the spectrograph to resolve the main emission lines (Ly

–

at ⁄ = 2.48 nm (500 eV) and He
–

at ⁄ = 2.88 nm (431 eV)) of the nitrogen plasma [102].
Nevertheless, the limited spectral resolution exceeds the natural line width of the respective
emission lines. Potential stray light from the laser is blocked by a chromium filter with a
thickness of 200 nm.

All gathered images were dark frame and stray light corrected with the image processing
software imageJ [3]. The region of interest (RoI) was set to 220 px width and 300 px
height, wherein the spectra result of the sum of the 300 lines defined for the height.

As all experimental components were calibrated (transmission grating, chromium filter,
CCD camera), a conversion from the CCD camera’s count rate to absolute photon values
is feasible, such is the calculation of the spectral radiance.

I
S

= counts in a.u.
÷

g

· T
f

· C
CCD

· � · t
(3.2)

Here, ÷
g

represents the calibrated e�ciency (done by the PTB) of the transmission
grating in the first order of di�raction at 2.48 nm, T

f

is the transmission of the chromium
filter, C

CCD

represents the calibration factor of the CCD camera (calibrated by the PTB),
� is the solid angle which is defined by the opening of the slit in front of the transmission
grating and its distance to the plasma source and t is the exposure time§.

The Ly
–

and the He
–

emission lines as well as several less intense lines, which where not
labeled in the interest of clarity, can easily be identified in Fig. 3.16, in which emission

§
÷g = 0.011; Tf = 0.48; CCCD = 11.92; � = 4.45 · 10≠8
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spectra for di�erent laser pulse energies are displayed. The relative intensities of the Ly
–

line and the He
–

line depend on the plasma’s temperature, which in turn depends on the
energy provided by the used laser system. The asymmetry, which is visible on the longer
wavelength side of the Ly

–

line, likely originates from a source asymmetry as well as the
neighboring and not resolved He

—

line (1s2-1s3p). The fluctuation of the plasma source’s
photon flux was in the range of 10% to 20% for successive measurements. However, if the
glas capillary of the nitrogen jet has to substituted due to malfunction, variations of the
photon flux can easily exceed 30%.

The photon flux of the Ly
–

line was calculated as presented in [103, 111] by integrating
over two times the FWHM of the emission line. This results in a photon flux of 3.5 · 1011

photons / (pulse · sr · line) for a laser pulse energy of 77 mJ. Given that the flux scales
linearly with laser power, which depends strongly on the stability of the jet and the energy
fluctuations of single laser pulses, the source operated at 1.3 kHz (100 W) generates 4.6·1014

photons / (s·sr·line). With the results for the size of the plasma source presented in chapter
3.5.1 (see Fig. 3.13) combined with the quantitative photon flux, the source brightness
can be calculated. The plasma source size for laser powers of 100 W is (20.3 ± 0.5) x
(38.2 ± 1) µm2. With the photon flux at 100 W this results in a source brightness of
3.9 · 1011photons/(s · sr · µm2 · line).

In table 3.6 values for the photon flux as well as the conversion e�ciency CE% for
laser pulse energies of 77 mJ, 62 mJ and 46 mJ are presented. E

pulse-e�

conforms to the
e�ective laser pulse energy (after beam shaping 83% of laser’s output energy) on the liquid
nitrogen target, as reported in [103]. I

F

represents the intensity of the slab laser in its
focus, as introduced in chapter 3.3 in equation 3.1. CE% is the conversion e�ciency for
the respective laser pulse energy and the Ly

–

line for the full solid angle:

CE% = N
4fi

· h‚

E
pulse

Æ 1 (3.3)

Here, N
4fi

stands for the photons emitted from the Ly
–

line in the full solid angle, h is
the Planck constant, ‚ the frequency of the respective photons (1.21 · 1017 Hz) and E

pulse

the laser pulse energy. Both, the photon flux as well as the conversion e�ciency reach
acceptable values, but lag behind the values reported in [103].

This is already visible when looking at the maximal spectral radiance (¥ 0.7·1010 photons
/ (pulse · sr · pm)) in 3.16 for pulse energies of 77 mJ for the Ly

–

line (1s-2p), which lies

Table 3.6: X-ray photon flux for the Ly– emission line of the laser induced liquid nitrogen plasma source.
Laser pulse width was 450 ps with a wavelength of 1064 nm. Epulse-e� corresponds to the laser energy on
the target material (83%). IF is the intensity of the laser beam in its focus. The conversion e�ciency
(CE%) is denoted for an isotropic emission in the full solid angle.

Plaser Epulse Epulse-e� IF Photon flux CE%
W mJ mJ W/cm2 pulse·sr·line in 4fi

100 77 64 1.4 · 1014 3.5 · 1011 0.55
81 62 51 1.2 · 1014 2.4 · 1011 0.48
60 46 38 8.6 · 1013 1.8 · 1011 0.47
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Figure 3.16: Spectra of the laser-induced nitrogen plasma for di�erent laser pulse energies. Spectra for
laser pulse energies of 77 mJ, 62 mJ and 46 mJ were collected with the slab laser with a pulse rate of
1300 Hz.

well below the value of ¥ 1.2 · 1010 photons / (pulse · sr · pm), which was obtained in these
previous measurements with a laser pulse energy of 69 mJ [103]. Since all values presented
in this paragraph are based on at least five measurements, this discrepancy cannot be
explained by mere fluctuations of the plasma source. The whole experimental setup from
the measurements presented in this chapter was kept exactly as for the measurements
from [103], except for the glas capillary of the jet, since it had to be replaced due to
malfunction. And, as mentioned above, this may result in strongly lower, but sometimes
also higher, photon fluxes. It must be clear, as previously addressed in chapter 3.3.2,
that none of the capillaries exactly resembles the previous one. This is especially visible,
when varying the operational N

2

pressure of the jet system. While one capillary produces a
laminar jet even at pressures of 25≠30 bar, others may start to spray at a mere 13≠15 bar.
Eminently at higher average laser powers, a non-laminar, turbulent jet may reduce the
photon flux by more than 50%. Nevertheless, it should always be considered if a capillary,
which works for laser powers in the range of 60 ≠ 100 W, should really be exchanged for
one which can be operated at higher powers, since is is not possible to estimate if the new
capillary actually provides better working capabilities. The conversion e�ciency, which lies
about 30% below the previous measurements, also indicates to a lossy system. Besides the
jet system, this may be caused by the plasma reflecting part of the laser beam and may
also have its cause in the dissipation of the laser light in the nitrogen ’cloud’ surrounding
the jet.

In Fig. 3.17 a comparison of measurements with laser pulse energies of 92 mJ (120 W)
and 77 mJ (100 W) is displayed. It is immediately visible that the higher pulse energy does
not translate to the higher photon fluxes, as it should. This has most probably the same
reasons, which were mentioned before. From our experiences, especially at laser energies
above 100 W, the N

2

jet from some capillaries tends to start to spray and jitter, which
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Figure 3.17: Comparison of the spectra of the laser-induced nitrogen plasma for laser pulse energies 92 mJ
and 77 mJ with a repetition rate of 1300 Hz (slab laser).

Figure 3.18: Comparison of the spectra of the laser-induced nitrogen plasma for laser pulse energies of
59 mJ, 101 mJ and 199 mJ at 100 Hz repetition rate (TDL)
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would explain the very low photon flux and the CE% of only 0.49%.
Fig. 3.18 shows emission spectra of the nitrogen plasma generated by the TDL. As

a consequence of a degradation of the slab laser’s pump diodes, the TDL was used for
experiments for a period of time. In the following, the emission spectra will be discussed
shortly. The TDL provides higher pulse energies, but with a lower repetition rate of
100 Hz, reaches only 20 W average laser power. The higher pulse energies translate to a
higher maximum spectral radiance of ≈ 2.8 · 1010 photons / (pulse · sr · pm) for a laser
pulse energy of 199 mJ. Apart from these higher values, there are two main differences to
the emission spectra generated by the slab laser (Fig. 3.16). Especially for highest laser
pulse energies, the maximum values of the Lyα line are almost twice as high as the values
of the Heα line, as opposed to a more balanced ratio in the emission spectra produced by
slab laser. This can be explained by higher laser intensities IF in the laser’s focus and
thus higher plasma temperatures which lead to a shift of the emitted X-ray photons to the
shorter wavelength side.

The second major difference between the slab laser and the TDL spectra is the asymmetry
on the longer wavelength side, which is more prominent in the TDL emission spectra. As
mentioned above, this is due to an asymmetric extend of the laser plasma, which we call
pre-focus plasma [9].

3.6 Sample stage and sample holders

Figure 3.19: Illustration of the Gatan 626 cryo holder. The sample position on the transmission window
is indicated, as well as the closing direction of the cryo shield enclosure. The sample grid is fixed to the
sample holder with a clipring, which presses the sample grid onto the sample holder by an engangement
mechanism.

The LTXM features a sample chamber with a vacuum lock, which allows to load the
sample holder without the need of venting the whole LTXM. When mounted to the sample
holder and when inserted into the sample chamber, the sample can be observed a bright
field microscope, which are positioned outside the sample chamber. Further details are
found in chapter 4.1. An illustration of the sample chamber is presented in Fig. 4.1.

For the translatory and rotational positioning of the sample, the sample chamber is
equipped with a motorized Bruker ASC stage. The sample can be positioned in three
dimensions with an accuracy of < 0.1 μm and rotated with a precision of < 0.1′′ [103].
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3.6 Sample stage and sample holders

Figure 3.20: Available sample holders for the LTXM. Top: dry sample holder #1 - sample grids (here:
Si3N4 membrane window) are fixed by screws; Center : dry sample holder #2 - sample grids are glued
to the sample holder using enamel; Bottom: Gatan cryo sample holder 626 - sample grids are pressed to
the sample holder by a clipring

3.6.1 Sample holders

Cryo sample holder: Two sample holders are available for the LTXM, of which one
is used for the investigation of dry samples and the other one for cryo-frozen specimens
(Gatan Inc., model: 626 Single Tilt Liquid Nitrogen Cryo Transfer Holder). The Gatan
626 sample holder features a small dewar for liquid nitrogen, which keeps the holder’s tip
at low temperatures to provide protection for frozen hydrated samples. The temperature of
the sample holder can be monitored. Sample grids are inserted into the circular window of
the sample holder (see Fig. 3.19) and are subsequently clamped to the holder by a clipring
through which good thermal contact between the sample grid and the sample holder is
provided (Fig. 3.20, Bottom: Gatan 626 cryo holder). With the clipring inserted, the
cryo sample holder allows rotations of ± 60◦. The specimen transfer from the cryo plunge
(see chapter 4.2) to the Gatan sample holder is carried out in a separate liquid nitrogen
cooled workstation. During the transfer from this workstation into the sample chamber
of the LTXM, the shielding enclosure indicated in Fig. 3.19 should be closed to protect
the frozen hydrated sample from damages through frost formation or warming. Relative
humidities of above 25 % proved to be challenging nevertheless. For cell imaging we ex-
clusively used gold 200 mesh grids with a holey carbon film. The use of Si3N4 membrane
windows is not possible, as their frame has a standard thickness of 200 μm, which exceeds
the maximum possible thickness by approximately 150 μm.

(Dry) sample holder: The second type of sample holder is usually used for dry samples,
which need no cryo-fixation, such as e.g. diatoms (chapter 3.8.1.3) or clay mineral particles
(chapter 6.3). The tips of the dry sample holder are exchangeable and usually feature two
circular transmission windows. This can be beneficial, as is allows the preparation and
loading of two sample grids at once. Fig. 3.20 shows two different tips for the dry sample
holder and the front of the cryo sample holder. Sample carriers, as for example silicone
nitride membrane windows, can either be clamped to the dry sample holder by two screws
(Fig. 3.20, Top: sample holder #1) or be glued to it using enamel (Fig. 3.20, Center:
sample holder #2). If in vacuum, enamel has the disadvantage that it evaporates over
time, which might loosen the sample grid/carrier. The dry sample holder allows the use of
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membrane windows, as well as copper or gold mesh grids.
The exchangeable tips of the dry sample holder o�er flexibility, as special sample require-

ments can be addressed by adapting the tip.

3.7 Zone Plate Objective
The LTXM uses Fresnel zone plate as its objective. As introduced in chapter 2.5.2, the

outermost zone width �r of the zone plate limits the possible achievable resolution and
specifies the focal length f and depth-of-field (DOF) of the objective.

3.7.1 Development and fabrication of zone plates

Zone plates employed are fabricated on a Cr (10 nm layer) and Ge (15 nm layer) coated
Si

3

N
4

membrane, usually of a thickness of 100 nm. After that, a 200 nm polymer layer,
which is used as mold material, is spin coated. Thereupon, another two layers of Ti
(3 nm) and Ge (5 nm) are added onto the mold material. The final layer consists of 35 nm
ZEP 7000 (Nippon Zeon) e-beam resist. The pattern of the zone plate is exposed by e-
beam lithography [138]. Further fabrication steps, such as the development of the resist
and several reactive ion etching (RIE) steps to remove redundant material and create the
plating mold, which is then filled with gold or nickel by an electroplating process. Besides
the outer zone width, which as mentioned above determines the zone plate’s achievable
resolution, the zone plate’s aspect ratio is an important parameter, since it influences the
zone plate’s e�ciency. The aspect ratio is defined as the ratio of the height of the nickel or
gold structures and the outer zone width. Aspect ratios of 9 : 1 have been reported. For
microscopy within the water window such zone plates o�er e�ciencies around 10 ≠ 12% for
the first order, which is almost optimal. Higher photon energies, however, demand higher
aspect ratios. Recently, the stacking of several zone plates to achieve these higher aspect
ratios has been proposed [189].

A more detailed insight into the fabrication and development of zone plates can be found
in [79,138,140].

3.7.2 Zone plates available for the LTXM

All projection images in chapter 6, if not stated otherwise, were imaged with a gold
zone plate with a diameter of 66.5 µm, an outermost zone width of �r = 25 nm, N = 686
zones and a corresponding focal length f = 692 µm. The 25-nm zone plate has a numerical
aperture of NA = 0.05, matching the diameter of the spherical multilayer condenser mirror,
and an e�ciency of 5% in the first order of di�raction. The zone plate objective is glued to
the apex of a hollow cone featuring a pinhole opening. The hollow cone itself is magnetically
attached to a piezo motor stage which o�ers translatory movement in three dimensions with
a precision of better than 100 nm.

For the recording of a series of projection images for di�erent sample angles, it is favorable
to use a zone plate with a longer focal length. Since the focal length of 25-nm zone plate of
only 692 µm spatially limits the rotation of a plane sample holder, a nickel zone plate with
an outermost zone width of �r = 40 nm is used for tomography. Its longer focal length
of 1500 µm and higher e�ciency of ¥ 10% and longer depth of field of 1.29 µm makes it a
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better suited objective for tomography. Parameters of the 25 nm gold and the 40 nm nickel
zone plate are listed in table 3.7.

Every zone plate used in our experiments was processed by the research group of Gerd
Schneider from the HZB. Details on the production process can be found in [138].

Table 3.7: Parameters of zone plate objectives available for the LTXM: NA (numerical aperture); DoF
(depth-of-field)

Outermost zone width NA DoF Focal length Efficiency

25 nm 0.05 0.5 μm 692 μm ≈ 5%
40 nm 0.031 1.3 μm 1500 μm ≈ 10%

3.8 Characterization of the X-ray microscope

3.8.1 Resolution

Figure 3.21: Siemens star pattern manufactured using electron beam lithography at Helmholtz-Zentrum
Berlin. Left: LTXM image (magnification: 1250x; exposure time: 10 min; laser power: 100 W, SNR
(red box on the left) =30). Circular profiles (red) superimposing the siemens star for the calculation of
the CTF are shown. Right top: SEM image taken at ZELMI (TUB) of the same Siemens star pattern,
shown on the left side. Right bottom: Plot of the outermost red circle shown in the LTXM image

For the determination of the LTXM’s resolution we carried out measurements with a
25 nm zone-plate objective on a test pattern (written with an electron current of 400
μC/cm2). The test pattern was processed by the use of a small-write-field electron-beam
lithography system, which is also used for the fabrication of the zone-plate objectives used
in soft X-ray microscopy. The absorbing structures of the test pattern consist of a gold
layer of approximately 80 nm. As a substrate a 50 nm silicon-nitride (Si3N4) membrane,
with an added 10 nm chrome, a 15 nm germanium and subsequently an e-beam resist layer
(ZEP7000), was used. A more detailed treatise of the fabrication process can be found
in [104,138,140].

Figure 3.21 (left) shows an LTXM image of the test pattern with a magnification of
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1250x. On the right side, the same test pattern was imaged by the use of SEM with
the same magnification. The test pattern features a siemens star with alternating photon
absorbing and non-absorbing lines with a diminishing thickness progressing to the center of
the siemens star. These lines commence at 100 nm and go down to 20 nm and thus are an
ideal object to calculate the contrast transfer function (CTF) of the microscope. On figure
3.21, both images reveal, that the features of the siemens star in the range of 30 nm to 20
nm were imperfectly processed, giving them a frayed out and irregular appearance. This
has to be taken into account, when analyzing the highest spatial frequencies in chapter
3.8.1.2. Nevertheless, structures are still discernible down to about 25 nm in the image
taken with the LTXM. The test pattern also provides larger structures below the Siemens
star, which resemble a sharp edge/knife-edge. They are suitable for the measurement of
the intensity distribution for the calculation of the resolution by the use of the 10/90- and
the 25/75-method, respectively.

The following two chapters depict the determination of the LTXM’s resolution by the
10/90- and the 25/75-method, as well as the calculation of the CTF , as introduced in
chapter 2.3.

3.8.1.1 10/90- and 25/75-method

Figure 3.22 shows the areas (15 ú 20 px) used to determine the SNR and the resolution
of the LTXM. The blue rectangle resembles the area for the vertical intensity distribution,
whereas the orange rectangle illustrates the region for the horizontal. The test pattern’s
relatively large letters provide straight edges, on which the intensity profiles are measured
orthogonally. The value for the SNR (red box 42 ú 42 px) was 39, permitting to average
over only 15 intensity distribution curves. The image of the test pattern was rotated by
1.23¶ counter-clockwise, which, due to interpolation, can worsen the resulting resolution.
The results for the horizontal and the vertical edge are displayed in figure 3.23, while the
measurement of the resolution is shown in table 3.8.

As introduced in chapter 2.3, half the value of the resolution measured with the 10/90-
method (horizontal: (34 ± 3) nm; vertical: (43 ± 3) nm) conforms roughly to the value of
the resolution measured by the 25/75-method (horizontal: (33 ± 5) nm; vertical: (36 ± 5)
nm), which itself represents half the resolution defined by Rayleigh. As stated above, one
is able to recognize structures of the siemens star down to about 25 nm, which lies well
below these resolutions. This can be explained by the human eye being able to discern low
contrasts of 0.5% to 5% [24, 173] - values below the defined resolution limit.

The discrepancy between the horizontal and the vertical resolution has to be addressed.
As seen when comparing Fig 3.23a and Fig. 3.23b, the vertical intensity profile have a
smaller slope, resulting in a worse resolution. As described in chapter 6.2 in [9], the LTXM’s
plasma source’s fluctuation is stronger in the horizontal axis, which we would have expected

Table 3.8: Results of the 10/90- and the 25/75-method

10/90 25/75

horizontal (68 ± 5) nm (33 ± 5) nm
vertical (86 ± 5) nm (36 ± 5) nm
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3.8 Characterization of the X-ray microscope

Figure 3.22: The areas used for the calculation of the horizontal (Fig. 3.23a) and vertical (Fig. 3.23b)
resolution are displayed. The area (42 ú 42 px) used for the calculation of the SNR (= 39) is shown as
well.

90%

75%

25%

10%

(a) Horizontal intensity distribution

90%

75%

25%

10%

(b) Vertical intensity distribution

Figure 3.23: Displayed is the average curve of 15 intensity distribution curves for the areas displayed
in Fig. 3.22 used for the determination of the horizontal (Fig. 3.23a) and the vertical (Fig. 3.23b)
resolution.
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to result in higher values for the horizontal intensity profiles. Another explanation could
be that the influence of the long-term drift of the N

2

jet (measuring time was 10 min), and
thus the plasma source, worsens the imaging capabilities of the microscope more vertically
than horizontally. This argument will be revisited in chapter 3.8.1.2. Also the possibility
of stronger vertical vibrations, due to the sample stages construction, cannot be excluded.

3.8.1.2 Contrast Transfer Function

Figure 3.24: CTF calculated from Siemens star pattern from 3.21. The calculated resolution at 10% is
�x = (35 ± 3) nm. Exponential fit function: f(x) = 3.709 · 10≠2 + 3.716 · exp(≠x/3.372) with an R2

value of 0.996

The intensity profiles illustrated in Fig. 3.21 were read out with the oval profile-plugin
for the image processing software imageJ [3]. Subsequently, this data and dark and bright
values with the best contrast (for normalization) were analyzed by self-developed C++
software (see [137]). The program uses the circular intensity profiles and calculates the
CTF’s value for each spatial frequency.

For the definition of the contrast-transfer at 10% we achieved a resolution of �x = (35±3)
nm (half-pitch) (see Fig. 3.24). The LTXM does not reach its zone-plate objective limited
theoretical resolution of 30 nm (see chapter 2.5.2). Possible explanations will be addressed
in the following. As stated before, in the region of higher spatial frequencies (30 nm to
20 nm) the Siemens star’s structures are irregular and frayed out, which can worsen the
measured resolution [169]. Furthermore, during operation, the nitrogen in the jet system’s
cryostat evaporates, which lightens the whole jet-system. This benefits a slight drift of the
liquid nitrogen jet during long exposure times, which can lead to a change of the exposure
angle of the sample and thus to a blurring of the image. A workaround to this problem are
certainly shorter exposure times and, if necessary, a subsequent stacking/superimposing of
short exposure images. Another reason for the resolution not reaching the theoretical value
might be the relatively inhomogeneous illumination of the image. The SNR shown in Fig.
3.21 has a value of 30, whereas the SNR measured in the letter ’c’ of cm2 (see Fig. 3.22) is
39. This uneven illumination can also be seen in the graph on the right bottom of Fig. 3.21,
where the intensity profile of the outermost red circle from the left image is plotted. In the
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range of 0¶ to approximately 125¶ the plot shows a better contrast than from 125¶ to about
260¶. The di�ering resolution for the horizontal and the vertical axis calculated in chapter
3.8.1.1, and thus also the two-dimensional structure of the CTF cannot be investigated
here, since the whole siemens star pattern is used for the calculation of the CTF .

3.8.1.3 Standard objects (diatoms)

Most diatoms are unicellular eukaryotes and belong to the kingdom of protists. They are
algae, and represent the major component of the aquatic phytoplankton. These microscopic
organisms use photosynthesis for their energy production and process carbon dioxide from
the sea for the production of organic compounds [71]. Thus, diatoms are responsible for a
major part of the primary production, the base of the pyramid of the aquatic food chain.
They are furthermore a major producer of the oxygen in the atmosphere.

Diatoms possess a silicified (SiO
2

) cell wall or shell, called the frustule, in many-faceted,
often artful and intricate forms. The diatoms’ frustules’ shapes and sizes have been thor-
oughly investigated [148], while their function, e.g. hydrodynamic control of particle di�u-
sion or mechanical protection, is still in discussion [60, 62]. As the diatom’s frustules hold
features in the micrometer as well as the nanometer regime, they are properly suited for
the comparison of imaging methods with di�erent resolution capabilities. As soon as in the
early 1800s C.G. Ehrenberg studied diatoms, leaving behind a collection of about 40000
microscopic specimens, called the Ehrenberg Collection, after his death.

The categorization of diatoms is simply based on the construction of their frustule. And
since the frustule consists of only SiO

2

and no organic material, it is an ideal, radiation
resisting, high contrast and easy to handle specimen for imaging.

We carried out measurements on the same diatom from the genus navicula by the use of
scanning electron microscopy, laboratory transmission X-ray microscopy and visible light
microscopy to compare the resolution capabilities of our laboratory transmission X-ray
microscope to other proven methods. Chapter 2.6 will draw a more detailed comparison
between these methods and will also briefly address super-resolution microscopy methods,
like STED and STORM. The diatoms were provided by Regina Jahn from the Botanischer
Garten und Botanisches Museum Berlin-Dahlem (FU Berlin).

To clean the diatoms from calcium deposits, they were firstly treated with muriatic
acid. Subsequently, sulfuric acid was added to reduce all organic substances to carbon.
Finally, the carbon has to be oxidized, which is done by the use of nitric acid or potassium
permanganate. Between every step, excess liquid has to be decanted from the diatom
sediment. For the last decantation, denatured ethanol is added to the diatom sediment.
Distilled water can also be used, but bears the possibility of molding.

Results

Fig. 3.25 shows a diatom imaged by SEM (left), LTXM (center) and VLM (right). The
LTXM image in the center was rotated and mirrored to align it to the other two images.
Image blurring, due to interpolation, is negligible.

All three images show a diatom with a boat-like form, of which its genus navicula is
derived from. The diatom has features in the micrometer regime, like e.g. the thicker outer
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Figure 3.25: The same diatom (genus: navicula) imaged by scanning electron microscopy (left), our LTXM
(center) and visible light microscopy (Navitar Zoom 6000 with 2x adapter tube) (right). The SEM image
was taken with an acceleration voltage of 10 kV. Exposure time for the LTXM image was 5 min with an
average laser power of 60 W.

rim, but also structures in the nanometer regime, such as the small oval holes (90−130 nm),
called lineolae, distributed in parallel rows well arranged all over the diatom. The raphes,
expanding from the center of the diatom to each of the diatom’s tips, which are called
apex, are visible on the SEM and the LTXM image, but are, due to resolution limitation,
not resolved in the image recorded with the visible light microscopy. Its width ranges from
70 to 90 nm. As discussed in chapter 3.8.1, the LTXM up until now reaches a resolution of
35±3 nm (half-pitch) for an optimal sample, whereas the visible light microscope (Navitar
Zoom 6000 with 2x adapter tube) has a resolution of only 2.4 μm (half-pitch) (see chapter
4.1). The SEM, which can achieve a resolution of less than 1 nm, produces the crispest
image, especially visible when looking at the ’branch’ on the right side behind the diatom.
On its right side, this ’branch’ features small circular-shaped holes, whose diameter is in
the range of 70 − 80 nm. These holes are well resolved with SEM, but hardly visible on
the LTXM image. A possible explanation could be the relatively low magnification of 730x
of the LTXM, which was chosen for the LTXM image, resulting in a pixel size of 17 nm.
Apart from that, the LTXM is able to resolve all other details of the diatom.

Fig. 3.26 supports to this statement, showing a different diatom species of navicular.
This diatom does not feature as small structures as the one on figure 3.25. We achieved
a resolution of 50 ± 3 nm, using the 10/90-method described in chapter 3.8.1.1. An area
of (15 ∗ 58) px, indicated in figure 3.26, on the right edge of the diatom was used for the
calculation. Given the low magnification (730x) and especially the fact, that the diatom’s
silica shell is by far not a perfect edge, a lower resolution than the one achieved with the
siemens star pattern (see fig. 3.24) was well expected.

The penetration depth of the soft X-rays in comparison to the electrons of the SEM, and
the resulting transparency of the silica shell of the diatom is addressed in chapter 2.6.
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Figure 3.26: The same diatom (genus: navicula) imaged by scanning electron microscopy (left) and our
laboratory transmission X-ray microscope (right). The SEM image was taken with an acceleration voltage
of 10 kV. Exposure time for the LTXM image was 5 min with an average laser power of 60 W. An area
of (15 ∗ 58) px which the resolution was calculated of is indicated on the right side of the diatom
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The following chapter addresses the two main accessories we developed for the LTXM.
Subchapter 4.1 will describe the integration of a bright field microscope in the sample
chamber of the LTXM, which enables correlative investigation of specimen in the microm-
eter and nanometer regime. In the following (subchapter 4.2) the construction of a cryo
plunge and its importance for the preparation of aqueous samples is described.

4.1 Integration of a visible light microscope
Depending on the selected magnification, the FOV of the LTXM is in the range of 20 µm

to 30 µm. In most cases, this FOV is su�cient for the recording of a projection of the whole
sample, such as e.g. a yeast cell (see Fig. 6.2). Nevertheless, at this scale, sample selection
and positioning can be a di�cult and time-consuming task. In the case of yeast, where
usually hundreds or even thousands of cells are distributed over the whole sample grid,
and where normally no specific cell has to be imaged, a large FOV would be useful, but
is not implicitly necessary. If a sample grid contains only several cells, or if a specific cell
or structure has to be imaged, though, pre-imaging the sample with a larger FOV is often
essential. The investigation of the keratinocytes (see chapter 6.2.3.2) can serve as an exam-
ple. Certain cells have to be cultivated onto a sample grid for making their investigation
feasible. As some cells may die during this process or drop o� when plunge freezing, a sam-
ple grid, at times, may only hold ten cells in total (see Fig. 6.10a). The size of the standard
sample gridú (circular-shaped; diameter of 3 mm) makes sample positioning without (pre-
)imaging by a bright field microscope in some cases impossible. Furthermore, it must be
mentioned that the inspection of a cryo-fixed sample is ideally carried out inside the LTXM.
Samples may deform even in short transition times if they are inspected externally after
plunge-freezing but before inserting them into the microscope. Leading transmission X-
ray microscopes have started to incorporate bright field and fluorescence microscopes [163].

In cooperation with Bruker ASC GmbH, we constructed a mounting to incorporate a
bright field microscope (G Plan Apo 20x) into the LTXM (see Fig. 4.1). The bright field
microscope is positioned atop the sample perpendicular to the plane which is held by the
optical axis and the rotation axis of the sample holder, outside the vacuum chamber. The
sample can be inspected mounted to the LTXM’s sample holder inside the sample chamber
under vacuum, but has to be rotated by 90¶. On that account, the zone plate objective has
to be positioned safely away from the sample holder. Sample illumination is provided by a
LED below the sample outside the vacuum chamber. The working distance of the bright
field microscope is 29.41 mm. It provides a FOV of (0.44 ◊ 0.33) mm2 and a resolution of
1 µm.

úThe use of finder-grids is advisable.
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34

25 object plane
rotation axis

zone plate stage

sample holder

sample illumination

Figure 4.1: Simplified design drawing of the LTXM’s sample chamber from the view of the condenser.
The orange-colored area with a diameter of 34 mm indicates the position of the visible light microscope’s
objective embedded vertically into the LTXM. The rotation axis lies perpendicular to the optical axis,
which itself is ideally positioned perpendicular to the plane of the image through the center of the sample
holder. The original image was provided by Urs Wiesemann (Bruker ASC GmbH).
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Figure 4.2: The cryo plunge instrument: shutter release from a photo camera triggers the guillotine-like
drop of the tweezers into the liquid ethane filled brass container in the nitrogen dewar.

A horizontal inspection of the sample (and the zone plate) is also possible with a sec-
ond, but resolution-wise, worse microscope (Navitar Zoom 6000). Due to this microscopes
working distance and spatial constraints, this is not possible with the sample chamber kept
under vacuum, and thus not an option for cryogenic samples.

4.2 Construction of a cryo plunge for wet sample imaging
To keep samples as close to their initial state as possible, a fixation, independent of the

chosen imaging technique, is necessary. As water-window transmission X-ray microscopy
o�ers a high penetration depth for aqueous samples and the least intrusive fixation should
always be the method of choice, cryo-fixation is usually the method employed by X-ray
microscopists. There exist various cryo-fixation methods, like plunge freezing, jet freezing,
slam freezing or high-pressure cooling, of which plunge freezing remains least biasing the
specimen [39]. Slow freezing in general facilitates the formation of ice crystals, which not
only produce imaging artifacts, but also damage microbiological structures. In vitreous ice,
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the size of ice crystals are in the 1 nm range. Taking this into consideration, the formation
of vitreous ice is preferred. Vitreous ice is formed when a liquid is cooled down so quickly,
that the liquid’s molecules are immobilized before being able to crystallize [41]. Hence,
for vitrification of water, a high cooling rate is key. Investigations on the vitrification of
pure liquid water in 1985 [115] showed that vitrification of samples with at least one side
in the micrometer range is possible with cooling rates of approximately 106 K/s. It is
important to note that the volume of the cryogen has to be at least four times bigger than
the one of the sample. For a cryogen to be e�ective and to achieve high cooling rates,
the cooling must be conducted in direct contact from the cryogen to the sample liquid.
One might argue that liquid nitrogen (liquid from 63 K to 77 K) is colder than liquid
alkanes, like propane and ethane (liquid from 90 K to 184 K), and thus has to be the
better cryogen. Fact is, though, that nitrogen is liquid in an interval of a mere 14 K, which
will cause the liquid nitrogen to reach its boiling point, as soon as a sample is immersed
into it. Subsequently, the evaporation of the liquid nitrogen will cause a low cooling rate,
since the sample is firstly only cooled by nitrogen vapor, making it an inapt cryogen. The
comparison of di�erent cryogens used for plunge-freezing of biological samples yielded that
ethane produced the fastest cooling rates [151, 152]. The immersion of the sample should
be done with a plunger, preferably with a precisely directed drop. Like this, convection
between the moving sample and the cryogen enables the best heat exchange. [41]

Many procedures as well as accessories (e.g. sample grids and many sample stages),
which are currently used in water-window transmission X-ray microscopy were derived
from (transmission) electron microscopy. The same applies to plunge freezing. As for
transmission electron microscopy, due to its lower penetration depth and higher resolution,
all preparation procedures have to be carried out more cautiously than for transmission
X-ray microscopy. Ice crystals in vitreous ice, for example, have to be well controlled and
at best kept below 1 nm in TEM, whereas water-window X-ray microscopy would condone
slightly bigger crystal formations.

Fig. 4.2 shows the cryo plunge instrument we constructed for the cryo-fixation of aqueous
biological samples. Basic engineering drawings were provided by the BioX research group,
the KTH Stockholm. In several iteration loops, in which we changed the material and
length of the suspension of the ethane containers, added a circular plastic spacer in between
the brass ethane containers, we developed the cryo plunge to our needs. Due to safety
reasons, the complete cryo-fixation procedure has to be conducted under an exhaust hood.

The cryo plunge features a linear guide, on whose lower end the tweezers are being
attached with a screw terminal. Fig. 4.2 shows a pair of normal tweezers, which can be
used with a paper-clip. It is, however, more convenient to use a pair of cross-tweezers.
4.2 displays the linear guide in its initial position. The guillotine-like drop direction is
indicated with the blueish arrow on the right side of the tweezers. It is triggered by a
shutter release from a photo camera. To fill the inner ethane container with liquid ethane,
the liquid nitrogen dewar has to be filled at first. Liquid nitrogen has to be poured into
the dewar just below the upper lid of the outer brass container. The clearance between the
two brass containers should stay nitrogen-free (see Fig. 4.3) and direct contact of liquid
nitrogen and liquid ethane should be prevented. When the liquid nitrogen has stopped
boiling, gaseous ethane can be inserted into the inner cylindrical brass container by the use
of an acicular nozzle. The filling of the ethane container can be time consuming. According
to our experience, as soon as ethane liquefies, the nozzle should not directly touch the fluid,
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Figure 4.3: Cross-sectional view of the cryo plunge instrument.
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neither should there be a formation of ethane bubbles in the liquefied ethane. We found
that it is preferable to hold the nozzle in a low angle onto the container’s wall and let
the gas flow be cooled directly on the nitrogen cooled barrel’s brass walls. The ethane
container should be filled up about half a centimeter below its rim. Through the several
modifications on the cryo plunge, we succeeded in creating a thermal balance leaving the
ethane in liquid form without the need of refilling with gaseous ethane. Depending on
the nitrogen level, the liquid ethane can become to cold and solidify. In this case, we
use an aluminum heat conductor (see Fig. 4.3) to transport heat from outside of the N

2

dewar to the ethane brass barrel. The aluminum heat conductor can easily be removed
from or reattached to the cryo plunge. The nitrogen level should be kept at a high level
nevertheless, as vaporizing nitrogen creates a nitrogen atmosphere in to upper part of the
cryo plunge, preventing water from ambient air to rain out.

The preparation procedure of a sample grid and the corresponding blotting is addressed
in chapter 6.2.1.1 by taking the example of yeast cells.

After triggering the release and plunging the sample grid into the liquid ethane, the
tweezers are being detached from the linear guide and their tip with the specimen grid is
cautiously transferred into the liquid nitrogen. Here, they can be stored for late use in
the sample grid containers indicated on Fig. 4.3. It is favorable to always prepare a set
of samples, since the plunge freezing involves the risk of producing impenetrable thick ice
films or weighty artifacts.
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5.1 Basic principles of X-ray Computed Tomography
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Figure 5.1: Schematic illustration of the basic principle of computed tomography.

X-ray computed tomography (CT) is a standard imaging technique, in which a tomo-
gram of an object of interest is calculated/computed from 2-dimensional projection images,
which are recorded at di�erent observation angles. Originally developed for 3-dimensional
clinical diagnostic of e.g. trauma patients, or in general biomedical applications, CT has
disseminated to a variety of other fields, such as material science, forensics or archeology.
In the following a brief introduction into CT will be given based on [82]. For a more cir-
cumstantial depiction of CT please see [23,82,88].

The basic principle of X-ray CT is depicted in Fig. 5.1. In this exemplary illustration
two uniform objects with di�erent attenuation coe�cients and an object function f(x, y)
are imaged from di�erent angles Ë, resulting in projections p

0

¶(x) and p
90

¶(xÕ) of the
objects, from which, if regarded separately, their relative positions to each other cannot be
determined. Furthermore, in the example given, an observer of projection p

90

¶(xÕ) would
probably even assume that only one object is present. The projection p

0

¶(x) parallel to
the y-axis is given as follows:

p
0

¶(x) =
⁄ Œ

≠Œ
f(x, y)dy (5.1)
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Figure 5.2: Declarative illustration of the principle of the Fourier-Slice-Theorem.

The inverse problem of calculating the object function f(x, y) from its projections p(x, ϑ)
taken at an angle ϑ is the main challenge of CT. The theory, which this reconstruction
is based upon, is called Fourier-Slice-Theorem. It states that the Fourier transform of
a parallel projection p(x, ϑ) of an object f(x, y) at an angle ϑ equals a line (slice) in a
2-dimensional Fourier transform of f(x, y) at the same angle [82]. This principle of the
Fourier-Slice-Theorem is illustrated in Fig. 5.2.

The Fourier-Slice-Theorem can be deduced from the following considerations, starting
with a 2-dimensional object (easily conferrable for a 3-dimensional case). In a coordinate
system rotated by the angle ϑ and its axis y′ parallel to the incoming radiation the object
f(x, y) is described by f ′(x′, y′), with the two coordinate systems being connected by the
following relations:

x′ = x cos ϑ + y sin ϑ (5.2)

y′ = y cos ϑ − x sin ϑ (5.3)

and the projection p(x′, ϑ) of f ′(x′, y′) given by:

p(x′, ϑ) =
∫ ∞

−∞
f ′(x′, y′)dy′ (5.4)

If the projection is transformed according to Fourier: p(x′, ϑ) F−→ P (ν, ϑ) one gets:

P (ν, ϑ) =
∫ ∞

−∞

∫ ∞

−∞
f ′(x′, y′)dy′e−i2πνx′

dx′ (5.5)
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5.2 Filtered back projection algorithm

To understand the filtered back projection algorithm, which is discussed in chapter 5.2 one
has to keep in mind that finest details, such as sharp edges, in the spatial domain resemble
high frequencies in Fourier space. Transforming the coordinates of eq.5.5 with the relations
given in eq.5.3 yields the following formula:

P (‹, Ë) =
⁄ Œ

≠Œ

⁄ Œ

≠Œ
f(x, y)e≠i2fi‹(x cos Ë+y sin Ë)dxdy (5.6)

Now, to being able to draw a connection between the Fourier transform P (‹, Ë) of a pro-
jection and the function of interest, the object function f(x, y), one has to look at the
2-dimensional Fourier transform of the object function: f(x, y) F≠æ F (u, v):

F (u, v) =
⁄ Œ

≠Œ

⁄ Œ

≠Œ
f(x, y)e≠i2fi(xu+yv)dxdy (5.7)

It quickly becomes clear, that the equations 5.6 and 5.7 strongly resemble. Even more, for:

u = ‹ cos Ë (5.8)

v = ‹ sin Ë (5.9)

one gets the following relation:

F (‹ cos Ë, ‹ sin Ë) = P (‹, Ë) (5.10)

In the 2-dimensional F (u, v), the variables from eq. 5.9 resemble a straight line (Fourier
space), which passes the origin and spans the angle Ë with the u axis. With that said,
it is proven, that the Fourier transform P (‹, Ë) of a 1-dimensional projection p(xÕ, Ë) of
the 2-dimensional object function f(x, y) imaged at an angle Ë, is equal to a line at the
same angle Ë in the 2-dimensional Fourier transform F (u, v) of the same object function.
This means, that, if a su�cient number of 1-dimensional projections of an object at angles
from 0 to fi are collected and Fourier transformed to fill the whole 2-dimensional Fourier
space of F (u, v), the object function can be retrieved by inversely applying the Fourier
transform [82]: F (u, v) F ≠1

≠≠≠æ f(x, y).

5.2 Filtered back projection algorithm

It is understandable, that it is not possible to completely fill the Fourier space in order to
retrieve the object function f(x, y). Rotation angles are finite and no detector or camera
will provide infinitely small detector elements (pixels). So, even though the Fourier-Slice-
Theorem o�ers a direct solution for tomographic reconstruction, the actual implementation
is challenging, as the sampling pattern in Fourier space fall on non-Cartesian polar coor-
dinates [82]. This means, that the Fourier transformed recorded projections p(xÕ, Ë) in
the 2-dimensional Fourier space must be interpolated, to being able to perform the 2-
dimensional inverse Fourier transform. In real space the error of an interpolation is located
only around the respective detector element, whereas a line in the 2-dimensional Fourier
domain represents di�erent horizontal and vertical spatial frequencies. That is why, an
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Figure 5.3: Ideal (left) and real (right) sampling in Fourier space. The basic principle of filtered back
projection is to weight real sampling in order to prevent oversampling close to the rotation center and
underrepresentation of outer regions. Image adapted from [82]

interpolation or an error in a single sample in the Fourier domain will affect the whole
reconstructed object function.

The back-projection algorithm is an implementation of the Fourier-Slice-Theorem, in
which the imaged projections are weighted in Fourier space in order to prevent oversampling
in the region close to the center and an underrepresentation of the outer region, since the
projections of an object f(x, y) represent lines in 2-dimensional Fourier space (cf. Fig. 5.3).

The derivation of the back-projection algorithm starts with the relation for the retrieval
of the object function from its Fourier transform in polar coordinates:

F (ν cos ϑ, ν sin ϑ) F −1−−−→ f(x, y):

f(x, y) =
∫ 2π

0
dϑ

∫ ∞

0
F (ν cos ϑ, ν sin ϑ)ej2πν(x cos ϑ+y sin ϑ)νdν (5.11)

and as described in chapter 5.1 the Fourier-Slice-Theorem states that F (ν cos ϑ, ν sin ϑ) can
be substituted by P (ν, ϑ). The relations p(x′, ϑ+π) = p(−x′, ϑ), and P (ν, ϑ+π) = P (−ν, ϑ)
respectively, mean that two projections separated by 180◦ are equal. With that in mind
eq. 5.11 can be written as follows:

f(x, y) =
∫ π

0
dϑ

∫ ∞

−∞
P (ν, ϑ)ej2πν(x cos ϑ+y sin ϑ)νdν (5.12)

+
∫ π

0
dϑ

∫ ∞

−∞
P (ν, ϑ + π)e−j2πν(x cos ϑ+y sin ϑ)νdν (5.13)

This equation can be enunciated in matters of the rotated coordinate system (x′,y′) and
the relations from eq. 5.3:

f(x, y) =
∫ π

0
dϑ

∫ ∞

−∞
P (ν, ϑ)|ν|ej2πνx′

dν (5.14)
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where |‹| represents a ramp filter, which, in the spatial domain, represents a function,
which "filters" the projections p(xÕ, Ë) by amplifying their respective higher frequencies.
Noise, which is represented by higher frequencies, will thus become more grave in the re-
construction. Hence, especially with noisy data obtained by laboratory X-ray microscopes,
it is usually advisable to reduce noise by wavelet thresholding [64], while simultaneously
maintaining sharp edges from the actual object [16].

The achievable resolution in a tomographic reconstruction is primarily dependent on the
resolution of its underlying projection images and how precisely one is able to align them
(discussed in chapter 5.3). Another factor impacting the resolution is the information which
is missing in Fourier space, as addressed in the previous paragraph (cf. Fig. 5.3). Especially
in the laboratory, where the recording of a tilt series can be time-consuming, the necessary
sampling (or angular increment) should evaluated beforehand. With the Crowther criterion
[35] the achievable resolution (or the angular increment) can be estimated:

�x = 1
‹

c

Æ fiD

N
in nm (5.15)

where �x denotes the smallest possible period to be reconstructed, ‹
c

the highest spatial
frequency, D the object size and N the number of projections evenly distributed over the
range of 0¶ to 180¶. Taking the example of the bacterial endospores in chapter 6.2.4 and
assuming an object of 2 µm in size and 120 projections, the Crowther criterion yields an
achievable smallest period of ¥ 50 nm. This indicates that the tilt series was neither under-
nor oversampled.

5.3 Tomographic reconstruction using IMOD

The following paragraph will briefly describe (based on [93,94]) the basic principles of the
software package IMOD, which was used to reconstruct a 3D tomogram of the B.subtilis
bacterial endospores from the 2D projection micrographs recorded with the full-field trans-
mission X-ray microscope at the U41 beamline at BESSY II. We are currently still working
on establishing (cryo) X-ray tomography in our laboratory, but expect to apply a similar
routine, like the one described in the following, to datasets acquired with the LTXM. Four
tomograms were recorded of which two reconstructions, one on the untreated dormant and
one on the high-pressure treated spores, will be presented in chapter 6.2.4.

Firstly, the 2D dataset is normalized and cleansed of extreme pixel values, as they can
deteriorate the contrast and may cause artifacts in the reconstruction. This is performed
by comparing values of neighboring pixels and searching for peak values that di�er from
surrounding pixels by a value which can be specified. As a next step, the 2D projection tilt
series is coarsely aligned to correct possible X and Y translational displacements between
the projections by correlating consecutive images by stretching the image with the higher
tilt angle normal to the tilt axis by the ratio of the two images’ cosines. If this alignment
is unsatisfactory, images can also be arranged manually.

Next, a seed model has to be generated, automatically or manually, for the fine alignment
of the dataset. This is done by defining 10 to 15 well-distributed fiducial markers (seeds) at
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Figure 5.4: Synchrotron TXM images of bacterial endospores (B.subtilis) at 3 tilt angles. The left and
right micrograph illustrate the small DOF of the 25 nm zone-plate objective. Spores are slightly out of
focus in the right micrograph. The center image shows the fiducial markers (encirled in yellow) used
to generate a seed model for the reconstruction of a tomogram. The red circle in the upper left corner
indicates a marker which cannot be tracked through the whole tilt series, as it is to far away from the
tilt axis and thus out of focus at higher tilt angles.

the projection at 0¶, which are then tracked through the whole tilt series. Understandingly,
it is favorable to use objects with well defined sharp edges, which generate a high contrast,
such as spherical gold particles (see e.g. Fig. 6.17), as this will make tracking more precise,
especially at higher tilt angles. As all our tilt series contained either not enough or were
even completely void of gold beads, we had to chose other markers for the generation of
the seed model. Point-like structures on the sample grids’ carbon film proved feasible,
but obviously, they provided less contrast and less accurate tracking. As an example, the
center image (cropped for better visibility) in Fig. 5.4 illustrates the seed model used for
the reconstruction of a tomogram of the untreated dormant spores. Seeds have a diameter
of 60 nm to 70 nm and are encircled. As visible in the left and right micrograph of Fig. 5.4,
which illustrate high-tilt angle views (±65¶) of the measurement, the small DOF of the
25 nm zone-plate is a clear limitation of X-ray tomography. Primarily, is it key to keep the
object of interest within it (spores slightly out of focus/DOF in the right image), which can
be impossible for bigger objects, as e.g. a 10 µm cell. Secondly, when generating a fiducial
model for the reconstruction, low contrast markers far apart from the tilt axis, such as the
one indicated by a red circle in the upper left corner of the center image of Fig. 5.4, will
simply disappear at higher tilt angles. Hence, generally speaking, the further away the
markers are from the tilt axis, the less accurate their tracking will be. In our case, this
meant that highest tilt angles (±60¶ to ±70¶) had to be omitted.

The tracking of the seeds is done by a subprogram called beadtrack, which is integrated
in IMOD. Starting with the seed model, the location of the seeds is located 3-dimensionally
for subsequent images until a certain number of views is reached and a simple tilt alignment
can be performed. By that, position prediction is enhanced and previously falsely allocated
positions can be rejected [94]. If markers cannot be tracked at every tilt angle (in our case at
high tilt angles), they can be assigned manually. The last major step of the reconstruction is
a fine alignment of the tilt series, where all images are adjusted with respect to translation,
rotation and magnification. After computing the alignment, it is advisable to study the
log-file as it o�ers information about the robustness of the solution (ratio of measured
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5.3 Tomographic reconstruction using IMOD

Figure 5.5: Illustration of an area of interest within a reconstructed 3D volume. The reconstructed 3-
dimensional area containing the information from the tilt series should be aligned in order to be planar
when regarded in the X-Z and X-Y plane. If not stated otherwise, the sample grid/film, is positioned
parallel to the X-Y-plane

values to unknowns) and about the residual error mean. Residual errors, meaning big
position differences between markers and their projected position on subsequent images,
can by visualized and also corrected manually. As all tilt series presented in chapter 6.2.4
were recorded with a pixel size of 9.8 nm, this must be performed particularly accurate, as
large residual errors of e.g. 3 pixels resemble ≈ 30 nm.

After successful alignment, the tomogram can be generated. It should however be po-
sitioned (shifted and rotated) within the reconstructed 3D volume so that the generated
section of interest has the smallest thickness possible. That said, it is preferable to adjust
the section of interest so that it is planar when regarded in the X-Z and X-Y plane. Opti-
mal positioning of an area of interest inside a reconstructed 3D volume is indicated in Fig.
5.5. Voxels in the reconstructed tomogram are cubic.

Details on filtering options and the possibility to erase fiducial markers after the com-
pletion of the reconstruction can be found in [94].

77



5 Tomography

78



6 Applications

6.1 Introductory remarks
The following chapter highlights laboratory soft X-ray transmission microscopy experi-

ments from a wide field of applications carried out at the BLiX and takes a special focus
on sample preparation.

Soft X-ray transmission microscopy in the water-window provides resolution in the low
two-digit nanometer regime, a high natural contrast for thick plunge-frozen aqueous sam-
ples without the need of intrusive staining or sample sectioning and thus is an ideal method
to help addressing questions in life science. Nevertheless, sample systems from material
science, depending on their constitution and elemental distribution, can also readily be
imaged in their natural state.

The following section demonstrates the cryo-fixation procedure of aqueous specimens by
taking the example of yeast, an eukaryotic microorganism. As stated above, the main
application field of soft X-ray microscopy lies in life science, more specifically speaking
in imaging of cells by exploiting the natural contrast and high penetration depth within
the water-window. But not every cell o�ers easy accessibility for water-window X-ray mi-
croscopy. Blood plasma, for example, consists of up to 95% water, whereas bones only
have a 22% water content [160] and therefore constitute a more challenging sample system.
It is key to prevent aqueous samples from taking radiation damage. The absorption of
X-ray photons in a sample ionizes matter and thus damages the chemical structures of the
specimen. And while unfixed biological samples already take severe damage at 104 Gy,
a sample embedded in vitreous ice can resist up to 1010 Gy without showing structural
changes due to its radiation exposure [161,164].
In the following, three major applications will be discussed, being the penetration of
nanoparticles in human skin, human bone, as an example for a sample system with a
low water content, leading to a more di�cult sample preparation, and the screening of
structural changes in high-pressure treated bacterial endospores. Lastly, investigations of
the composition of clay minerals are being demonstrated.

All LTXM micrographs presented in this chapter were imaged with a 25 nm zone-plate
objective and a back illuminated 16-bit XUV CCD (PI-SX NTE 2048 ◊ 2048) with a pixel
size of 13.5 µm.

6.2 Applications in Life Science
6.2.1 Yeast

Yeasts belong to the fungi kingdom and, due their similarities to more complex eukaryotic
organisms, have longly served and still serve as a model organism to study cell biology
of eukaryotes [63, 85]. Yeasts are monocellular and reproduce by mitosis, or budding.
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Figure 6.1: Circular shaped carbon-film-coated gold grid with a sugar and yeast solution. The blotting
was always be conducted from the backside of the grid, to prevent the yeast from being blotted off the
carbon-film with the sugar solution (schematic illustration; not true to scale).

These asexual reproduction forms produce clones, genetically identical cells to the primary
organism [44, 74]. For the budding process, a bud-site is selected within the mother cell,
where a neck region, consisting of an acto-myosin ring, is established. In the late stages of
mitosis, cytokinesis begins and the acto-mysin ring starts to contract to separate the mother
and the daughter [194]. After the budding process is terminated, a so called budding scar is
visible at the position where the mother and daughter cell were separated. The number of
these chitinous bud scars are a direct indication on the number of times a cell has divided
and hence represents a marker for replicative cell age [133].

The yeast species we used for our investigations is saccharomyces cerevisiae, also known
as Brewer’s or Baker’s yeast for its wide use in baking and fermentation processes in beer
and wine making.

6.2.1.1 Sample preparation

As a sample carrier we used circular shaped holey-carbon-film-coated 200 mesh TEM
gold grids (a carbon film with a 2.5 μm circular shaped hole every 4 μm (visible e.g. in
Fig. 6.10b)). Before the application of the solution, the Au-grid is cautiously picked up
with a pair of cross tweezers and positioned in a way that the grid lies horizontally with
the top side facing up (see Fig. 6.1). It is beneficial to seize the grid on its outer rim to
prevent the carbon-film from being corrupted.

Yeast cells were taken from ordinary dry yeast as it is available in grocery stores. The
cells were added to a sugar solution at approximately 29◦C and stirred until the dry yeast
granules had dissolved and could not be recognized with the naked eye any more. We used
3 to 5 granules on 1 ml sugar solution, but depending on the brand, these numbers can
differ. After roughly 2 h, 2 μl of the solution was applied to the carbon-coated gold grid
using a graduated (Eppendorf-) pipette. Nanoparticles for the simplification of tomographic
reconstructions can be added the same way. The coated grid has a topside and a backside
as seen in Fig. 6.1. For the preparation of yeast, it is favorable to apply the solution to the
top side of the grid directly onto the carbon-film and wait for the cells to trickle down to
the bottom. This can be observed with a visible-light microscope with a resolution better
than 4 μm. The cross tweezers with the Au-grid and the yeast cells are now attached to the
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(a) Cryo-fixed budding yeast cells (accumulation of
five images with an exposure time of 180 s each)

(b) Cryo-fixed yeast cell and a preparation ice arti-
fact from top to the bottom (four images; expo-
sure 180 s each)

Figure 6.2: Cryo-fixated (budding) yeast cells (saccharomyces cerevisiae) and gold nanoparticles (250 nm).
Inner cell structures, like e.g. vacuolae, are clearly visible.

plunge mechanism of the cryo-plunge instrument, as seen in 4.2. Subsequently, redundant
solution has to be blotted with a filter paper (Whatman R•1). The blotting should be
done from the backside of the grid, as shown in Fig. 6.1, to prevent the cells from being
subtracted from the grid with the dilute sugar solution. After removing the excess fluid,
the plunge-freezer should be triggered swiftly to prevent further dehydration of the sample.
The remaining water has to be rapidly solidified, as slow ice formation produces ice crystals
which may destroy the specimen’s ultrastructures. Our cryo-plunge instrument uses liquid
ethane (temperature from 90 K to 184 K) with high cooling rates of > 104 K/s, favoring
the formation of amorphous ice, as its main cryogen. Introductory remarks on cryo-fixation
and constructional details on the cryo-plunge system can be found in chapter 4.2.

After the cryo-fixation in liquid ethane, the sample grid is transferred into the liquid
nitrogen reservoir, where it can be temporarily stored, if more samples are to be prepared.
In the following, the sample grid is transferred to the liquid N

2

-cooled cryo holder. Dur-
ing the whole process, the grid with the vitrified sample has to be kept under nitrogen
atmosphere to prevent dissolved water from ambient air to precipitate and freeze up the
specimen. Best results were achieved with an atmospheric humidity below 25%. Since it
is not possible to avoid atmospheric contact during the transfer of the cryo holder from its
workstation to the airlock of laboratory transmission X-ray microscope, we conducted this
procedure as quickly as possible.

Results

It is important to mention that, unless the investigated object is imaged from di�erent
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angles, depth information is lost, as an X-ray transmission image is always a 2D-projection
of a three-dimensional object. And since the LTXM’s depth of field is in the range of 1 µm
and the yeast cells have a diameter of approximately 5 µm, as seen in Fig. 6.2, structures
will be imaged superimposed and thus appear less crisp, than an optimal object like a
siemens star pattern with a negligible depth (see Fig. 3.21).

Fig. 6.2 shows yeast cells (saccharomyces cerevisiae) embedded and fixed in vitreous ice.
250 nm nanoparticles which were added to the sample grid are also clearly visible in Fig.
6.2a (upper left side), as well as in Fig. 6.2b (left and right side). In the center of Fig.
6.2a a budding yeast cell was imaged. Cell wall and the cell’s budding cite on the right
side are distinctly recognizable. When taking a closer look, a structure, what could be the
dividing nucleus, just a glimpse darker than the cytoplasm, seems to reach into the newly
forming cell. You could also argue that just below the budding site, a budding scar from
a previous budding process is visible. The darker circular shaped features in the center of
the cell could be vacuolar granules, but also fit, size-wise (in the range of 0.5 to 1 µm),
to the cell’s power plants, the mitochondria. The other yeast cells shown on 6.2a are all
less ’transparent’ than the one in the center, but mostly show vacuolar granules and/or
vacuoles. A reason for the cells showing no cytoplasm could be that they either have not
activated their cell cycle or have died in the drying process.

Fig. 6.2b shows a yeast cell in the center and two nanoparticles on the left and the
right side of the image. The holey-carbon film is still visible as a result of a relatively thin
vitreous ice film, as is a preparation induced ice artifact, which progresses vertically through
the image. The inner part of the cell is overlain by a large vacuole, a cell compartment
filled with water, containing molecules. Other cell organelles are not as clearly discernible
as in Fig. 6.2a. The small bulge on the lower left side of the cell could be a developing
budding site.

Conclusion

By vitrifying yeast cells (saccharomyces cerevisiae) with a cryo-plunge, a low-invasive sam-
ple preparation in contrast to embedding and slicing, radiation damage could be prevented
and yeast cells, at an early stage of mitosis division, were imaged at nanometer resolutions
with high natural contrast. Cell wall, cell compartments, budding site and a budding scar
from a previous cell division were resolved.

6.2.2 Human bone

Introduction

As aforementioned, the objects, which will best exploit the advantages of X-ray micro-
scopes with an operating photon energy in the water-window, are specimens with a high
water content, such as e.g. the previously addressed yeast cells. Bone to the contrary
is a less fitting sample system for transmission soft X-ray microscopy. Bone consists of
three major components: 23 % water, 48 % dahllite (carbonated hydroxyapatite (HA);
Ca

5

(PO
4

,CO
3

)
3

(OH)) and 29 % type I collagen fibrils, which comprise about 95 % of the
proteins in bone (percentages di�er depending on the respective bone) [188]. Mineralized
collagen fibril form the basic building block of bone [188]. It quickly becomes clear, that
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the low water in combination with high mineral content will make bones a less favorable
sample system, pertaining to the low penetration depth of the soft X-rays (calculated at-
tenuation length of 500 eV photons is in the range of 0.3 µm to 0.8 µm depending on the
type of bone) and the generated contrast.

In a cooperation with the Berlin-Brandenburg School for Regenerative Therapies / Julius
Wol� Institut (Charité Berlin) we tried to develop a sample preparation technique, which
sustains the specimen in such a way, that advantages of soft X-ray microscopy can still
help to add to the knowledge already obtained by means of other methods. Research on
diseases, like bisphosphonate-related osteonecrosis of the human jaw bone (BRONJ)ú [77],
whose pathophysiological mechanisms are mostly unknown, could heavily benefit from a
method which provides the opportunity to simultaneously image soft and mineralized tissue
close to its natural state and at high resolutions, as this could give insight into malfunctions
of the whole system.

This chapter will briefly introduce the material bone and will afterwards address prepara-
tion challenges for soft X-ray microscopy with respect to a less transmissive sample system.

The hierarchical structure of bone

Bones are strictly hierarchically structured, composed of 7 hierarchical levels (from macro-
scopic to micro-/nanoscopic): level 1: whole bone; level 2: spongy vs. compact bone; level
3: cylindrical motifs (osteons); level 4: fibril array patterns; level 5: fibril array; level 6:
mineralized collagen fibril; level 7: major components [188]. Members of the bone fam-
ily have evolved to form strongly distinguished shapes to fulfill their respective function:
long bones, such as the femur, provide stability against buckling or bending, whereas short
bones, like the vertebra, but also the femur head, withstand compression and plate-like
bone, as e.g. the skull, shelters vital organs [46]. The relatively dense outer walls of long
tube-like bones, like the femur, are called cortical bone, while the ’spongy’ inside of short
bones is called cancellous or trabecular bone. Fig. 6.3 from [46], shows SEM micrographs
of di�erent parts of the human femur to illustrate its hierarchical structure. The tube-like
structure of the femur, composed of cortical bone (indicated by the letter C), as well as
the femur head with its spongious structure (S), consisting of trabecular bone, are visible
in Fig. 6.3a. Below, cross-sectional profiles (6.3b: cortical bone; 6.3c: trabecular bone)
normal to the long axis of the bone are pointed out. Fig. 6.3b shows a micrograph of
an osteon (indicated by the letter O), a cylindrical shaped bone ’subcompartment’ with a
blood vessel in its center. Also visible are small black areas within the osteons, of which
one is pointed out by a small black indicator (bottom left corner). These cavities are
called lacunae and are home to osteocytes, the most abundant bone cells with a cell size
of about 10 µm to 15 µm. Bone is undergoing constant remodeling†, which osteocytes are
thought to play an important role in by regulating the activity of osteoclasts (resorption)
and polygonal osteoblasts (formation) [20]. Osteoblasts can di�erentiate into osteocytes, if

úBRONJ is a disease in which patients with osteoporosis or bone cancer are treated long-term with
bisphosphonates and years later, usually triggered by a surgical intervention in the mouth or jaw area,
su�er from irreversible necrosis in the jaw bone.

†the entire skeleton is remodeled in approximately 10 years
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Figure 6.3: The hierarchical structure of bone: human femur From [46]
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(a) Synchrotron TXM micrograph of a border area
of a human femur microtome section.

(b) Synchrotron TXM micrograph taken from a tilt
series of a crack in a human femur microtome
section.

Figure 6.4: Synchrotron TXM micrographs of impenetrable microtome-cut femur imaged at 510 eV.

embedded in osteoid, the organic ’premature’ unmineralized bone tissue, or become sub-
ject to apoptosis. In a first, mostly unknown, mechanism towards becoming an osteocyte,
osteoblasts form dendrites in the direction of the mineralizing front and towards the bone
surface and vascular space [20]. Through this projectional growth, a 3-dimensional channel
system, called canalicul (indicated in Fig. 6.3d by white arrow), forms and interconnects
the osteocytes with each other. Their diameter is in the range of 200 nm to 900 nm [110],
while lacunae can reach sizes of hundreds of µm3 [76]. The lacunocanalicular system is
thought to be related to bone tissue quality, attributed to mechanosensation of bones and
has been indicated to being adapted to its anatomical location, while osteocytes seem to
control the phosphate metabolism and are involved in the calcium homeostasis through the
perilacunar matrix [76].

Imaging of bone

The unique combination of soft tissue, such as cells, and mineralized collagen in bone
makes the imaging of bone at nanometer resolutions as an entire system (osteocytes within
their mineralized bone matrix) challenging. Soft X-rays below 1 keV will be strongly ab-
sorbed by the mineralized tissue, whereas hard X-rays will not provide enough contrast to
make cells and soft tissue visible.

Raum et al. used scanning acoustic microscopy [135, 136] to study variations of mi-
crostructure, mineral density and tissue elasticity in mouse bone and have also used syn-
chrotron µ-CT (at photon energies >17 keV) [76, 98, 183] to being able to concurrently
investigate cortical bone microstructure and material properties at the tissue level [136].

Using transmission X-ray microscopy (at X-ray energies of 5 eV to 15 eV), other research
groups observed lacunae and the canaliculi network in mouse bone at approximately 40 nm
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Figure 6.5: Ultra-microtome sectioning of non-embedded bone rods.

resolution [5]. Dierolf et al. [38] reported on ptychographic X-ray computed tomography
measurements of mouse femur at the 100 nm scale using a photon energy of 6.2 keV. But
while 3D hard X-ray transmission microscopy su�ers from a small FOV (¥ 6 µm3), pty-
chography tomograms require extremely long exposure times (40 h), which result in high
radiation doses [98]. Other research groups reported on 3D reconstruction of the chick
calvarial osteocyte network by means of confocal (fluorescence) microscopy [177] and serial
FIB/SEM imaging of the osteocyte lacuno-canalicular network [165].

Sample preparation for soft X-ray microscopy

In general, there are two basic possibilities to thin bone: slicing and milling. In this
case: (ultra-)microtome sectioning/slicing and FIB milling. Ultra-microtome sectioning
usually requires embedding in resin or PMMA, but since embedding significantly reduces
the achievable contrast in soft X-ray microscopy, it should generally be considered as a last
resort.

As aforementioned, calculations yielded attenuation lengths below 1 µm for photon en-
ergies of 500 eV through cortical bone (femur). As reported in [75], at 16.874 keV it was
su�cient to prepare cortical bone (tibia) rods with a diameter of 0.5 mm to make investi-
gation by means of synchrotron µCT at sub-micron length scales feasible.

(Ultra-)microtome sectioning/slicing: The first iteration step for the preparation was try-
ing to cut small bone fragments (about 1 ◊ 5 ◊ 5 mm in size) with a rotary cryo-microtome
into slices with a thickness in the range of 1 µm. The common approach to produce thin
sections with a microtome is to embed biological material in PMMA or synthetic resin,
hardened and afterwards cut. Depending on the desired thickness, embedding is not nec-
essarily required for bone. One possibility to preserve samples and simultaneously make
cryostat sectioning feasible is using a compound called Tissue-Tek R• O.C.T.TM (Sakura
Fintec Europe B.V., Alphen aan den Rijn, Netherlands). It provides a specimen matrix at
temperatures below ≠10 ¶C is water soluble and supposedly leaves not traces when washed
o�. Bone samples were embedded in Tissue-Tek R• O.C.T.TM and cut at temperatures of
approximately ≠20 ¶C. The bone slices were then washed and fixed in 70 % ethanol and
subsequently applied to custom-designed gold grids (IFR-1 from Glider Grids, UK). Unfor-

86



6.2 Applications in Life Science

Figure 6.6: Light microscope micrograph of ultra-microtome section of an embedded human femur sample
(Z673/B).

Figure 6.7: SEM and FIB image of a microtome and FIB milled jaw bone sample. Operating parameters
are indicated below the micrographs. Left: SEM image recorded at an acceleration voltage of 15 keV. The
micrograph displays a microtome section of a jaw bone on a gold grid. In the center of the micrograph
the FIB prepared area is indicated. The lower side of the image shows strong electric charging/artifacts.
Right: FIB image recorded at acceleration voltage of 30 keV. The FIB lamella in the center has a
thickness of 0.7 μm and an area of about 20 μm2. The sought direction of observation with the LTXM is
indicated by a blue arrow.
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tunately, microtomy artifacts, such as "compression" parallel to the direction of cutting, as
described in [130], were heavily present. Fig. 6.4 shows two transmission X-ray microscopy
micrographs (at 510 eV photon energy) of two microtome slices taken from human femur.
The micrographs were recorded at the U41 beamline of BESSY II. Both should have a
thickness of about 1 µm, but appear to be thicker, probably due to the cutting artifacts.
Both samples were scanned circumstantially, but proved to be impenetrable owing to their
respective thickness. Only at fissures, cracks and at the borders of the samples, unsatis-
factory micrographs, such as the ones in Fig. 6.4, could be recorded.

Ultra-microtomes have a similar working principle as rotational (cryo-)microtomes, and
typically control the sections’ thickness by carefully monitoring the thermal expansion of
the mounting. Sections of 50 nm to 500 nm can be cut, usually by the use of a diamond
knife. To prevent the thin sections from sticking to the diamond knife, a liquid (distilled
water) covers the knife’s backside (knife boat). Thereby cut sections "slide" onto the surface
of the liquid and float until picked up with a sample grid. In Fig. 6.5, ultra-microtome
sectioning of femur rod with a diameter of 1 mm is displayed. The preparation of the rod
was carried out as reported in [75] with a high precision lathe. In first experiments, the
rod was not embedded in synthetic resin or PMMA, but kept saturated in 70 % ethanol.
This proved to be impractical, as the bone remained too flexible and slid over the diamond
knife of the ultra-microtome. For that matter, the samples had to be embedded to make
ultra-microtome cutting feasible. The preparation was carried out in cooperation with
the Institute for veterinary Anatomy of the Freie Universität in Berlin. The preparation
protocol can be found in A.2. Three types of samples were produced:

• 3◊ Z673 embedded, decalcified 0.5 µm sections on Si
3

N
4

film
• 3◊ Z672/A embedded, osmium (OsO

4

) stained 0.3 µm sections on Si
3

N
4

-film
• 3◊ Z672/B embedded, 0.5 µm sections on Si

3

N
4

-film

Unfortunately, to this point, the embedded femur samples have not yet been investigated
with the LTXM, since it was undergoing extensive refurbishment works. An exemplary
micrograph (see Fig. 6.6) of one of the Z673/B samples was imaged with the light micro-
scope described in chapter 4.1.

Focused Ion Beam (FIB) Milling: FIB systems became commercially available approx-
imately 25 years ago. A FIB system strongly resembles and operates like an SEM sys-
tem [48]. While the SEM system uses focused electrons for imaging, the FIB system
utilizes a focused ion beam, usually a liquid metal gallium (Ga)‡ source. A FIB is gen-
erally operated at acceleration voltages of 5 keV to 50 keV and, just like an SEM system,
displays the intensity of secondary electrons generated at each scanning position to pro-
duce an image of the specimen. Secondary ions can also be displayed by FIB systems. FIB
systems can be used for chemical vapor deposition [113] (will not be discussed here) or
sputtering/milling. During the sputtering process a Ga+ ion enters the specimen and in a
cascade of events a neutral atom or ion is ejected from the sample, while the gallium ion
is embedded in the sample [48]. Milling/sputtering rates can be increased by halogen gas
assist [26]. FIB-milling has been reported for cross-sectioning of semiconductor devices for

‡Gallium o�ers two advantages: a low melting point and liquid at RT; good focusability of <10 nm in
diameter [48]
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TEM specimen preparation as early as 1989 [89] and 1990 [128], but has recently also been
applied in life science [109]. For an extensive review on FIB theory and practice, please
see [48,49,119].

In cooperation with the Zentraleinrichtung Elektronenmikroskopie (ZELMI) in Berlin we
used FIB (Helios NanoLab DualBeam (SEM/FIB), FEI) milling to produce thin sections
with thicknesses below 1 µm of non-embedded human jaw samples, which were cut into
slices with thicknesses between 30 µm and 50 µm with a microtome beforehand (see pre-
ceding paragraph). The thick microtome sections were glued (using commercially available
nail polish) to custom-designed gold grids and later, due to strong electric charging, which
deteriorates the SEM/FIB images, bond to the grid using conductive silver adhesive (Ted
Pella, Inc.). Nevertheless, charging artifacts could not completely be eliminated, as seen
on the bottom of Fig. 6.7 left. On the left side of Fig. 6.7 an SEM image recorded at
an acceleration voltage of 15 keV is displayed. The micrograph shows a microtome section
of a jaw bone sample on a gold grid with a FIB prepared area pointed out in the center
of the image. On the right image of Fig. 6.7 the FIB milling area is demonstrated at a
higher magnification. The micrograph was imaged with the FIB at an acceleration voltage
of 30 keV. The FIB lamella in the center has a thickness of 0.7 µm and a surface area of
about 20 µm2. The sought direction of observation with the LTXM is indicated by a blue
arrow.

The LTXM measurements of the FIB lamella were unfortunately not successful, as the
silver adhesive was applied too thick, which made the mounting of the gold grid impossible.
For that reason, the bone section was manually detached from the gold grid and attached
to a new one. Thereafter, we were not able to locate the FIB lamella on sample again.

Although, the LTXM measurements on the FIB prepared jaw bone could not be carried
out, we believe that FIB milling can be a preparation method to make investigations of
samples, inaccessible for soft X-ray microscopy due to their strong absorption/thickness,
feasible. Zschech et al. [198], for example, reported on synchrotron-based X-ray microscopy
and electron microscopy studies of nano-sized on-chip copper interconnects, which were
prepared using FIB milling.

Summary and outlook

Even though no soft X-ray microscopy measurements of the bone samples could be pre-
sented to this point, we believe that both ultra-microtome sectioning as well as FIB milling
represent preparation methods, which make the material bone accessible to soft X-ray mi-
croscopy studies. However, both preparations come at a price. As bone, with its low water
content, has to be embedded, cut or milled down to thicknesses below 1 µm, the major
advantages of water-window X-ray microscopy cannot be exploited. In comparison to the
vitrification of an aqueous sample, both preparation methods are highly intrusive, time-
consuming and especially the embedded thin-sections will not generate high contrasts, as
e.g. the vitrified yeast cells presented in Fig. 6.2. Additionally, the question must be
asked, if the small FOV of soft X-ray microscopes (about 20 µm2) in combination with
the low depth information (sample thickness below 1 µm) will enable one to study bone as
an entire system. We also believe that, if a series of samples has to be investigated, FIB
milling might prove to be too time-consuming.
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6.2.3 Penetration of Nanoparticles within Human skin

Introduction

Nanoparticles are compounds of a few thousand atoms or molecules with a minimum size
of 1 up to 100 nanometers and can have anthropogenic, smoke from combustion and lint
from garments, and natural, e.g. dust storms or volcanic ash. Due to their large surface
in comparison to their small size and weight they possess high chemical activity and are
less influenced by inertia forces. Needless to say, that nanoparticles with a natural ori-
gin have existed forever and that humans and animals have adapted to this potentially
harmful exposure. But combustion-based transportation and industry have steadily in-
creased anthropogenic particulate pollution in the last few hundred years, while industrial
developments have shifted the proportion from coarse particles to nanoparticles [22]. An-
thropogenic nanoparticles not only origin from combustion. A great variety of engineered
nanoparticles of di�erent sizes and shapes exists, ranging from metals and ceramics to
lipids and polymers. Many of these engineered nanoparticles are intended or already used
for particulate drugs and drug delivery systems [127].

The recent and increasing use of nanoparticles in everyday products like body lotions,
sunscreens, textiles, but also in various biomedical applications, have driven researchers
into e�orts to characterize possible biological activity especially in respiratory and cardio-
vascular diseases, carcinogenicity and cellular toxicity of wanted and unwanted nanoparticle
exposure [187].

The skin, as one of the largest organ of the human body (surface of approx. 1.5 to 2 m2),
more precisely said the epidermis, has to shield and protect the human body from exterior
influences. The surface layer of the skin, the stratum corneum (SC), consists of polyhedral,
anucleated corneocytes, the final di�erentiation of keratinocytes, and has no cytoplasmic
organelles. Keratinocytes are the predominant cell type in the epidermis, of which the
epidermal stem cells or basal keratinocytes reside within the stratum basale. During their
di�erentiation process these cells constantly change their shape, dehydrate and lose their
nucleus while moving towards the skin surface [134]. In the stratum corneum they have
reached their final state and are now called corneocytes (see Figure 6.8). Corneocytes
are highly cross-linked to one another and surrounded by a strongly hydrophobic lipid
matrix, which mainly consists of ceramids, free fatty acids and cholesterol. For a long
period of time the di�usion through the stratum corneum was deemed to be the only
pathway for topical applied substances [127]. Concerning nanoparticles, it must be clear
that their size and physiochemical characteristics, for example hydrophilicity, decide about
their level of percutaneous absorption. For hydrophilic compounds and bigger proteins
or carrier systems, for which the lipophilic stratum corneum is mostly impenetrable, hair
follicles can function as shunts and thus increasing the permeation for a topically applied
substance [19, 96, 97]. In addition, the alteration of the barrier function of impaired skin,
e.g. due to micro-wounds after shaving or inflammation and consequent activation of skin
immune system, needs to be further investigated.

Methods to characterize the physical size and chemical properties range from imaging
techniques like electron and recently X-ray microscopy, X-ray spectrometry (e.g. XRF,
small-angle X-ray scattering (SAXS), energy-dispersive X-ray spectroscopy (EDX), wavelength-
dispersive X-ray spectroscopy (WDX), X-ray photoelectron spectroscopy (XPS), X-ray
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Figure 6.8: a) stratum corneum with
intercellular lipids (L) and corneocytes
(CC) (500 nm resin embedded human
skin slice measured 300 s at 60 W
average laser power); b) from [190]:
overview of the epidermis’ layered struc-
ture; c) keratinocytes in the epidermis
(500 nm resin embedded human skin
slice measured 600 s at 60 W average
laser power)
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absorption near edge structure (XANES)) to mass-spectrometry techniques like time-of-
flight secondary ion mass spectrometry (ToF-SIMS), but also fluorescence spectroscopy.
As stated in chapter 2.6, fluorescence microscopy is still the method of choice for most
scientists investigating the dynamics of cell biology, but fails to resolve nanoparticles, since
their size is below the di�raction limit of visible light. As for dermatology, visible light
microscopy, fluorescence microscopy, confocal laser scanning microscopy and also optical
coherent microscopy are all established every-day analysis techniques, but cannot visualize
details below approximately 200 nm. Fluorescence microscopy contains another limita-
tion: metal nanoparticles without a fluorescence marker are completely invisible to the
method. There have been e�orts to pinpoint nanoparticles from sunscreen within human
skin using transmission electron-microscopy [114]. But since this technique requires ultra-
thin sectioning (approx. 100 nm slices), the original positioning of the particles in the
sample is certainly compromised [51]. (Scanning) Transmission X-ray microscopy in the
water-window o�ers resolution in the low two-digit nanometer regime, natural contrast and
su�cient penetration depth (even for embedded samples) for being an ideal method to in-
vestigate the interaction of nanoparticles and human skin. In 2008 Graf et al. successfully
conducted experiments at the Swiss Light Source’s (SLS) PolLux scanning transmission
X-ray microscope to qualitatively detect nanoparticles in human skin [51].

Sample preparation

In cooperation with the Center of Experimental and Applied Cutaneous Physiology (De-
partment of Dermatology, Charité - Universitätsmedizin Berlin), experiments were carried
out with the LTXM to characterize percutaneous penetration of nanoparticles. Subject of
the investigations were two sample systems, the first being epoxy resin embedded slices of
the human epidermis and upper dermis with thicknesses of 350 and 500 nm, and the sec-
ond being plunge-frozen primary keratinocytes. The investigation of embedded skin slices
could help to observe whereto the nanoparticles penetrate within the layers of the epi-
dermis, whereas the primary keratinocytes might give new insights in where nanoparticles
localize once they have entered a single cell.

The investigation of the whole skin layer system for monitoring how far nanoparticles
trickle into the skin greatly complicates the sample preparation, due to the fact that high-
resolution imaging methods require thin or small samples in the range of approximately 100
nm for TEM and 10 µm for aqueous specimens in X-ray microscopy in the water-window.
The thickness of the human epidermis varies in di�erent parts of the body, of which the
eyelids represent the thinnest (50 µm) and palms and soles the thickest (1.5 mm). That
being said, even the epidermis of the eyelids cannot be penetrated by X-ray photons with
an energy of 500 eV, which makes sectioning the only probable sample preparation, if the
layers of the skin have to be investigated as a whole. For transmission X-ray microscopy,
embedding procedures for sectioning, which are established in electron-microscopy, involve
a critical disadvantage. Especially X-ray microscopy within the water-window (from 284
eV to 543 eV) uses the di�erent absorption coe�cients of proteins, mainly consisting of
carbon, and water for achieving its high natural contrast and high penetration depth in
aqueous samples. Hence, since ultramicrotome sectioning entails that samples have to be
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Figure 6.9: Human skin section (350 nm resin embedded) imaged with an Olympus IX50 visible light
(bottom; Courtesy of F. Rancan et al.) and the LTX microscope (top) (measuring time was 240 s at 100
W average laser power)
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dehydrated and afterwards embedded with epoxy resin§, which is also composed of carbon
for the most part, these main advantages of X-ray microscopy cannot be exploited, which
results in a low contrast and a low spatial information depth (Fig. 2.3). Still, using X-
ray microscopy it is feasible to investigate embedded skin slices of up to 500 nm, and in
contrast to transmission electron microscopy, where slices with thicknesses below 100 nm
are necessary, deposition of the nanoparticles is less of an issue.

6.2.3.1 Skin samples I and preparation of ultramicrotome sections

As a first proof of principle experiment, ultramicrotome sections from the same set of
samples, that were investigated at the SLS, were measured using the LTXM. The skin
samples were taken from the retroauricular region (area behind the external ear) from
patients undergoing plastic surgery. Impaired skin samples were excluded from the study.
After pretreating the samples with a cyanoacrylate skin surface stripping procedure, gold
colloids with a diameter of (70±4) nm at a concentration of 1 to 300 mg/ml were topically
applied (20 µl/cm2). After an incubation time of 16 h at 37¶C, the same samples were
treated with an adhesive spray to prevent the particles from being translocated or dropping
o� during the long chain of preparation steps.

For ultramicrotome sectioning, the tissue samples were cut in 1◊2◊2 mm3 cubes, fixated
with Karnofsky media (paraformaldehyde, sodium hydroxyde, glutaraldehyde), dehydrated
and embedded in epoxy resin. Sections of 200 nm, 350 nm and 500 nm were cut with an
ultramicrotome (Reichert Ultracut S, Leica) and put onto nickel grids with a diameter of 3
mm. As stated above, especially the sectioning procedure with the ultramicrotome is highly
evasive, and particle displacement cannot be ruled out. For a more detailed description
please see [51].

The prepared nickel grids with the skin sections were glued to the dry sample holder
(see Fig. 3.20) using enamel, dried for 15 min and transferred into the LTXM. Although
dependent on the magnification, the LTXM usually provides only a small field-of-view in
the range of 20 to 30 µm, which aggravates and prolongs sample positioning if a specific
area of the sample is of interest. The embedded samples are relatively impervious, which
made it possible to carry out correlative measurements for the sample from Fig. 6.9 with
a visible-light microscope (Olympus IX50). The resulting images were used for orientation
on the sample and direct navigation to the designated measuring areas. More details on
the ongoing integration of a visible-light microscope into the LTXM for instant switching
between visible-light and X-ray microscopy are stated in chapter 4.1. It has to be men-
tioned that no specimen that was previously measured at the SLS was available for the
investigations at the LTXM, so other samples from the same set were used.

Results

Fig. 6.8a and 6.8c and Fig. 6.9 show a selection of the LTXM investigations of em-
bedded human skin sections. For orientational purposes Fig. 6.8 features a hematoxylin

§Standard constitution of epoxy resin for TEM sample embedding: Epon 812 or EMbed-812 (glycerol
glycidyl ethers; C9H16O5), hardener DDSA (Dodecenyl succinic anhydride; C16H26O3), NMA (N-Methyl-
DL-aspartic acid; HOCOCH2CH(NHCH3)COOH), DMP-30 (2,4,6-Tris(dimethylaminomethyl)phenol;
[(CH3)2NCH2]3C6H2OH) [106].
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and eosin stained (H & E stain) image (from [190]) in the center (Fig. 6.8b). Light blue
colored arrows exemplarily point out the respective position of the measurements within
the skin layers. The top image displays a part of the stratum corneum, whereas the bottom
image is alluding to a lower epidermal layer, the stratum spinosum. Due to the embed-
ding procedure, the contrast is deteriorated, particularly visible when looking at Fig. 6.8c.
Roundly shaped keratinocytes (KC) are recognizable, but do not strongly stand out against
the background.

Especially the image Fig. 6.8a, but also both measurements on top of Fig. 6.9, clearly
resolve the epidermis’ stratum corneum. As stated in 6.2.3, the corneocytes in the stratum
corneum do not possess a nucleus, are dehydrated (not only because of the embedding
procedure) and are surrounded by a hydrophobic lipid matrix. These elongated corneocytes
(CC), as well as the intercellular lipids (L) are marked in Fig. 6.8a. Both, the corneocytes as
well as the intercellular lipids, as expected, show a high ordering grade, which is one of the
main properties why the stratum corneum can form a barrier to protect the body. In [43]
Elias reviews di�erent models for describing the structure of the stratum corneum and
exemplifies a “bricks-and-mortar” analogy, in which the corneocytes resemble the bricks
and the lipids the mortar. In comparison to Fig. 6.9 lipid-enriched intercellular areas
in Fig. 6.8a appear larger, while the corneocytes are further removed from one another.
A possible explanation is, as Chapman et al. state in [30], that the stratum corneum’s
cohesiveness lessens the closer one gets to the surface of the skin, and that, taking this
argument into consideration, Fig. 6.8a belongs to a part of the stratum corneum that is
closer to the surface of the skin than the one shown on Fig. 6.9. Looking at Fig. 6.9 this
assertion makes sense, since these measurements were carried out on the deeper layers of
the stratum corneum of a cutaneous fold.

Unfortunately, nanoparticles could not be observed in any of the embedded skin samples,
which can have various reasons. The first and most probable being that there were no
nanoparticles on the respective samples. As mentioned above, the applied nanoparticles
might have shifted positions or might have fallen completely o� the skin slice during the
delicate preparation process. Further causes, that no nanoparticles could be found, are
resolution limitations and lessened contrast as a result of the embedding process. This
assumption can readily be refuted by the measurements of the primary keratinocytes, where
70 nm gold nanoparticles could be resolved (see Fig. 6.12, 6.11 and Fig.6.13). Concerning
contrast, in transmission X-ray microscopy contrast is generated by the di�erent absorption
coe�cients of elements at a certain photon energy. A 50 nm gold nanoparticle has an
absorption three times higher than a 500 nm epoxy resin slice, so even with a short exposure
time, nanoparticles should clearly be discernible from the stratum corneum.

6.2.3.2 Skin cells

Assuming nanoparticles can really pass the stratum corneum and enter the stratum
spinosum, it is of great interest to learn more about their behavior towards living cells.
70 nm nanoparticles were applied to primary keratinocytes to investigate their positions
within the cells and the cytoplasm. Unfortunately, no cell dynamics or functionalities could
be investigated with the LTXM. Up until now, this requires correlative methods, as de-
scribed in chapter 2.6.
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(a) Primary keratinocyte cultivation grid overview.
Sparse cell cultivation - not every grid window
contains a cell.

(b) The grid window second to the left has a large
intact keratinocyte properly grown adhesively to
the holey carbon film

Figure 6.10: Primary keratinocyte cultivation on a holy carbon film coated gold 200 mesh grid imaged by
visible light microscopy (Olympus IX50). Courtesy of M.Meinke et al.

Cell cultivation and sample preparation

In the following, a brief description of the preparation process of the primary keratinocytes
will be given. A complete step-by-step instruction is given in the appendix A.3.

The model cell line HaCaT is commonly used as a paradigm for human skin keratinocytes
in vitro, as it owns a highly preserved di�erentiation capacity [167]. Due to its large
cell size, primary keratinocytes had to be chosen for the transmission X-ray microscopy
investigations. Slices were taken from freshly excised human skin. As a first preparation
step, the primary keratinocytes have to be isolated from skin tissue. For that, the original
skin slice (2 cm2) is cut into (3 ◊ 3)mm2 pieces and afterwards digested for 2 h at 37 ¶C in
Dispase¶. As a next step, the epidermis is separated from the dermis, as the dermis does not
contain primary keratinocyte (PK)s. The isolated epidermis is then treated with trypsin,
an enzyme (serine proteases) which cleaves intercellular proteins [66]. Then, the cells are
separated, spinned-down to remove the supernatant, added to keratinocyte growth medium
and finally incubated for 3 h at 37 ¶C and 5 % CO

2

. Next, the keratinocytes are washed
with phosphate bu�ered saline (PBS), again added to growth medium and cultivated for
2 to 3 days in the incubator. After that, keratinocytes are detached form the culture flask
bottom and seeded on TEM grids. Finally, six holy carbon film coated gold 200 mesh grids
are placed into a growth medium filled 6-well plate. On each grid, 500 µl suspension with a
cell concentration of 165000 cells/ml is applied and incubated for one day. The medium is
removed and 1 ml 70 nm silver nanoparticles (25 µg ml≠1 suspension in medium) are added.
For transportation, each of the 6-well plate’s chamber is filled with growth medium so that
is covers the grids. At the LTXM laboratory, the gold grids containing the PK are plunge
frozen, as described exemplarily in chapter 6.2.1.1 with one alteration. As the cells are
transported in growth medium, which might cause preparation artifacts, the grids should
generally be shortly washed in PBS.

As the bright field microscope described in chapter 4.1 was not yet available at the time,
¶protease used for mild dissociation of a variety of tissues
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the sample grids could only be investigated prior to the measurements performed with
the LTXM and thus also prior to cryo plunging. This has a critical disadvantage. Since
no finder-grids were used for the cultivation of the PKs, using the bright field microscope
images correlatively is only possible with restraints. The intricate transfer of the grid from
the cryo plunge to the cryo sample holder did not permit to align the sample grid to,
e.g., the number 1 seen on top of Fig. 6.10a. This would have allowed at least a rough
orientation on the grid. Furthermore, even if an orientation on the grid is possible, there
is a chance that cells fall o� the grids during the cryo plunging procedure. With that said,
the integration of a bright field microscope into the LTXM, as proposed in chapter 4.1, is
a huge step towards a more fluent workflow.

Images taken with an Olympus IX50 bright field microscope are displayed in Fig. 6.10.
Fig.6.10a shows an overview of a sample grid with a sparse PK cultivation. It were prefer-
able, if every square grid window contained at least one cell. As this is not the case, and
the images cannot be used correlatively, an appropriate PK had to be searched for with
the LTXM, which is time consuming. Fig. 6.10b shows a part of a sample grid. The grid
window second to the left has an intact PK grown adhesively to the holey carbon film. It
spreads almost over the entire width and height (¥ (100 ◊ 100) µm2).

Results

Measurements of the PKs are presented in Fig. 6.11, 6.12 and 6.13. The figures all contain
labels, which illustrate the position of 70 nm silver nanoparticles, the cell’s nuclei etc. All
images presented in this paragraph are a superposition of two or more measurements with
the aim to gain a better SNR and simulaneously minimizing the influence of the drift of
the plasma source on the images. The e�ects of the superposition (the drift of the photon
source) can be seen, in Fig. 6.12b, where the outer border of circular field of view of the
image is "duplicated" on the top left and bottom right of the image. A white circle indicates
a dust particle on the camera, which was also "duplicated" due to the superposition. The
measurements, which underlie Fig. 6.12b where taken with one hour apart. It must be
noted that dust particles can easily be taken for nanoparticles. Distinguishing features are
the very sharp borders and very low count rate of the dust particles in comparison to the
nanoparticles. Furthermore, their position on the camera’s sensor, understandably, stays
the same, while all features of the investigated sample change their location on the sensor,
if the nitrogen jet, and thus the plasma source, drifts.

Fig. 6.11 shows an alleged PK nucleus on the left side of the image. To its right, the
nucleus is surrounded by accumulations of 70 nm nanoparticles. Although preparation
artifacts, such as a crack in the ice film (upper left to lower right corner) and wavelike
structures (right side of the nucleus), cover the whole image, the single nanoparticles can
be distinguished inside their agglomerate for the most part. On the right side of the
image a bar from the sample grid (vertical dark structure) is visible. Unfortunately, no cell
boundaries are visible in the image. Chances are, that the cell membranes are either outside
the FOV or on the gold sample grid, which is impenetrable for the probing radiation. Due
to the small size (diameter of ¥ 5 µm) of the circular structure on the left side of Fig.
6.11, another interpretation is possible. The circular structure could also represent the
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Figure 6.11: X-ray microscopy image of a primary keratinocyte. The circular shape on the left side might
be the cell’s nucleus. But due to its comparably small size, there is also a possibility that it represents
the nucleolus surrounded by organelles. 70 nm silver nanoparticles are pointed out and seem to form
aggregates along a vertical boundary, possibly the cell membrane. On the right side a vertical bar of the
sample grid is visible.

(a) Primary keratinocyte 1 (b) Primary keratinocyte 2

Figure 6.12: X-ray microscopy images of primary keratinocytes
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Figure 6.13: X-ray microscopy area mapping of a primary keratinocyte

cell’s nucleolus being surrounded by organelles. One could also argue, that the wavelike
structures covering the right side of the nucleus might resemble cytoplasm, and that the
nanoparticles form aggregates along a vertical (unfortunately not visible) boundary, which
could be the cell membrane. It is more probable though, that they have their origin in
remaining growth medium, in which the samples were transported from the Charité to the
BLiX, but not in structures of the cytoplasm. Regrettably, the sample belongs to the few
which were not rinsed with PBS.

The left and upper left border of the nucleus/nucleolus looks darker than the rest, maybe
resembling its membrane. A clustering of nanoparticles at the membrane of the nucleus is
unlikely, as the absorption (dark area) does not match the one of the nanoparticle agglom-
erates. This example, as well as the other micrographs of the PK, shows that it is di�cult
to make a definite statement about the nanoparticles’ position within the cell without any
information about the third dimension. If the agglomerates of nanoparticles lie on the cell
membrane or are located inside the cell, cannot be determined with a projection image.
What can ascertained for Fig. 6.11, though, is that no nanoparticle was found inside the
nucleus. It is to be noted, that growing cells onto a flat surface, like in our case the carbon
film of the gold grids, does not reflect their natural environment, where the cells grow from
single cells into stratified colonies [178] (a cell matrix). For that matter, cells, which grow
on a surface, will rather grow in the two dimensions of the surface than perpendicular to
it. The result are cells with a more flattened and wide shape.

Both images of Fig. 6.12 di�er strongly from Fig. 6.11. Fig. 6.12a shows an alleged
nucleus, which does not seem to have distinct borders. The nucleus is a lot larger (¥ 15 µm
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in diameter) than the one (if it really is a nucleus) imaged in Fig. 6.11 (¥ 5 µm). Clusters
of nanoparticles, of which the most notable ones are highlighted by the letter "X", are
spread over the whole image. It appears that the cell membrane (or nucleus membrane)
have dissolved and the cell has died. This can have several causes, as e.g. the cell has
not survived the di�erent transfers during its cultivation, or has been damaged in the cryo
fixation process or even has been compromised by the silver nanoparticles. As for the cell
which was previously described, it is not possible to specify the nanoparticles’ positions
with full certainty, since one projectional image does not contain depth information.

The cell imaged in Fig. 6.12b, contrary to the one in Fig. 6.12a, appears to be intact.
The nanoparticles are again labelled by "Xs". The cell imaged is very similar to the one of
the area mapping in Fig. 6.13. The lower and darkest side of the image probably resembles
the PK’s nucleus, although it is large in size, compared to the one in Fig. 6.11. It also has
a high absorption, either caused by its thickness or maybe by an accumulation of proteins,
which prevents its further investigation. Clusters of nanoparticles appear smaller and not
as abundant, as in Fig. 6.12a. Three circular holes of the carbon film, on which the cells
were grown on, are visible in the upper left part of the image. Another three holes are
barely visible below and slightly to the right of the first three, and are supposedly covered
by the cell’s cytoplasm. Directly beside the first two circles to the left, as marked by a
white pointer, the cell body appears to have formed filaments, which could resemble the
area where the cell has grown onto the carbon film. The grey area above the alleged nucleus
could constitute the cytoplasm of the cell. The area features various darker structures, of
which the ones coming from the nucleusÎ are the most pronounced. Unfortunately, up
until now, it is not clear what they represent. The upper right corner of the image features
a bright area where the alleged cytoplasm ends. This bright area appears to have no
absorption from a structure, and, as not even the circular holes are visible, could show
a zone where the carbon film was damaged during the preparation, by e.g. the tweezers.
The border between the brighter area and the cytoplasm has fringes, which might be a
preparation (ice) artifact.

Fig. 6.13 shows an X-ray microscopy area mapping of a primary keratinocyte. The image
consists of six superimposed exposures whose histograms were adjusted to achieve similar
contrasts. As mentioned above, the image features similar structures as Fig. 6.12b. It con-
tains the same (ice) artifact, which we firstly thought to be a membrane. Its large width
of 2 to 3 µm makes this assumption unlikely. As for Fig. 6.12b, the circular shaped holes
of the carbon film are clearly visible, as shown exemplarily by four white indicators. Ac-
cumulations of silver nanoparticles are also resolved in the right side of the dark structure,
which as for the one in Fig. 6.12b maybe resembles a cell or a nucleus. Inside, above or
below this dark structure more nanoparticles are discernible. To date, we are still unsure,
what exactly these highly absorbing roundish structures really are. We believe that the
circular structure in Fig. 6.11 could, although small in size, represent a nucleus, but cannot
assure that the enlarged dark structures on the other images really are nuclei. Especially
the one imaged on the area mapping, as it is not imaged in total, exceeds the normal size of
a keratinocyte by far (approximately 20 µm). As reported in [8] keratinocytes larger than
20 µm cannot divide to produce new clonogenic cells, but start their final di�erentiation to
build their cornified envelope or begin nuclear digestion. In addition, Sun et al. [178] state

Îwith an appearance comparable to solar flares
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that non-multiplying keratinocytes disaggregated from growing colonies can exceed 30 µm
and have an increased protein content proportionate to their size (volume increase > 10
fold) with some featuring cornified envelopes, which would be an explanation for the higher
absorption seen in the X-ray microscopy images. With that said, one could argue that the
large cell structures in Fig. 6.12b and 6.13 might be keratinocytes which have entered the
state of final di�erentiation, meaning that they have almost become corneocytes, which can
have a size of 50 µm. Early studies on epidermal cell renewal time are inconclusive [61,192],
but all report times longer than two weeks. But, as our samples were cultivated only up
to four days, it is unlikely to find di�erentiated cells. The only explanation, if the cells
imaged are really di�erentiated, is that they were in the cell culture in a similar state all
along.

6.2.3.3 Conclusion and outlook

We demonstrated that the imaging capabilities of an LTXM enable investigations of thin
epoxy resin embedded human skin sections with a thickness of 500 nm with a resolution
comparable to transmission (scanning) X-ray microscopes at synchrotron facilities. Al-
though the contrast was decreased due to embedding, and the wavelength of the probing
radiation is not tunable in the laboratory, intercellular lipids and corneocytes in the stra-
tum corneum and keratinocytes in the lower part of the epidermis, the stratum spinosum,
were resolved. Bright field microscope images were used correlatively for the identification
of areas of interest (Fig. 6.9). Images of the embedded skin sections did not show any
nanoparticles, which we believe to be due to no nanoparticles being present.

We could further show successful imaging of cultivated plunge-frozen keratinocytes with
added 70 nm silver nanoparticles. We were able to image the keratinocyte’s nucleus and
recorded an area mapping consisting of six superimposed exposures. Nanoparticles were
resolved within accumulations and their position in the cell could be determined 2- dimen-
sionally. Although Fig. 6.12b and 6.13 are inconclusive, all images show that laboratory
transmission X-ray microscopy is an ideal method for the investigation of biological samples
treated with non-labelled nanoparticles. The availability of a laboratory X-ray microscope
in comparison to a synchrotron based microscope proved to be useful as measurements
could be timed with the disposability of the skin samples. Furthermore, short transporta-
tion distances decreased the risk of cell stress.

As for all biomedical applications, a bigger set of samples has to be investigated. By
that, inconclusive structures could probably be further identified. Additionally, the use
of a correlative method, in this case ideally fluorescence microscopy, would expand the
structural information and the determined locations of the nanoparticles by functional
information. Even though lower in resolution, locating specific functional areas of the cell
in combination with the knowledge of the nanoparticles’ locations would clearly make the
investigation more valuable. In the near future it will be possible to image samples from
di�erent angles, enabling 3-dimensionally resolved measurements of whole cells. As stated
above, in some cases, especially if nanoparticles are found on a specific structure, one
projection image does not contain the information, whether the nanoparticles are above,
below or inside this structure.
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6.2.4 Bacterial endospores

Bacteria belong to the domain of prokaryotes. Prokaryotes are unicellular microorgan-
isms, which do not possess a lipid bi-layered membrane-bound nucleus as do eukaryotes.
That said, their DNA, proteins etc. are located in their cytoplasm only surrounded by the
cell membrane. In contrast to eukaryotes, prokaryotes also do not have membrane enclosed
cell organelles, like mitochondria, endoplasmic reticulum (ER) or vacuoles. The DNA of
bacteria is compressed to a structure referred to as nucleoid. Bacterial cells are generally
smaller than eukaryotic cells, with their length usually ranging from 1 to 5 µm. Species of
bacteria typically named after their shape. The most common bacteria are: cocci, which
are spherical shaped and bacilli, which have the form of cylindrical rods. Bacteria repro-
duce asexually by binary (prokaryotic) fission: a bacterial cell divides into two genetically
identical daughter cells.

The human body harbors approximately one order of magnitude more bacterial than hu-
man cells, of which 300≠500 di�erent species are situated in the gastrointestinal tract (gut
flora) [53]. Bacteria can e�ect the human organism in a positive and negative way. Tubercu-
losis (mycobacterium tuberculosis), anthrax (bacillus anthracis) and botulism (clostridium
botulinum) for example are infectious diseases caused by bacteria or toxins produced by
bacteria. On the contrary, beneficial (probiotic) bacteria treatments have been reported,
such as e.g. lactobacillus therapy for acute infectious diarrhea in children [182].

Bacteria can convert to dormant forms, called endospores. This process, called sporula-
tion, is usually triggered by di�cult conditions, such as nutrient shortages or dryness. In
order to sporulate, mother cells form into two cell compartments, the fore spore and the
mother cell, which in the final stage results in the lysis of the mother cell and the formation
of the mature spore [141]. The process of sporulation has been investigated extensively and
is mostly well understood. Details can be found in [170].

A bacterial endospore does not have a detectable metabolism and is usually extremely
durable, being mostly immune to dry and wet heat, ultraviolet radiation (UV) and gamma
radiation, oxidizing agents and extreme desiccation, which includes vacuum [124, 171].
Although dormant, bacterial endospores will show quick response to improving outer con-
ditions, by starting to germinate and resuming the normal bacterial cell cycle. In their
dormant state, bacterial endospores possess a very high longevity in the range of thou-
sands, maybe millions of years [132]. That said, the combination of extreme durability
with a high longevity makes it possible to find spores at nearly every territory on earth
even in the most adverse conditions. Bacteria which can form endospores can be assigned
to two classes of the phylum Firmicutes: the aerobic Firmicutes (bacilli) and anaerobic
Firmicutes (clostridia) [141].

In recent years, the demand for minimally processed high quality low-acid food with
a long shelf-life has steadily risen. Maximal food safety is usually achieved by processes
based on the inactivation of microorganisms. Bacterial endospores themselves do not de-
teriorate food, but spore germination, outgrowth and the following growth may harm food
or even cause foodborne disease [142]. That said, food processing is vital, as, e.g., peo-
ple can get food-borne botulism, a paralytic disease caused by botulinum toxins produced
by endospore-forming bacterium clostridium botulinum, if they eat poisoned, inadequately
processed food. But while the toxins can be deactivated by heating to 85 ¶C for 5 min,
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the bacterial endospores remain intact [174]. As the intensification of these processes is
typically equivalent to diminished nutritional value and sensory properties, extensive ef-
forts are put into development of new methods, like high pressure processing, to preserve
food [141]. As stated in [141], promising methods are the so called pressure assisted thermal
sterilization (PATS), for which products with an elevated initial temperature are treated
by high pressures heating them to sterilization temperatures, and high pressure thermal
sterilization (HPTS), which uses pressure combined with heating to deactivate bacterial
endospores.

Research on new analytic methods for the investigation of the germination and unknown
inactivation properties of Bacillus subtilis endospores in the temperature-pressure-time
domain are presented in [141].

In cooperation with the Department of Food Biotechnology and Food Process Engi-
neering (TU Berlin) and the Quality and Safety of Food and Feed, Department of Hor-
ticultural Engineering (Leibniz Institute for Agriculture Engineering Potsdam) we carried
out measurements on high-pressure treated and untreated bacterial endospores by the use
of transmission X-ray microscopy. The aim of the study was to determine whether X-
ray microscopy in the water-window can add to the information gathered by the imaging
methods, such as SEM in combination with FIB sectioning, presented in [141] and become
an imaging technique to investigate cortex degradation (see next paragraph) in specific
pressure-temperature conditions. It was also of special interest if the high penetration
depth of soft X-ray microscopy through biological specimens in combination with high
resolutions could render the extensive and time consuming preparation of FIB section-
ing unnecessary. Measurements were carried out in the laboratory at the BLiX and at
the synchrotron at the U41-beamline at BESSY II. The experimental arrangement of the
synchrotron full-field transmission X-ray microscope is described in [163].

Stucture of Bacillus subtilis endospores

The resistance of bacterial endospores is owed to their unique structure. Fig. 6.14
shows a schematic illustration (adapted from [171]) of a bacterial endospore. A bacterial
endospore usually consists of a core, surrounded by an inner membrane, the cortex, which
itself is encompassed by the outer membrane and the multilayered coat which is loosely
enclosed by a protein layer called exosporium. In the following the di�erent layers of a
bacterial endospore will be addressed briefly. Literature providing a more complete de-
scription will be quoted.

The object of interest, the endospore of B. subtilis, does not feature an exosporium. But,
as some proteins, classified as coat proteins occur in some spore classes’ exosporium, it could
also be referred to as an expanded version of the outermost coat layer [171]. The function
of the exosporium is uncertain, but is thought to play a role in the endospore’s interaction
with other organisms. The multilayered protein coat of B. subtilis contains more than
50 proteins and acts as a first barrier against chemical harm, but does not enhance the
spore’s resistance to radiation damage and heat, nor acts as permeability barrier [40,171].
The coat of B.subtilis contains the enzyme CwlJ, which induces depolymerization of cortex
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Core
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Figure 6.14: Schematic illustration of a dormant bacterial endospore (not true to scale). Sizes of the
endospore’s layers can vary depending on the bacteria. Bacillus subtilis does not exhibit an exosporium.
Adapted from [171]

(a) Agglomeration of air-dried HP treated spores
(magnification 8000◊)

(b) Air-dried HP treated spores (magnification
25000◊)

Figure 6.15: SEM images of air-dried high-pressure treated (150 MPa for 60 min) wild-type (PS832)
B.subtilis endospores. Compared to the dormant spores shown in Fig. 6.17 and Fig. 6.16a, the HP-
treated spores have a hollow, shriveled appearance, possibly due to dipicolinic acid (DPA) release in
combination with air-drying. SEM images were provided by K. Reineke et al..
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(a) FIB sectioned dormant endospores with a car-
bon layer. The endospores’ cortex and core are
discernible.

(b) Critical point dried high-pressure treated
(150 MPa for 5 min) spores sectioned by FIB.
DPA has been released from the spores’ core.

Figure 6.16: FIB sectioned wild-type (PS832) B.subtilis endospores. Images from [142].

peptidoglycan (cortex lytic) if a B.subtilis spore germinates [7, 141]. Beneath the coat lies
the outer membrane, which plays an important role during the formation of the spore
but loses its integrity in dormant spores [171]. The cortex consists of peptidoglycan and
is similar to the cell wall of vegetative cells. It plays an essential role in the formation
of dormant spores and the accompanying dehydration of the spore’s core, but degrades
during spore germination [170]. Surrounding the spores core is the inner membrane, which
acts as a strong permeability barrier and protects the spore DNA against chemicals [33].
The spore’s core is comparable to a growing cell’s protoplast [171]. It harbors the spore’s
DNA, ribosomes and transfer ribonucleic acid (tRNA). One of the main di�erences between
growing cells and bacterial endospores is the water content in the spore’s core, accounting
for only 27 % to 55 %, while a growing cell consists of up to 80 % water [47]. This property
has to be kept in mind when investigating spores by transmission X-ray microscopy in the
water-window, as reduced contrast has to be expected. Apart from the decreased water
content, two small molecules are characteristic for a spore’s core: –/—-type acid-soluble
spore proteins (SASP) and DPAúú. In dormant spores –/—-type SASP bind to and saturate
the DNA, strongly altering the DNA’s structure and thus increasing the spore’s resistance
to chemicals, heat and UV radiation [171]. DPA takes up between 5 % to 15 % of the dry
weight of spores and is chelated to Ca2+ cations. DPA is thought to play a role in the
water reduction of the core in sporulation and is excreted if a spore germinates [47,171].

Influence of high pressure on the germination of bacterial endospores

As stated above, over-processing food to inactivate bacterial endospores is generally un-
wanted as it negatively e�ects the nutritional value. High pressure processes, such as
PATS and HPTS, are promising methods in that regard, but yet have to be industrialized,

úúpyridine-2,6-dicarboxylic acid; C7H5NO4
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since accurate knowledge about the processes involved in spore inactivation are mostly un-
known [142]. Reports di�er in proposing a two- [108] or three-step inactivation process [68],
but agree in stating that the first step of inactivation is the release of DPA from the spores
core, accompanied by cortex hydrolysis, which subsequently leads to germination and/or
less heat resistance of the spore in high pressure conditions [142]. There are also indications
that the –/—-type SASP, which protect the spore’s DNA, degrade if a spore is high-pressure
treated [141]. Both processes are part of so called stage I of germination [170]. By using
DNA-staining fluorescence dyes Mathys et al. [112] found spores in three di�erent states
(germinated with cortex hydrolysis, unknown state, damaged inner membrane) in a high-
pressure treated bacterial endospore colony and thus proposed the three-step inactivation
step.

6.2.4.1 Sample preparation

Bacterial endospores of the B.subtilis strain PS832 (wild-type)†† were provided by the
Department of Food Biotechnology and Food Process Engineering of the TU Berlin. The
spore preparation and purification is described in [142] in detail, but will be briefly sum-
marized in the following.

The spores were prepared according to a method reported in [123] on SG agar plates at
37 ¶C. The spores were cleaned by centrifugation (3 times with 5000 ◊g) after sporulation,
subsequently washed with 4 ¶C distilled water and treated by sonication for 1 min. Finally
the purified spores were stored in distilled water at 4 ¶C in the dark.

The suspensions were then diluted in ACES bu�er solution (pH 7, 0.05 M) so that one
milliliter contained approximately 108 bacterial endospores. The isothermal high-pressure
treatment was carried out with the 0101-7000-S HP-system from Sitec Sieber Engineering
AG. As water-window X-ray microscopy, as well as SEM and TEM, has to be conducted
in high-vacuum at <10≠3 mbar, critical point drying should be applied to the samples (for
further information, see [142] paragraph 2.7.1).

In order to investigate the spores with transmission X-ray microscopy, a 1 µl to 2 µl droplet
of the spore sample solution (dormant and high-pressure treated spores) was applied to
1 mm2 silicon nitride (Si

3

N
4

) windows with a thickness of 50 nm. After the droplet had
evaporated, the sample holder was transferred into the sample chamber of the LTXM.
We did not experience the same sample accumulation issue as with the clay particles (see
chapter 6.3.1). Another set of spore samples was applied on circular shaped holey-carbon-
film-coated 200 mesh TEM gold grids and subsequently cryo-fixated, as described in chapter
6.2.1. For the X-ray tomography measurements, custom-designed gold grids (IFR-1 from
Glider Grids, UK), also holey-carbon-film-coated, were used. Sample preparation was the
same as for the measurements in the laboratory.

We found that, even after long constant exposures (¥ 1.5 h) with the LTXM on one dry,
non cryo-fixed, sample (dormant and high-pressure treated spores), no structural changes
could be recognized. It has to be noted though, that the high-pressure treated spores may
su�er from shriveling, if air-dried. This e�ect will be discussed in the following subsection
6.2.4.2. Nevertheless, all images presented here are non cryo-fixed spores, as these samples
provided the better contrast. As stated in [171] and in the introductory part to this chapter,

††The term wild-type is usually used for living organisms whose genome developed naturally through
evolution.
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Figure 6.17: Untreated Bacillus subtilis endospores imaged with the LTXM. Lysis remains of the spore
forming mother cell, five spores and 250 nm gold particles are visible. The image is a superposition of
four 2 min exposures measured at 60 W average laser power.

bacterial endospores are highly radiation resistant, which is most likely the reason for the
spore’s structural stability even when exposed to a high dose of soft X-rays. To this point,
it is unknown why the high-pressure treated spores did not show further structural damage
or changes due to the radiation exposure.

The LTXM as well as the synchrotron measurements feature investigations of dormant
wild-type B. subtilis spores (PS832) and spores, which were high-pressure treated at
150 MPa and isothermal 37 ¶C for 5 min.

SEM/FIB: As the resolution of SEM decreases significantly if samples are non-conductive,
as it is the case with the bacterial endospores, samples were coated with a 500 nm platinum
(Pt) layer. The Pt layer led to a higher conductivity and removed heat, generated during
the bombardment by gallium ions during FIB milling, from the sample. In some cases, as
for the untreated spores in Fig. 6.16a, the application of a carbon layer with a thickness of
1 nm proved advantageous. FIB milling was conducted with an ion beam energy of 30 keV
and a beam current of 9 nA. More details on the SEM/FIB preparation can be found in
chapter 2.7 of [142].

6.2.4.2 Results and discussion

As stated above, one of the main goals of this study was to compare advantages and
disadvantages of preceding SEM/FIB investigations of untreated and high-pressure treated
spores [142] with the results of transmission X-ray microscopy studies of the same sample
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(a) Air-dried high-pressure treated spores (b) Agglomeration of air-dried high-pressure
treated spores

Figure 6.18: LTXM images of air-dried high-pressure treated (150 MPa for 5 min) wild-type (PS832)
B.subtilis endospores. Compared to the dormant spores shown in Fig. 6.17, the HP-treated spores have
a hollow, sunken appearance, possibly due to DPA release in combination with air-drying. The HP
treated spores also have a 25 % to 30 % higher relative transmission than the dormant spores from Fig.
6.17. (Both images are an accumulation of three images with an exposure time of 180 s each recorded
at 60 W average laser power)
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system. Fig. 6.15 (provided by K.Reineke et al.) shows an agglomeration of air-dried high-
pressure treated spores (Fig. 6.15a) and an area of interest, indicated by a rectangle, at
trifold the magnification (Fig. 6.15b) imaged using SEM (Helios NanoLab 600 dual-beam
micro- scope (FEI, Hillsboro, USA)). These spores were exposed to 150 MPa for 60 min and
show a similar shriveled, sunken in appearance. This is most probably due to DPA release
from the spore’s core and the fact that the spores were air-dried. In [142] K. Reineke et al.
state that, if treated with 150 MPa for 5 min, the spore’s core loses 90 % of its DPA content,
while simultaneously hydrating if water is accessible, which makes the spores sensitive to
heat again. Unfortunately, not only the high-pressure treated spores in Fig. 6.15 were
air-dried, but all spores investigated by TXM. Air-drying leads to shriveling, if DPA has
been released from the spore. For future experiments, critical point drying [31] or cryo-
fixation of the spores inside a water layer can preserve the 3D structure of high-pressure
treated spores. The SEM images illustrated in Fig. 6.15 show the spores’ surface at high
resolutions, but give no insight to the spores’ inner structures. Had the high-pressure
treated spores been critical point dried, it might not have been possible to discern the
treated and untreated spores by using only SEM, as they would have had a very similar
outer structure.

Fig. 6.16 (from [142]) show FIB sectioned dormant (Fig. 6.16a) and high-pressure treated
(Fig. 6.16b) critical point dried spores. The dormant spores imaged in Fig. 6.16a were
sectioned by a focussed ion beam exposing their inner structures. Although low in contrast,
it is possible to distinguish the core and cortex of the spore. Fig. 6.16b shows spores, which
were treated with 150 MPa for 5 min, critical point dried and subsequently sliced with FIB.
By FIB slicing, in contrast to conventional SEM, inner structures are revealed. Di�ering
from air-dried HP treated spores, the critical point dried spores retained their ellipsoid
shape and have an appearance comparable to a hollow sphere, as their core’s DPA has
been released. Both images presented in Fig. 6.16 resolve the spores’ inner structures, but
require extensive preparation e�orts and can thus be prone to preparation artifacts.

Fig. 6.17 shows a superposition of four 2 min LTXM images measured with a laser power
of 60 W on five dormant untreated B.subtilis endospores. The image features three gold
particles with a diameter of 250 nm, of which two (lower part of the image) are pointed
out by white indication lines. The third particle can be found in the top left corner of the
image. Between the top three and lower two B.subtilis spores and at the bottom of the
image, possible lysis remains from the mother cell are visible (lower grey values than spores
and gold particles, respectively). As mentioned above, the final stage of sporulation results
in the lysis of the mother cell and the mature spore formation. All imaged spores show
their expected ellipsoidal kidney-like shape with approximate dimensions of: length 1.4 µm;
width 0.6 µm. In contrast to the FIB sectioned image of dormant spores in Fig. 6.16a,
inner structures, such as the spores’ DPA and calcium rich core or the cortex cannot be
discerned. The only spore, which, one could argue, shows an inner structure to some degree,
is highlighted by a white circle. Inside this spore, parallel to its longer side, approximately
0.7 µm in length and 0.3 µm in width, a probably cylindrical shaped structure with a higher
grey value than the outer part of the spore is noticeable and could resemble the core of the
dormant spore.

LTXM investigations of high-pressure treated air-dried bacterial endospores are presented
in Fig. 6.18. The images are both an accumulation of three 180 s exposures at 60 W average
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laser power. On both images, Fig. 6.18a and 6.18b, the ellipsoidal structure of the spores
was resolved, but have an approximately 20 % to 30 % higher relative transmission than
the dormant spores from Fig. 6.17. They also have a similar shriveled appearance as the
high-pressure treated air-dried spores from the SEM investigations (see Fig. 6.15). Again,
as aforementioned, this is due to the DPA and Ca2+ release from the dormant spore’s
core and the air-drying. Although it is not possible to distinguish the cortex from inner
or outer membranes, a clear di�erence between the treated and untreated spores can be
noted by just comparing their respective absorption of the soft X-rays.‡‡ However, with
only a projectional LTXM image, taking the higher transmission into account, one can still
only assume that the high-pressure treated spores are hollow or filled with water, as seen in
Fig. 6.16, where the spores were FIB sectioned. Imaging the spore at di�erent angles and
reconstructing a tomogram (see Fig. 6.21, 6.22 and 6.23; discussed later in this paragraph),
which enables one to analyze any plane of interest, makes transmission X-ray microscopy
a non-invasive cross section "cutting" method, possibly o�ering similar results as the FIB
investigations.

At this point, the question to be asked is, why is it not possible to resolve inner structures
of the spores using the LTXM, even though is o�ers su�ciently high resolution to do so.
There are two possible explanations, which will be addressed in the following.

The natural contrast (and high transmission), which is achieved within the water-window
at 500 eV when imaging aqueous samples, such as a hydrated vegetative cell, is reduced or
even completely lost for samples with a low water content. That said, the core of a dormant
spore is less hydrated than a vegetative cell, and rich of DPA and Ca2+, resulting in small
absorption di�erences between the spore’s inner structures and hence low contrasts. One
possibility to achieve better contrasts is to adjust the energy of the X-ray microscope’s
radiation source. Depending on the composition of the sample, images taken at energies
below or above an absorption edge of an element of interest, may lead to exposures with
better contrasts or even, depending on the spectral resolution, allow spectroscopy. While
an undulator source combined with a focusing spherical grating monochromator allows
near-edge X-ray absorption spectroscopy (NEXAFS) experiments at spectral resolutions
of E/�E = 104 [56, 67], carrying out spectroscopic measurements in the laboratory is
challenging. As with a laser induced plasma source, one depends on intense emission lines
of the respective source material, the energy is not tunable to the degree of synchrotron
X-ray microscopes with an undulator source. Additionally, the multilayer condenser mirror
is strictly energy-dependent (see Fig. 3.8), forcing one to change the condenser in order
to use a di�erent emission line. Nevertheless, if an LTXM is set up at a facility, which
routinely investigates similar sample systems, it may be beneficial to carry out preceding
(synchrotron) investigations at di�erent energies to adjust the LTXM source energy ac-
cording to the results. On Fig. 6.19 two dormant endospores imaged at the U41 beamline
(BESSY II) at 280 eV, 340 eV and 350 eV are illustrated. The circular shaped holes below
the spores resemble the carbon film, which the samples where applied on. The energies
were carefully chosen with respect to the absorption edges of carbon (K edge at 282 eV)
and calcium (L

II

edge at 346 eV; L
III

edge at 342 eV). To clarify contrast/absorption di�er-

‡‡As illustrated in Fig. 6.16b, critical point dried spores retain their original 3D structure, and most
probably could not have been di�erentiated from one another by SEM without slicing.
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Figure 6.19: Synchrotron TXM images of two dormant B.subtilis spores recorded at (from left to right)
280 eV, 340 eV and 350 eV. Below intensity plots (averaged over 15 pixels) corresponding to the respective
area indicated in the TXM images above are shown.

ences, intensity plots from the area indicated by a rectangle are shown. Each intensity plot
is averaged over 15 pixels. At 280 eV the dormant spores’s outer membrane, coat, cortex
and core are clearly discernible, whereas for 340 eV and 350 eV, cortex and core are barely
separable. Measured just below the K edge of carbon, structures containing carbon absorb
considerably less photons. This is not only visible for the spores, but also for the carbon
film, which appears more transparent at 280 eV than at 340 eV and 350 eV. It seems likely
that the cortex, which consists of mainly peptidoglycan§§, contains more carbon than the
other spore compartments and is thus better distinguishable at 280 eV. With the measure-
ments at 340 eV and 350 eV we were aiming at receiving di�ering absorptions within the
Ca-rich core of the spores. Unfortunately, as seen in Fig. 6.19, this was not the case. The
images (center and right) hardly di�er at all, but show a slightly higher transmission from
approximately 0.2 µm to 0.3 µm (blue and red graph) than at the center of the spore. This
makes the spore’s core just barely detectable and leads to the second possibility, why it
might not have been possible to distinguish the inner structures of a dormant spore by
means of X-ray microscopy in the laboratory.

In Fig. 6.20 the LTXM measurement from Fig. 6.17 taken at 500 eV and a synchrotron
image recorded at 510 eV are compared pertaining to their respective SNR. The exposure
times were Æ 1 s for the synchrotron image and 8 min for the LTXM image. Measurements
of the SNR (area indicated by red squares) yielded a value of ¥ 14 for the LTXM and ¥ 45
for the synchrotron image. Below both images, normalized intensity plots (area indicated
by white rectangle) averaged over 11 pixels, where x-axis position 0 is located inside the
alleged core of each spore, are displayed. The intensity plots’ backgrounds are colored to
illustrate the corresponding area of the spores in approximation. The error bars represent

§§alternating —-1, 4-linked N-acetylglucosamine and N-acetyl muramic acid residues [156]
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Figure 6.20: Comparison of the SNR of laboratory (left) and synchrotron (right) transmission X-ray
microscopy measurements of dormant B.subtilis bacterial endospores. Exposure times were 8 min for the
LTXM image and Æ 1 s for the synchrotron image. Below each micrograph normalized intensity plots
(area indicated by white rectangle) averaged over 11 pixels are shown. The area of the SNR measurement
is indicated by red squares. SNRLTXM ¥ 14; SNRsync ¥ 45.

the standard deviation of each of the images’ signal. It becomes promptly obvious, that
the better statistics of the synchrotron TXM image favor the core of the spore to be
recognizable within the cortex. Where in the synchrotron image the core is well visible in
the X-ray micrograph as well as the intensity plot (area from ¥ 100 nm to 200 nm), the core
in the LTXM image is just barely visible and basically non-apparent in the intensity plot.
This is understandable considering the noise overlaying the signal, which is indicated by the
error bars in each intensity plot. It is certainly possible to achieve a better SNR with the
LTXM in its current form - also at shorter exposure times. During the investigations of the
B.subtilis spores, a stray light issue prevented measuring at maximum photon intensities.
Additionally, the laser was operated at about half of its maximum average power to prevent
the nitrogen jet’s capillaries from taking damage.

Apart from the SNR, the di�erence of 10 eV between the LTXM and the synchrotron
micrograph in Fig. 6.20 could also play a role why the spore’s cortex is only hardly
noticeable in the LTXM image. The transmission through carbon is roughly 5 % higher at
510 eV and, as perviously described, the peptidoglycan-rich cortex features a higher carbon
content than other parts of the spore. Hence, it might be better discernible at 510 eV than
at 500 eV.

Lastly, it is possible that the vantage point, from which the spores in the LTXM mi-
crographs were image from, was not ideal. Details on tomographic imaging of bacterial
endospores will be discussed in the next paragraph.
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Figure 6.21: Top: Synchrotron TXM micrograph from a -60¶ to 60¶ tilt series of three dormant untreated
B.subtilis bacterial endospores at 0¶ tilt angle. Bottom: Reconstructed section through the upper spore,
as indicated by blue plane in top image. Outer membrane/coat, cortex and core of the spore are clearly
resolved.
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Figure 6.22: Top: Synchrotron TXM micrograph from a -60¶ to 60¶ tilt series of three dormant untreated
B.subtilis bacterial endospores at -60¶ tilt angle. Bottom: Reconstructed section through all spores, as
indicated by yellow plane parallel to X-Y-axes in top image. Outer membrane/coat, cortex and core of
the spore are visible.
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Figure 6.23: Top: Synchrotron TXM micrograph from a -60¶ to 60¶ tilt series of two high-pressure treated
B.subtilis bacterial endospores at 40¶ tilt angle. Bottom: Reconstructed sections, as indicated by yellow
plane parallel to X-Y-axes in top image. The spores have a shriveled appearance due to air-drying.
Bottom left: Horizontal section directly though the center of the spores. The spores have released the
DPA from their core and are hollow. Bottom right: Section through the spores’ lower side (yellow plane
translated by 250 nm parallel to Z-axis in the direction of the sample grid).
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Tomographic imaging of bacterial endospores

Transmission X-ray microscopy measurements at di�erent viewing angles on dormant un-
treated and high-pressure treated B.subtilis bacterial endospores were carried out at the
U41 beamline at BESSY II. From these 2D micrographs we reconstructed 3D datasets of
the spores to overcome the restrictions of the 2D projection images, such as the inability to
determine whether the high-pressure treated spores’ inside is indeed void of DPA and/or
entirely empty as observed in the FIB sections in Fig. 6.16b. All synchrotron measure-
ments were carried out at 510 eV using a 25 nm zone-plate and a back-illuminated CCD
camera (Princeton Instruments PI-SX:1300; 1340 px ◊ 1300 px; pixel size: 20 µm). The
spores were imaged at tilt angles from ≠70¶ to 70¶ with increments of 1¶. As stated in
chapter 5.3, highest tilt angles (from ≠70¶ to ≠60¶ and 60¶ to 70¶) were omitted, due to
the lack of fiducial markers in combination with the 25 nm zone-plate’s small DOF and
the spores being out of focus at high tilt angles. Specifications on the tilt angles used are
found in the captions of the corresponding reconstruction images. The 2D micrographs
were imaged at a magnification of ¥ 2024◊, which corresponds to a pixel size of 9.8 nm2,
and a voxel size of 9.8 nm3 in a reconstructed tomogram respectively. The sample prepa-
ration was addressed in 6.2.4.1 and was, except for the sample grids, mostly the same as
for the spore measurements in the laboratory.

For the tomographic reconstruction we used version 4.7 of the open source software pack-
age IMOD [93, 94]. Basic theory on tomographic image formation and principles of how
IMOD reconstructs a 2D tilt series are described in chapter 5.

Results: In Fig. 6.21, 6.22 and 6.23 three sections from the 3D reconstructions of the
spore tilt series are presented. Above each reconstruction a 2D projection micrograph of
the corresponding tilt series is displayed. In these micrographs, colored layers (yellow layer:
parallel to XY plane) indicate the position of the displayed reconstruction section through
the spores.

Fig. 6.21 and Fig. 6.22 show investigations on dormant untreated spores. As previously
noted, the high SNR achieved at the synchrotron makes it possible to discern the spore’s
core from the cortex even for 2-dimensional projection images (see Fig. 6.20 right). In
the reconstructed section (indicated by blue plane with 40¶ angle to Z-axis and parallel to
X-axis) in Fig. 6.21 the cortex, the DPA-rich core and outer membrane/coat of the spore
are clearly separable, which was not the case for the projection images recorded at 510 eV,
but only for exposures below the carbon absorption edge at 280 eV (see Fig. 6.19 left). To
a lesser degree, the outer membrane/coat, cortex and core are also visible in Fig. 6.22.
In the projection image (top) at -60¶ tilt angle, a yellow plane through the three spores
parallel to the X-Y-plane shall clarify the position of the displayed section (bottom image).

Fig. 6.23 shows two sections through high-pressure treated spores. The sections were
taken parallel to the X-Y-plane, as indicated in yellow in the top image. Unfortunately,
as aforementioned, all imaged high-pressure treated spores were air-dried, which, if the
spores have released their DPA from the core, causes them to shrivel and lose their original
shape. Despite some strong reconstruction artifacts, which are addressed in chapter 5.3, the
sections contain information which was not as apparent in the projection micrographs. The
high-pressure treated spores in the LTXM micrographs in 6.18 compared to the dormant
ones in 6.17 showed less absorption of the soft X-rays, which indicates that the DPA
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has been released from the core. This assumption can be validated by slicing the spores
using a FIB (see Fig. 6.16), which, unfortunately, involves invasive and extensive sample
preparation. The reconstructed sections in Fig. 6.23, in contrast, allow to view the inside
of the spore without the need of physically slicing the respective specimen. The image
displayed on the bottom left represents a horizontal section directly through the center of
the spores, whereas the one on the bottom right, displayed for comparability reasons, is
a section through the spores’ lower side. The bottom left image reveals the inside of the
high-pressure treated spores, clearly void of DPA.

In comparison to the FIB/SEM micrographs, the transmission X-ray microscopy investi-
gations o�er less resolution, but in exchange a non-intrusive and quick sample preparation,
which leaves the respective specimen closer to its natural state. For future investigation
of high-pressure treated bacterial endospores, cryo-fixation should be considered to avoid
shriveling.

6.2.4.3 Conclusion and outlook

We demonstrated successful investigations of the B.subtilis strain PS832 (wild-type) with
a laboratory transmission X-ray microscope at 500 eV. It was shown that, without exten-
sive sample preparation, such as FIB sectioning, it was possible to di�erentiate dormant
untreated spores from high-pressure treated spores. Although the low SNR of the LTXM
micrographs mostly impeded the visualization of inner structures of dormant untreated
spore, like the core and the cortex, the shriveled shape and higher degree of transparency,
due to DPA release from the spore’s core, of the high-pressure treated air-dried spores was
clearly visible. This points to X-ray microscopy having an advantage over SEM, where
only the surface of the spores can be examined. This is especially relevant if spores are
critical point dried, which prevents shriveling and thus preserves the ellipsoidal shape of
high-pressure treated spores without DPA in their core, as dormant and high-pressure
treated spore would appear alike when investigated using SEM.

Synchrotron TXM experiments at di�erent energies showed that investigations at 280 eV,
just below the absorption edge of carbon (K edge at 282 eV), should be considered, as the
investigations yielded bigger absorption di�erences, and thus a better contrast, between
the core/coat and the peptidoglycan-rich cortex. Measurements below (340 eV) and above
(350 eV) the calcium edge did not result in significant absorption di�erences in the Ca-rich
core.

Lastly, tilt series at angles from -60¶ to 60¶ with an increment of 1¶ of dormant and
high-pressure treated spores were recorded with a photon energy of 510 eV at BESSY II
and successfully reconstructed to 3-dimensional tomograms. Sections of interest through
the spores were taken from the reconstructed tomograms. This way, the dormant spores’
core, cortex and coat could clearly be resolved without having to physically slice the sample
as in FIB investigations, which X-ray tomography was compared to. The hollow inside of
high-pressure treated spores, void of DPA, could also be validated, even though the recon-
struction was deteriorated by the spores being out of focus at higher tilt angles and the
lack of high contrast fiducial markers, such as gold beads.

As mentioned above, we believe that the low SNR of the LTXM was the cause that inner
structures of the dormant spores could hardly be visualized in the laboratory. For future
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investigations, it will be key to have the aforementioned stray light issue corrected to being
able to measure at highest intensities. A stable nitrogen jet, which enables continuous
operation at the highest available average laser power (130 W), will furthermore reduce
exposure times by at least a third. And, if the LTXM were refurbished in order to enhance
its photon flux, multilayer condensers (and also zone-plates) with higher e�ciencies should
generally be favored over higher-powered laser systems, as long time operation with jets
based on glas capillaries in combination with highest laser powers can never be guaranteed.

To improve the reconstruction of the tomograms, future measurements could be carried
out with a zone-plate objective with a bigger DOF , which would lessen the danger of the
specimen getting out of focus. In addition to that, using gold beads as fiducial markers
would make the tracking of the seed model at higher tilt angles more precise and reduce
the residual errors encountered in our reconstruction.

Generally, to prevent shriveling and if series of samples with di�erent pressure treatment
times are to be investigated, cryo-fixation is a must.

With the presented results in mind, it is safe to say that X-ray microscopy can be con-
sidered a valuable imaging method to investigate bacterial endospores at high resolutions
with a sample preparation less invasive than the preparation which is necessary for e.g.
FIB investigations.

6.3 Applications in Material Science
As stated above, soft X-ray microscopy uses the natural contrast mechanisms of the

water-window and accordingly thrives in life sciences where typical samples contain mostly
water. Nevertheless, as the absorption of soft X-rays is high for all elements (see chapter
2.2), the achievable high resolution and simple sample preparation of soft X-ray microscopy
can also be attractive for material scientists.

In cooperation with the research group of N.W. Thomas from RheinAhrCampus Rema-
gen, we carried out X-ray microscopy measurements on quartz-rich ball clay from West-
erwald (Germany). Ball clays are sedimentary clays mainly consisting of kaolinite, quartz
and mica. Ball clay is generally known for its plasticity. Their mineral particles are usually
plate-like with a size in the low micrometer-regime. As the raw material greatly varies,
attempts have been made to obtain a general physical description, which could translate
to a more reliable prognosis of the ceramic properties and a reduction of quality control.
Each year, mining companies successfully exploit hundreds of thousands of tons of clay
with consistent properties, so a physical model should reflect their strategy, but also reveal
deficiencies in practices [180]. N.W. Thomas discusses the use of XRF, X-ray di�raction
(XRD) and SEM for the characterization of ball clays. The size of clay mineral parti-
cles plays an important role in the classification process. Thomas assumes that especially
the smaller clay particles dominate the contribution to the ball clay’s surface and also its
plasticity, whereas the coarser, larger quartz particle’s surface can be neglected. Among
chemical and elemental composition, but also rheology studies¶¶, this clay mineral specific
surface area enables the di�erentiation of ball clays. Fig. 9 in [180] shows an SEM image of

¶¶Science treating deformation and flow behavior of matter
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(a) Distribution of clay mineral particles. (b) Distribution of the same clay mineral particles
as in Fig. 6.24a but at a di�erent zone plate
objective position (+2.5µm). The area of focus
has shifted from the lower left to the upper right
corner of the object.

Figure 6.24: Distribution of clay mineral particles. In both images, the area of focus is indicated by a
white circle. Particle agglomerates (AG) and the platelet-like structure of the clay mineral particles (PL)
are visible. Acquisition time was 10 min.

a quartz-rich ball clay. A thicker particle (quartz) and smaller platelet-like particles (clay
mineral particles) surrounding the quartz particles are visible.

6.3.1 Sample preparation
The fine-particle fraction plays a major role in materials’ physical properties, making

the smallest particles the main subject of our soft X-ray microscopy investigations. To
separate the smallest particles from bigger agglomerates, the raw material is filtered and/or
centrifuged and finally applied to a suitable sample carrier for the analysis with the LTXM.
Plunge-freezing the sample is, of course, not necessary. In [1] the preparational steps are
illustrated in more detail.

For the preparation, firstly, impurities and larger particles are extracted from the raw
material by the use of a 32µm sieve. Afterwards, the sample is liquified (water, sodium
pyrophosphateúúú or ethanol), put into an ultrasound bath and lastly centrifuged. By this
means, fractions with a specific particle size distribution of the raw material are obtained. It
is possible to reiterate this process with the single fractions to further divide the respective
particles.

As a sample carrier is is possible to use standard 1 ◊ 1 mm2 silicon nitride (Si
3

N
4

) films,
as known from TEM with a thickness of 100 nm. There are two ways to apply the prepared
sample to the silicone nitride film: either by adding 1 ≠ 2 µl of solution by the use of a

úúúNa4P2O7
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pipette or by depositing it as a dry powder. The application of a droplet has proven di�cult.
After applying a droplet to the membrane, the droplet will start to evaporate. The water
surface tension attracts the clay mineral particles and, after the droplet has completely
evaporated, unevenly distribute the particles. This gives rise to a higher undesirable X-ray
photon absorption, as the particles are stacked onto one another. The application of the
sample in a dry state has proven to be most favorable. After dividing the raw material into
single fractions, the sample is dried until it become powder-like. After that, the powder is
dispersed over the Si

3

N
4

film. Particle agglomerates will form, which define the thickness
of the sample.

6.3.2 Results and discussion
The investigations were conducted with the TDL at an average power of 20 W. Fig. 6.24

shows two images of the same clay mineral particles at di�erent zone-plate positions. Both
images were recorded with an acquisition time of 10 min with the 25 nm zone plate. As
stated above (see table 3.7), the 25 nm zone plate has a DOF of only 0.5 µm and as the
clay mineral particles form agglomerates (>0.5 µm), part of the sample can be out of focus.
Fig. 6.24a and 6.24b were recorded at zone-plate positions 2.6 µm apart. On both images
the area of focus is indicated by a white circle.

The highest absorption is seen in the area (and its top right corner) indicated with the
letters AG (agglomerate). It still has to be answered, if these areas resemble an agglom-
eration formed by small clay mineral particles or maybe a bigger particle (as e.g. quartz)
surrounded by clay mineral particles, as seen in Fig. 9 in [180]. PL (platelet) points out
an area where the platelet-like structure of the small clay mineral particles is visible with
some constraints. Here, the particles are separated to some degree. Although error-prone,
since the images are only a 2-dimensional projection, the particle’s size can be estimated
to ¥ 50 ≠ 90 nm. As stated in chapter 3.8.1, the resolution of the LTXM reaches down to
(35 ± 3) nm. Unfortunately, at the time of the measurements, the recording of a tomogram
was not yet possible, which might have given insight into the particle’s length, breadth and
height.

At the P04 beamline at PETRA III, Deutsches Elektronen-Synchrotron (DESY), comple-
mentary measurements to obtain a mapping of the iron distribution in clay minerals were
carried out. Images recorded below (687 eV and 700 eV) and above (712 eV and 727 eV)
the L-edge of iron (706.8 eV), to gain element-specific contrast, are presented in [1]. The
outcome is very similar to the one presented in this paragraph. Clay mineral particles also
form agglomerates making the investigation of single particles near impossible.

It is clear that further work has to be put into the preparation of the clay mineral
particles. The use of the centrifuge has not separated the clay particles as precisely and
reproducible as imagined. Membrane filters could o�er the desired precision and could
further reduce the spread in particle size for future investigations. As for most applications,
the recording of a tomogram might proof valuable and enable the investigation of single
particles, even if clay particles form agglomerates. The investigation of the particles in wet
environment should also be considered. For this, the solution could either be applied to a
Si

3

N
4

grid and plunge frozen, or be imaged in a suitable wet cell.
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As a first conclusion of this work, one can assert that water-window full-field transmis-
sion X-ray microscopy in the laboratory proved to be a suitable method for a variety of
applications in life and material science. Like for almost every analysis or imaging tech-
nique, the establishment of an adequate sample preparation routine was crucial to make
the investigation of specimens with di�erent constitutions feasible.

The development and current state of the LTXM located at BLiX was extensively re-
ported on in chapter 3. All components of the LTXM were described, characterized and
put in perspective with respect to future developments.

Measurements of a Siemens star pattern yielded a resolution in the range of 35 nm ± 3 nm
(half-pitch), which is near the theoretical Rayleigh resolution limit given by equation 2.40.
We constructed a cryo plunge system and first investigations of vitrified aqueous biological
cells were demonstrated on yeast cells (saccharomyces cerevisiae), which are often referred
to as a "reference" and easy-to-handle biological organism. This successful cryo-fixation
and imaging of yeast demonstrates that water-window full-field transmission soft X-ray
microscopy in the laboratory is an ideally suited imaging method for the investigation of
cells with a high water content.

Dry and vitrified specimens can now be observed under vacuum inside the sample cham-
ber by the use of a newly integrated visible light microscope with a FOV of (0.44 ◊ 0.33) mm2

and a resolution of 1 µm. This will make the locating of specimens on the sample grid more
time-e�cient.

Novel cooperations with research groups from the Charité - Universitätsmedizin Berlin
and the Leibniz-Institut für Agrartechnik Potsdam-Bornim e.V. were formed during the
making of this thesis and applications with significantly di�ering questions were routinely
carried out with the LTXM for the first time.

Up until now investigations of the biological material bone by means of soft X-ray mi-
croscopy are without significant results. Sample preparation proved challenging as bone
is composed of both, soft and hard matter. Low penetration depth of soft X-rays with
an energy of 500 eV through the bone’s mineralized matrix led us to approach alternative
preparation techniques, which we succeeded in applying to the bone samples. Future X-ray
microscopy investigations of embedded human femur sections will show, if the concession
of embedding and thin sectioning, render soft X-ray microscopy futile for the investigation
of bone or not. (Cryo) FIB-SEM with the methodology called “slice and view” or “serial
surface view” (SSV) could be an emerging technique, which is worth exploring for the
investigation of the material bone, apart from X-ray microscopy. Reznikov et al. have re-
ported on FIB-SEM studies of the collagenous matrix of demineralized rat circumferential
lamellar bone [143] and human lamellar bone [144,145].

The studies of the human epidermis were presented in chapter 6.2.3. To study the uptake
of nanoparticles into human skin, resin embedded epidermis sections were successfully
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imaged with the LTXM. The recorded micrographs were comparable to preceding scanning
TXM measurements at the Swiss Light Source. Although embedded and thus low in
contrast, intercellular lipids and corneocytes in the stratum corneum and keratinocytes
in the lower part of the epidermis were resolved in the micrographs. Additionally, we
investigated plunge-frozen cultivated keratinocytes with added 70 nm silver nanoparticles.
The keratinocyte’s nucleus and nanoparticles were resolved within accumulations, but as
cryo X-ray tomography, was not yet available, their location within the cell could thus far
only be determined in two dimensions. The recording of tilt series and the investigation of
a larger number of samples could bring further insights on how nanoparticles e�ect human
skin cells.

With low invasive and time-e�cient sample preparation, we could demonstrate that it is
possible to di�erentiate dormant untreated from high-pressure treated wild-type (PS832)
B.subtilis bacterial endospores by means of laboratory X-ray microscopy. Synchrotron
TXM investigations at di�erent photon energies yielded best results at 280 eV, just below
the absorption edge of carbon (K edge at 282 eV). Absorption di�erences, and thus a
better contrast, between the core/coat and the peptidoglycan-rich cortex of the spore in
comparison to other energies were clearly visible. Tomograms from tilt series of dormant
and high-pressure treated spores measured at the synchrotron at a photon energy of 510 eV
were reconstructed. Virtual slices through the specimens resolved the dormant spores’ core
and cortex and additionally showed that the high-pressure treated spores’ core was void
of DPA. Possibly due to a low SNR, the cortex of the spores was only barely resolved in
micrographs recorded with the LTXM. A more e�cient condenser could enhance the SNR,
while simultaneously lowering exposure times and enabling cryo X-ray tomography.

LTXM measurements of quartz-rich clay particles yielded particle sizes in the range of
¥ 50 ≠ 90 nm. Clay particles formed agglomerates, which should be avoided and demands
further development of the sample preparation. As aforementioned membrane filters could
provide the desired precision and might further reduce the spread in particle size for future
investigations.

Regardless of laboratory soft X-ray transmission microscopy not o�ering the same spec-
troscopic capabilities (which are an important feature especially in material sciences) as
X-ray microscopy at the synchrotron, it still provide the high resolution and a better ac-
cessibility. In particular the preparation of samples, which have never been investigated
with X-ray microscopy, might need iteration steps, which is usually not possible with a
limited beamtime access. Furthermore, easy accessibility of LTXMs o�ers the possibility
to schedule experiments with respect to the disposability of the specimens, which can prove
to be a big advantage, especially if samples have to be surgically removed from patients.

We are convinced that the next big step in laboratory X-ray microscopy will not be
the construction of a laser with an average power of 300 W, as jet instabilities would
become severe and uncontrollable and the laser’s high power would not translate into
higher photon counts and exposure times. Out of our experience we can assert that the
current bottleneck of laboratory X-ray microscopy is the multilayer condenser’s reflectivity
of ¥ 0.4 %. Theoretically, reflectivities in the range of 10 % are feasible. The highest
measured near-normal reflectivity for higher energies (512 eV) in the water-window of a
Cr/V multilayer that has been reported is 9.1 % [36]. With such a multilayer, one could
operate the microscope at e.g. 60 W to 100 W average laser power, an interval in which

122



the laser induced plasma proved most stable, and simultaneously render exposure times
below 10 s possible. This would also solve one of laboratory X-ray microscopy’s the biggest
challenges: establishing a balance between long time operability/stability and performance.

To conclude, I would like to return to the formula for the probability of recording a usable
micrograph from the introduction to this thesis. As aforementioned, during the last three
years we were able to establish a reproducible workflow with high success rates and were
also able to find a stable jet/laser power configuration. This is a prerequisite, not only for
the investigation of complex biological systems, but even more so for the implementation
of cryo X-ray tomography. For recording a tilt series, at least 120 micrographs of the same
object have to be collected. After having recorded the first micrograph the formula from
the introduction reduces to:
Image

tilt

= Jet ◊ Laser
Instantly visible is that without long-term stability of the N

2

jet, establishing tomography
in the laboratory will be very challenging, if not impossible. The formula also shows
what was stated in the previous paragraph: a stable microscope and low exposure times
will most probably not be realizable with highest-powered lasers but with highly e�cient
optics. Currently, after already having prepared the sample stage, the implementation
of cryo X-ray tomography is in progress and anticipated to become available in the near
future.
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A Appendix

A.1 Additional di�raction illustrations

φ

φ
φ

Figure A.1: Illustration of the di�raction from a transmission grating for the 0th and ±1st orders. Incident
radiation interferes constructively if the path length of the redirected radiation is extended by ⁄ for each
of the grating’s periods d. (From [6])
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Figure A.2: 1st order of di�raction of a Fresnel zone plate.
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A.2 Preparation of human femur samples for
ultra-microtomy

The preparation steps were provided and carried out by Monika Sachtleben from the
Institut für veterinär Anatomie of the Freie Universität in Berlin. Human femur stored in
70 % ethanol for about 4 weeks.

Specimen Z672/B1-B3:

• Ascending alcohol series (70 %, 80 %, 90 % and 100 %) ethanol each 30 min; shaker
table

• 30 min propylene oxide; shaker table; cap samples
• Mixture propylene oxide/Agar 100 (hard) (1 : 1) for 5 h; shaker table; cap samples
• Agar 100 (hard) for 12 h; shaker table æ polymerization: 24 h at 55 ¶C æ 24 h at

65 ¶C

Specimen Z672/A1-A3 (Heavy metal staining):

• Transferred sample from 70 % ethanol to bu�er (30 min)
• Descending alcohol series (50 % and 30 %) ethanol each 30 min, shaker table
• 2 h in 2 % OsO

4

; RT; shaker table
• 30 min cacodylate bu�er; renew several times; RT; shaker table
• Ascending alcohol series (30 %, 80 %, 90 % and 100 %) ethanol each 30 min, shaker

table
• 30 min propylene oxide; shaker table; cap samples
• Mixture propylene oxide/Agar 100 (hard) (1 : 1) for 5 h; shaker table; cap samples
• Agar 100 (hard) for 12 h; shaker table æ polymerization: 24 h at 55 ¶C æ 24 h at

65 ¶C

Specimen Z673 (Decalcification):

• Transferred from 70 % ethanol to cacodylate bu�er
• Decalcification for 1 week in Formical-2000 c• (Decal Chemical Corp)
• Embedding after C1
• Ascending alcohol series (30 % to 90 %) each 20 min, shaker table
• Descending alcohol series 2◊ 10 min
• Propylene oxide 2◊ 10 min
• Mixture propylene oxide/Agar 100 (1 : 1) for 12 h, shaker table
• Agar 100 for 12 h; shaker table æ polymerization: 24 h at 50 ¶C æ 24 h at 65 ¶C
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A.3 Preparation of primary keratinocytes for transmission X-ray microscopy

A.3 Preparation of primary keratinocytes for transmission
X-ray microscopy

The isolation and cultivation process was provided by Sebastian Ahlberg from Charité,
Berlin (Universitätsmedizin Berlin - Department of Dermatology, Venerology and Allergol-
ogy - Center of Experimental and Applied Cutaneous Physiology).

Isolation of PK:

• Prepare the first T25 cell flask after isolation - incubate the flask with collagen (2 ml
(T75 = 5 ml)) for 30 min at room temperature

• Washing step 3x with PBS (2 ml (T75 = 5 ml))
• Let the open flask dry for 3 min
• Cut 2 cm2 skin in 3 ◊ 3mm pieces
• Digest the skin at 4 ¶C for 2 h in 2.4U/ml Dispase (Dispase in RPMI-1640 w/o sup-

plements)
• Separate Dermis from the Epidermis – Dermis is not used
• Trypsin (0.2 %, 20 ml) the Epidermis for 10 min
• Separate the cells by flowing with RPMI (10 ml with FCS) in a 25 ml pipette
• Spin-down (1000 rpm; 10 min)
• Remove the supernatant
• Resuspend the cells with Keratinocyte gold medium (KGM, 3 ml) and count the cells
• Add 3 · 106 cells in 4 ml KGM in T25 cell flask (T75 = 5 ≠ 6 · 106 cells in 10 ml KGM)
• Incubate cells for 90 min in the incubator (37 ¶C, 5 % CO

2

)
• Remove the medium
• Washing step with PBS (4 ml (T75 = 10 ml))
• Add fresh, tempered KGM (4 ml (T75 = 10 ml))
• Cultivating the Cell culture for 2 to 3 d in the incubator than changing the medium

Split the PK:

• Fill new T25 cell flask with KGM (4 ml) and store it in the incubator
• Remove medium
• Washing step with PBS (4 ml (T75 = 10 ml))
• Trypsin (1 ml) for 1 min
• Extract the trypsin
• Trypsin (1 ml) for 2 min
• Determine reaction with Soybean Trypsin Inhibitor (SBTI, 1 ml)
• Use cell scraper to remove cells
• Spin-down the cell suspension (1000 rpm; 10 min)
• Remove the supernatant
• Resuspend the cells with 10 ml KGM
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• Add 1 ml cell suspension in the new T25 cell flasks

Incubation of PK and sample preparation:

• Put grids in 1.5 ml KGM in 6-well plates
• Use 500 µl of 165000 cells/ml suspension and add them to the grids
• Incubate the cells for 1 d
• Remove the medium
• Add 1 ml AgNP-KGM suspension (25 µg ml≠1) for 1 h
• Put the grids in new 6-well plates filled with KGM (1 ml) for transportation
• Plunge freeze the samples at BLiX
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